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Construction of electron accelerators
M. Wakasugi, Y. Miyashita, H. Takehara,1 H. Takahashi,*2 M. Togasaki,2 T. Hori, M. Hara, K. Kurita*2 and T. Suda
An electron accelerators system, which is consists of a
microtron type of accelerator and a synchrotron storage ring,
is now under construction in RIKEN Nishina Center aiming
for electron scattering experiments for short-lived unstable
nuclei using the SCRIT technique1,2). These accelerators are
reuse of the synchrotron storage ring (AURORA-2S) 3) and
the racetrack microtron (RTM) 4), which were developed
and operated at Sumitomo Heavy Industry Co. Ltd.
These electron accelerators have been transferred from
Sumitomo Heavy Industry Co. Ltd. in last summer. In the
first half of this year, infrastructures required for the
accelerator system and the experimental system have been
constructed in the E21 experimental room at the RIBF.
Reconstruction of the accelerators has been started at
middle of September in this year. Since the AURORA-2S
has been developed as the most compact synchrotron light
source and there is no free straight section, it was
remodeled to the AURORA-2D5) type of the ring, which
provides 2.15-m length straight sections for insertion of the
SCRIT device. This revised storage ring is renamed to be
SR2 (SCRIT-equipped Riken Storage Ring).

Layout of the accelerators is shown in Fig. 1. The RTM is
placed in the small room surrounded by 2-m thick concrete
wall for radiation shield. The RTM is connected to the SR2
placed outside the shielded room with 16-m long beam
transport line (eBT) consisting of four quadrupole doublets
and a 77.8-degrees bending magnet.
Specifications of the RTM and the SR2 is shown in Table
1 and 2, respectively. The RTM has a S-band standing wave
type of linac providing the energy gain of 6 MeV, which is
driven by a 2-MW (peak) pulse klystron. The electron beam
injected from the electron gun with the energy of 80 keV
passes trough the linac by 25 times and the final energy is
150 MeV. The RTM has another function as a driver for RI
production via photo-fissions of Uranium target put in the
ion source of the ISOL system.
Table 1. RTM specifications
Beam energy
(MeV)
Injection energy
(keV)
Peak current
(mA)
Pulse width
(µs)
Repetition rate
(Hz)
Energy resolution
(%)
Emittance
(πmm mrad)
Number of turns
RF frequency
(MHz)
RF peak power
MW
Energy gain
MeV/turn

150
80
2-10
0.2-2
100 (max.)
±0.1 (1σ)
0.5
25
2856
2 (beam loading)
6

Table 2. SR2 specifications
Circumference
(m)
Beam energy
(MeV)
Magnetic field
(T)
Bending radius
(m)
Betatron tune
(h/v)
RF frequency
(MHz)
Harmonic number
RF power
(kW)
RF voltage
(kV)
Stored current
(mA)
Beam emittance
(πmm mrad)

21.95
150-700
0.6-2.7
0.87
1.72 / 1.84
191.244
14
30
220
300 (expected)
0.4

The SR2 is a racetrack type of storage ring. The lattice
structure is defined by two 180-degree-bending magnets
and four quadrupole doublets. Electron beam from the RTM
is injected into the SR2 through a 90-degree inflection pulse
magnet. The SR2 accepts 150-MeV electron beam and it
can accelerate the beam up to 700 MeV by lamping up the
magnetic field. The maximum magnetic field in the
180-degrees bending magnet is 2.7 T. The RF frequency is

Fig. 1 Layout of electron accelerators. The RTM is placed
in shielded room and the SR2 is outside. The SCRIT
devices will be installed in a straight section of the SR2, and
the ions of unstable nuclei will be supplied by ISOL system,
which is planed to be constructed in the shielded room.
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191.244 MHz and the power of 30 kW in the cavity is
required at the energy of 700 MeV.
Mechanical assembly of both accelerators has been
almost completed by the end of 2009. Figure 2 shows
photographs of the RTM and the SR2. Each component in
the SR2 and the operating system are now undergoing
testing. Commissioning of the RTM was performed at the
end of 2009. We succeeded in acceleration of the electron
beam up to 150 MeV and extraction of the beam from the
RTM at Dec. 24 in 2009. Figure 3 (A) shows synchrotron
radiation coming out the RTM during the acceleration.
Light points corresponding to every electron beam orbits in
the RTM were observed. Because only the beam getting
energy gain of 6 MeV from the linac in every turn can
circulate along the design orbit which is well defined by the
magnetic field and small beam tubes, we could confirm the
acceleration up to 150 MeV by counting the number of the
light points. Accelerated electron beam was extracted from
the RTM, and it was observed by a screen monitor as shown
in Fig. 3 (B). The peak current of the first beam from the
RTM was 1.5 mA, the pulse width was 1 µs, and the
repletion rate was 2 Hz.

4 shows a photograph of the SCRIT device. It consists of
three electrodes providing trapping potential, ion injection
and extraction channels, scraper-type beam position
monitors, and nondestructive button-electrode-type beam
position monitors. These components will be put in a 2-m
long vacuum chamber and installed at the straight section of
the SR2. Since this is a high-impedance device, carful
tuning procedure of the SR2 after the installation will be
required for stable accumulation of high-current electron
beams.

(A)

(B)

Fig. 3. Photographs of (A) the synchrotron radiations
coming out from the RTM, and (B) the beam spot on the
screen monitor at the exit of the RTM.

Fig. 4. Photograph of the SCRIT device, which will be
installed in the SR2.
The SR2 will be operated not only for the SCRIT
experiment but also for utilizing the synchrotron radiations.
We will provide several light beam ports around the
bending magnet. The energy of accumulated electron beams
for synchrotron radiation use is required to be 700 MeV,
while that will be 300 MeV or less for the SCRIT
experiment. We will establish plural operation patterns for a
responsibility to the users. Operation for synchrotron light
use will be ready in 2011.

References
Fig. 2. Photographs of the RTM (a) and the SR2 (b).
The SR2 will be commissioned within this fiscal year, and
we will spend more half years for tuning of theses machines.
In next fiscal year, the SCRIT system will be installed into
the SR2 after making the SR2 ready for experiments. Figure
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Formation of Nuclear “Pasta” in Supernovae†
G. Watanabe∗1,∗2 , H. Sonoda,∗1,∗3 T. Maruyama,∗4 K. Sato,∗3,∗5 K. Yasuoka,∗6 and T. Ebisuzaki∗1
[Supernova explosions, nuclear pasta phases, quantum moelcular dynamics]
The mechanism of collapse driven supernova explosions2) has been one of the central mysteries in astrophysics for more than 40 years3) . Matter in supernova cores is also yet to be understood and these issues
are closely connected. In collapsing supernova cores,
while matter consists of bcc lattice of spherical nuclei
at lower densities, “pasta” nuclei such as “spaghetti”like columnar nuclei and “lasagna”-like planar nuclei,
etc. are expected to be formed4,5) at higher densities
and they amount to more than 20% of the total mass
of the cores just before the bounce6) . Since neutrino
scattering property is very different between pasta nuclei and spherical ones7,8) , pasta phases can have a
significant influence on the dynamics of explosions.
However, most of the previous works about the pasta
phases are based on assuming the shape of nuclei
within a static framework. Therefore, a fundamental
problem whether or not the pasta phases are actually
formed in collapsing cores has been still unclear. Since
formation of the pasta phases from spherical nuclei
is accompanied by dynamical and drastic changes of
the nuclear structure, an ab-initio approach is called
for. In the present work, using a dynamical framework called quantum molecular dynamics (QMD)9,10) ,
we have solved this question by demonstrating that a
lattice of rod-like nuclei is formed from a bcc lattice
by compression. Our result establishes that the pasta
phases can be formed in collapsing supernova cores.
A generally accepted conjecture11) based on the
Bohr-Wheeler condition for fission predicts that the
formation of the pasta phases are triggered by the fission instability with respect to the quadrupolar deformation of spherical nuclei. Then all the nuclei are
supposed to elongate in the same direction and they
join up to form straight rod-like nuclei. The essential
physics of the fission instability is that, at higher densities, the effect of the Coulomb repulsion between protons in nuclei, which tends to make a nucleus deform,
becomes dominant over the effect of the surface tension
of the nuclei, which favors a spherical nucleus. However, the Bohr-Wheeler condition is derived for isolated nuclei, and actually, several works have pointed
†

∗1
∗2
∗3
∗4
∗5
∗6

Condensed from Ref.1) . In this work, we used MDGRAPE2 and -3 of the RIKEN Super Combined Cluster System.
This work is featured by the APS Physical Review Focus
Synopsis and by RIKEN Research (issue of January 2010).
RIKEN
Asia Pacific Center for Theoretical Physics (APCTP)
Department of Physics, University of Tokyo
ASRC, Japan Atomic Energy Agency
IPMU, University of Tokyo
Department of Mechanical Engineering, Keio University
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(a) 0.150ρ0 L=51.23 fm

t=0 fm/c

(d) 0.245ρ0 L=43.50 fm

t=58220 fm/c

(g) 0.275ρ0 L=41.86 fm

t=76570 fm/c

(b) 0.231ρ0 L=44.39 fm

(c) 0.243ρ0 L=43.62 fm

t=49410 fm/c

(e) 0.247ρ0 L=43.36 fm

t=57080 fm/c

(f) 0.249ρ0 L=43.28 fm

t=59750 fm/c

(h-1) 0.275ρ0 L=41.86 fm (h-2)

t=191210 fm/c

t=60510 fm/c
Top view

line of sight

Fig. 1. Snapshots of the transition process from the bcc
lattice of spherical nuclei to the pasta phase with rodlike nuclei obtained by our QMD simulation. The red
particles show protons and the green ones neutrons.
In panels (a)-(g) and (h-1), nucleons in a limited region [surrounded by the dotted lines in panel (h-2)] are
shown for visibility. The vertices of the dashed lines
in panels (a) and (d) show the equilibrium positions of
nuclei in the bcc lattice and their positions in the direction of the line of sight are indicated by the size of
the circles: vertices with a large circle, with a small circle, and those without a circle are in the first, second,
and third lattice plane, respectively. The solid lines in
panel (d) represent the direction of the two elongated
nuclei: they take zigzag configuration. This figure is
taken from Ref.1) .

out that the background electrons, which have been
ignored in the above prediction, suppress the effect of
the Coulomb repulsion between protons in nuclei and
the fission barrier never vanishes in the relevant density region12,13) . This puzzle has been also solved by
our present work.
In Fig. 1, we show the snapshots of the formation
process of the pasta phase in adiabatic compression.
Here, we start from initial condition at the density
ρ = 0.15ρ0 and the temperature T = 0.25 MeV [Fig.
1(a)]. At ρ  0.243ρ0 [Fig. 1(c)], the first pair of two
nearest-neighbor nuclei start to touch and fuse (dot-

Fig. 2. Snapshots of the simulation of compression at T <
0.01 MeV using the simplified model. The red particles
show the centers of mass of nuclei and the nuclei within
(0)
the distance less than 0.89rnn are connected by a blue
line. Nuclei and connections within only two lattice
planes normal to the line of sight are shown. This figure
is taken from Ref.1) .

ted circle), and then form an elongated nucleus. After
multiple pairs of nuclei become such elongated nuclei,
we observe zigzag structure [Fig. 1(d)]. Then these
elongated nuclei stick together [see Figs. 1(e) and (f)],
and all the nuclei fuse to form rod-like nuclei as shown
in Fig. 1(g). Finally, we obtain a triangular lattice of
rod-like nuclei after relaxation [Figs. 1(h-1) and (h-2)].
Note that before nuclei deform to be elongated due
to the fission instability, they stick together keeping
their spherical shape [see Fig. 1(c)]. Our simulation
shows that the pasta phase can be formed even though
there is no fission instability. Besides, in the middle
of the transition process, pair of spherical nuclei get
closer to fuse in a way such that the resulting elongated
nuclei take a zigzag configuration and then they further
connect to form wavy rod-like nuclei. This process
is very different from the above mentioned generally
accepted scenario.
We also examine the zigzag structure in the QMD
simulation for a larger system using a simplified model.
Since nuclei start to connect before they are deformed,
it is reasonable to treat a nucleus as a sphere and incorporate only its center-of-mass degree of freedom.
On the other hand, when the nearest neighbor nuclei are so close that the tails of their density profile overlap with each other, net attractive interaction
between these nuclei starts to act. We thus consider
the following minimal model in which each nucleus is
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treated as a point charged particle interacting through
the Coulomb potential and the potential of the WoodsSaxon form which describes the finite size of nuclei and
models the internuclear attraction.
With this model, we perform compression of a bcc
lattice with 128 nuclei 208 Pb, which corresponds to 8
times larger system than that of the QMD simulation.
We show the snapshots of this simulation in Fig. 2.
In the situation of Fig. 2(b), the first pair of nuclei
starts to get closer and then we stop the compression
and relax the system. We observe pairings in a zigzag
configuration around the first pair [Fig. 2(c)] and finally we obtain a zigzag structure [Fig. 2(d)]. This
result shows that the internuclear attraction leads to
the spontaneous breaking of the bcc lattice and supports the formation of the zigzag structure observed in
the QMD simulation.
In summary, we have shown that the pasta phase can
be formed by the compression of matter in collapsing
supernova cores. We have found that the formation
process is very different from a generally accepted scenario based on the fission instability. Our QMD simulation has shown that a pair of the nearest neighbor nuclei start to connect before they deform due to the fission instability. This spontaneous breaking of the bcc
structure is due to an internuclear attraction caused
by the overlap of the tails of nucleon distribution of
neighboring nuclei. We have also discovered that, in
the transition process, the system takes a zigzag configuration of elongated nuclei, which are formed by a
fusion of original two spherical nuclei.
References
1) G. Watanabe, H. Sonoda, T. Maruyama, K. Sato,
K. Yasuoka, and T. Ebisuzaki, Phys. Rev. Lett. 103,
121101 (2009).
2) H. A. Bethe, Rev. Mod. Phys. 62, 801 (1990).
3) S. A. Colgate and R. H. White, Astrophys. J. 143, 626
(1966).
4) D. G. Ravenhall, C. J. Pethick and J. R. Wilson, Phys.
Rev. Lett. 50, 2066 (1983).
5) M. Hashimoto, H. Seki, and M. Yamada, Prog. Theor.
Phys. 71, 320 (1984).
6) H. Sonoda, G. Watanabe, K. Sato, T. Takiwaki, K. Yasuoka, and T. Ebisuzaki, Phys. Rev. C 75, 042801(R)
(2007).
7) G. Watanabe, K. Iida, and K. Sato, Nucl. Phys. A687,
512 (2001).
8) C. J. Horowitz, M. A. Pérez-Garcı́a, and J.
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Numerical evaluation of gauge invariants for a-gauge solutions in
open string ﬁeld theory†
I. Kishimoto and T. Takahashi∗1
[Nonperturbative techniques, string ﬁeld theory, D branes]
We evaluate the gauge invariants, action and gauge
invariant overlap, for numerical solutions for tachyon
condensation in the a-gauge in cubic bosonic open
string ﬁeld theory. With an increase in the truncation
level, the values of the gauge invariants for various values of a approach those of Schnabl analytic solution1)
for tachyon condensation. This is consistent with the
expectation that these numerical solutions are gauge
equivalent to the Schnabl analytic solution.
The a-gauge given by Asano and Kato2) is a consistent linear gauge and includes a real parameter a.
It can be regarded as an extension of the conventional
Siegel gauge. It can be precisely expressed as
(b0 M + ab0 c0 Q̃)Ψ = 0

OGF = b0 c0 Q̃

QΨ(n) ϕ = QB ϕ + Ψ(n) ∗ ϕ − (−1)|ϕ| ϕ ∗ Ψ(n)

(8)

for any string ﬁeld ϕ. If the conﬁguration Ψ(n) obtained by the above iterations converges in the limit
n → ∞, a projected part of the equation of motion
given by
c0 b0 (QB Φ(∞) + Φ(∞) ∗ Φ(∞) ) = 0,

(9)

is satisﬁed in the a-gauge. In order to conﬁrm the
complete equation of motion for the converged conﬁguration Ψ(∞) , we have numerically evaluated the remaining part that is given by

for a classical open string ﬁeld Ψ. Here, the operators
M and Q̃ can be expressed by expanding the KatoOgawa BRST operator QB with respect to ghost zero
modes (i.e., b0 and c0 ) as

b0 c0 (QB Φ(∞) + Φ(∞) ∗ Φ(∞) ) = 0.

(10)

For each numerical solution Φ(∞) obtained in the
a-gauge, we computed the values of the action and
the gauge invariant overlap. The results for the action
S(Ψ), where
)
(
1 1
1
S(Ψ) = − 2
⟨Ψ, QB Ψ⟩ + ⟨Ψ, Ψ ∗ Ψ⟩ ,
(11)
g
2
3

(2)

By expanding the massless part of the action of the free
string ﬁeld theory in the a-gauge, one can ﬁnd that the
parameter a corresponds to the gauge parameter α of
the ordinary gauge theory; the relationship between
them is given by α = (a − 1)−2 .
We construct numerical solutions3) for tachyon condensation to the equation of motion of the cubic string
ﬁeld theory
QB Ψ + Ψ ∗ Ψ = 0

(7)

Further, QΨ(n) is an operator that can be expressed as

(1)

QB = Q̃ + c0 L0 + b0 M.

(a = ∞).

in the (L, 3L) truncation are plotted in Fig. 1. The

(3)

in the a-gauge using an iterative algorithm as follows. Using the initial conﬁguration Ψ(0) , which is
the non-trivial solution in the lowest-level approximation, string ﬁelds Ψ(1) , Ψ(2) , Ψ(3) , · · · can be computed
by solving the following linear equations for Ψ(n+1)
(n = 0, 1, 2, · · · ) in (L, 2L) or (L, 3L) truncation:
OGF Ψ(n+1) = 0,

c0 b0 (QΨ(n) Ψ(n+1) − Ψ(n) ∗ Ψ(n) ) = 0.

(4)
Fig. 1. Plots of the action for various a-gauge solutions Ψa
in the (L, 3L) truncation. The horizontal axis denotes
the value of a and the vertical one denotes the normalized action S(Ψa )/S(ΨS ), where ΨS is the Schnabl
solution. The label (L, 3L) for each “curve” denotes the
truncation level.

(5)

Here, (4) imposes the a-gauge condition, i.e.,
OGF = b0 M + ab0 c0 Q̃

(|a| < ∞)

(6)

or
†
∗1

results for the gauge invariant overlap4) Oη (Ψ), where

Condensed from the article in Prog. Theor. Phys. 121, 695
(2009)
Department of Physics, Nara Women’s University

Oη (Ψ) = ⟨γ̂(1c , 2)|Φη ⟩1c |Ψ⟩2 ,
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(12)

Fig. 2. Plots of the gauge invariant overlap for various
a-gauge solutions Ψa in the (L, 3L) truncation. The
horizontal axis denotes the value of a and the vertical one denotes the normalized gauge invariant overlap
Oη (Ψa )/Oη (ΨS ).

in the (L, 3L) truncation are plotted in Fig. 2. We
display plots of the action and overlap for various a
including a = ∞ in Fig. 3. Table 1 shows the values of
gauge invariants for the numerical solution in the (a =
0)-gauge, which is equivalent to the Siegel gauge.a)

Fig. 3. Plots of gauge invariants for various a-gauge solutions Ψa in the (L, 3L) truncation. The horizontal axis denotes the ratio of the action S(Ψa )/S(ΨS )
and the vertical one denotes that of the gauge invariant overlap Oη (Ψa )/Oη (ΨS ). Each point denotes
(S(Ψa )/S(ΨS ), Oη (Ψa )/Oη (ΨS )) for diﬀerent values of
a. The left part of the “curve” for each level corresponds to 4 . a < +∞ and the right part corresponds
to −∞ < a . 1/2. The plots for a → +∞ and a → −∞
are continuously connected at that of the Landau gauge
((a = ∞)-gauge).
a)

The action for the numerical solution in the Siegel gauge was
evaluated in the earlier literature5) up to level (18, 54). The
gauge invariant overlap for the solution was evaluated in our
previous paper4) up to level (10, 30) using our Mathematica
program. Here, we made the new record of the truncation
level up to (24, 72)6) . Calculations for higher truncation
levels (L ≥ 18) in Table 1 were performed by our C++
and Fortran program using our PC cluster in Nara Women’s
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(L, 3L)
(0,0)
(2,6)
(4,12)
(6,18)
(8,24)
(10,30)
(12,36)
(14,42)
(16,48)
(18,54)
(20,60)
(22,66)
(24,72)

S(Ψa=0 )/S(ΨS )
0.6846162
0.9593766
0.9878218
0.9951771
0.9979301
0.9991825
0.9998223
1.0001737
1.0003755
1.0004937
1.0005630
1.0006023
1.0006227

Oη (Ψa=0 )/Oη (ΨS )
0.7165627
0.8898618
0.9319524
0.9510789
0.9611748
0.9681148
0.9725595
0.9761715
0.9786768
0.9809045
0.9825168
0.9840334
0.9851603

Table 1. The value of the action and the gauge invariant
overlap for the numerical solution with (L, 3L) truncation in the Siegel gauge ((a = 0)-gauge). The values are
normalized by the analytic result for Schnabl’s solution.
P
an
If we use the ﬁtting function5) FN (L) = N
n=0 (L+1)n
using data for L = 0, 2, · · · , 24 (N = 13), we obtain the
extrapolated value of the action: 1.0000075 for L = ∞.

Except for the region at approximately a = 1, where
the a-gauge condition is ill deﬁned perturbatively and
the iterations given by (4) and (5) do not converge in
the limit n → ∞, the values of both gauge invariants
approach those of the Schnabl solution as truncation
level increases. The same tendency is observed in the
level (L, 2L) calculation.
The calculated values of the gauge invariants are numerically stable and almost equal to those of Schnabl
solution in the region where the gauge parameter a is
well deﬁned. These results provide further evidence of
the gauge equivalence of various numerical and analytical solutions. It may further imply that the nonperturbative vacuum in bosonic open string ﬁeld theory,
where the original D-brane vanishes, is unique.
References
1) M. Schnabl: Adv. Theor. Math. Phys. 10, 433 (2006).
2) M. Asano and M. Kato: Prog. Theor. Phys. 117, 569
(2007), Nucl. Phys. B 807, 348 (2009).
3) M. Asano and M. Kato: JHEP 0701, 028 (2007).
4) T. Kawano, I. Kishimoto and T. Takahashi: Nucl. Phys.
B 803, 135 (2008).
5) D. Gaiotto and L. Rastelli: JHEP 0308, 048 (2003).
6) I. Kishimoto: Talk at APCTP Focus Program on Current Trends in String Field Theory, Pohang, Korea, December 11, 2009.

University, the Computer Facility of the Yukawa Institute
for Theoretical Physics in Kyoto University and the RIKEN
Integrated Cluster of Clusters (RICC). In our computation
for the level (22, 66) and (24, 72), we have used the su(1, 1)singlet basis, which is a consistent truncation in the Siegel
gauge.
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Localization of γH2AX Fluorescence along Tracks of Argon Beams
K. Takagi*1, T. Tsukada, M. Izumi, Y. Kazama, Y. Hayashi, and T. Abe
[γH2AX, DSB, heavy ion]

Mutations are generated through lesions in DNA and
their inappropriate repair. Therefore, it is important to
investigate the process of DNA damage for studying effects
of heavy-ion beams on mutagenesis.
H2AX is one of the subtypes of the histone 2 family.
When a DNA double strand break (DSB) occurs in a cell
nucleus, H2AXs near the DSB site are phosphorylated at a
serine residue near its carboxy terminal to form a cluster of
phosphorylated H2AX ( γ H2AX), the so-called γ
H2AX ”focus”1). Therefore, one can predict locations of
DSB sites in cell nuclei by detecting γH2AX foci.

Fig. 1. Cell culture chamber for the irradiation
For studying the effects of argon beams on DSB formation
along their flight paths, a confluent cell layer of BALB-3T3
mouse fibroblast cell line was placed parallel to the beam
axis, as indicated in Fig.1, and 40Ar17+beams (95
MeV/nucleon) radiated on the cell layer at an initial fluence
of 1 particle per 100 µm2. The cell layer was fixed 30 min
after the irradiation, and γH2AX was detected by means
of immunofluorescent microscopy using an antibody raised
against γH2AX.

*1 The Wakasa Wan Energy Research Center

Fig. 2. LET change and corresponding γH2AX foci
localization
Red color in the photograph indicates cellular nuclei,
and yellow color indicates immunofluoresecnce of
γH2AX.
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Figure 2 shows depth dependent changes in the LET, and
γH2AX fluorescence in the corresponding region. The
fluorescence intensity was increased with the increase of
LET, and it almost disappeared corresponding to the
abrupt decrease of LET . The photographs in Figs. 3A-D
indicate the localization of γH2AX at depth of 2, 4, 6, and
12.5 mm, respectively. At the depth of 2 mm (Fig. 3A),
γH2AX fluorescence revealed straight lines, implying that
the DSBs were so dense along a particle track that each
focus was indistinguishable. Figure 3C shows cells at the
depth of 6 mm. This position is near the peak of LET. The
γH2AX fluorescence intensity increased, and extended to
the entire cellular nuclear area in some cells. Interestingly,
there seem to be more lines of γH2AX fluorescence in
Fig.3C than in Fig. 3A and B, and some lines appear as
dotted lines, suggesting the existence of particles, having
lower LET than the original argon ions had. These
observations might be the result of nuclear fragmentation.
Figure 3D depicts cells at the depth of 12.5 mm, where was
apparently out of the range of the argon ions. A γH2AX
fluorescence line can be seen at the center of a photograph.
The fluorescence suggests the presence of a
fragmentation-derived particle that had lower LET than the
original argon ion at shallower region had.
In the present study, we observed a straight line of γ
H2AX fluorescence parallel to the beam axis. The
fluorescence intensity gradually increased as the LET of
particles increased, and it almost disappeared in regions
beyond the range of the argon ions. These results imply
that argon ions cause dense DSB along their flight path.
Further, the present study shows some behaviors of
heavy ions in living tissues. Tracks of the projectile were
visualized as lines of γH2AX fluorescence, and some
signs of nuclear fragmentation were inferred from dotted
lines of fluorescence. Those results are probably the first
visual evidence of nuclear fragmentation in cellular nuclei.
Reference
1) E. Rogakou et al.: J. Biol. Chem. 273, 5858 (1998).

Fig. 3. Localization of γH2AX foci at the different depth
Panel A-D indicates the photograph at the depth of 2
(A), 4 (B), 6 (C), and 12.5 mm (D), respectively. Each
scale bar in panels indicates a length of 50 µm.
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with two Si detectors. To achieve a good α-energy resolution and to reduce a low-energy tail of α peaks, Si
detectors were set at the distance with a solid angle of
13% of 4π. This setup also reduces energy sum between
α particles and subsequently emitted conversion electrons, Auger electrons, and low-energy X rays which
considerably distorts the measured α-energy spectrum.
This energy sum becomes signiﬁcant when α sources
are implanted into a Si detector by a recoil separator
like Ref. 2, which makes it impossible to observe α ﬁne
structure and to determine α energies and intensities
precisely. The present setup using a gas-jet transport
system and a rotating wheel system is of great advantage to observing α ﬁne structure precisely.
Figure 1 shows a measured α energy spectrum for
257
Lr. The α energy resolution of ∼12 keV FWHM
was achieved. We can clearly see a weak α line at
energy by 62 keV lower than that of the most intense
α line of 257 Lr. These α lines are considered to be the
transitions to the rotational band members of the onequasiparticle state whose conﬁguration is the same as
that of the ground state of 257 Lr. Taking into account
energy diﬀerence and intensity ratio of α transitions
to rotational band members, we can assign a singleparticle conﬁguration of the ground state of the parent
nucleus as well as the populated levels in the daughter.
The energy diﬀerence of 62 keV agrees well with that
between the 7/2− bandhead and the 9/2− member of
the 7/2−[514] band in neighboring nuclei. A similar
result was obtained for the α decay of 259 Lr.
References

1) F.P. Heßberger et al.: Eur. Phys. J. A 26, 233 (2005).
2) A. Chatillon et al.: Eur. Phys. J. A 30, 397 (2006).

100

Counts / 4 keV

Energy spacings and order of single-particle orbitals
are sensitive probes to investigating shell structure of
superheavy nuclei. In particular, energies of the proton orbitals around Z = 101, 103, and 105 (Md, Lr,
and Db) are interesting because one orbital, 1/2−[521],
which originally lies just above the Z = 114 gap in
a spherical nucleus comes down to the Fermi level in
deformed nuclei around Z = 101–105. Experimental
assignments of the deformed proton orbitals around
Z = 101–105 thus give us valuable information on the
spherical shell gap energy around Z = 114.
Experimental data on the single-particle states in
odd-mass Md, Lr, and Db isotopes are, however, very
scarce because spectroscopy of such heavy nuclei are
extremely diﬃcult. There is no ﬁrm information on
excitation energies, spin-parities, and proton conﬁgurations of ground- as well as excited states in odd-mass
Md, Lr, and Db isotopes except for the ground-state
conﬁgurations of some Md isotopes.1)
Recently, Chatillon et al.2) studied the α decay of
255
Lr using a recoil separator and a cold fusion reaction of 209 Bi(48 Ca,2n)255 Lr. They found an α-decaying
isomer in 255 Lr and proposed proton conﬁgurations of
1/2− [521] and 7/2−[514] for 255g Lr and 255m Lr, respectively. To deﬁnitely identify the spin-parities and
conﬁgurations, spectroscopic data for α- or γ transitions are indispensable. However, in the α decay of
255g,m
Lr, no γ ray was observed in coincidence with α
particles,2) because those α transitions would directly
populate the 7/2− [514] ground state or the 1/2−[521]
isomer in 251 Md. The same situation is expected in the
α decay of other odd-mass Lr isotopes, which makes
it impossible to assign spin-parities of the Lr isotopes
through γ-ray spectroscopy. To study such nuclei, we
proposed high-resolution α-ﬁne structure spectroscopy
which allows us to identify single-particle conﬁgurations only by measuring an α-singles spectrum. In the
present work, we applied this technique to studying
the α decay of 257 Lr and 259 Lr.
The nuclei 257 Lr and 259 Lr were produced in the
248
Cm(14 N,5n)257 Lr and 248 Cm(15 N,4n)259 Lr reactions using the RIKEN AVF cyclotron. Reaction products were transported through a 10-m long capillary
with a He/KCl jet into a rotating-wheel α-detection
system, and deposited on a thin foil forty of which
were set on the rotating wheel. The wheel periodically
rotated to move the deposited sources to seven consecutive detector stations each of which was equipped
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Fig. 1. Measured α energy spectrum for
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257

Lr.
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[Nuclear structure, Island of Inversion, neutron-rich nuclei, in-beam γ-ray spectroscopy]
The region around neutron-rich N = 20 nuclei has
drawn strong theoretical and experimental attraction
in the last few decades, as it was discovered that the
well-known magic numbers are not global over the
Segré chart and assuming only magic regions, i.e., regions in which a certain set of magic numbers is valid,
seems more appropriate. Despite grand eﬀorts, the exact dimension of the region of the “Island of Inversion”,
a region in which the N = 20 shell closure disappears,
are not established experimentally. In particular, data
for neutron rich Ne isotopes are very scarce.
Here, we report on the ﬁrst in-beam γ-ray spectroscopic study performed at the Radioactive Ion Beam
Facility, aiming for the determination of the ﬁrst excited state of 32 Ne. Its value provides a measure if
the the N = 20 shell is closed in this nucleus or not.
A 48 Ca primary beam of 120 pnA average intensity
impinged at an energy of 345 MeV/u on a 20 mm rotating Be target mounted at the focus F0 of the fragment separator BigRIPS1) . The secondary beams were
separated and selected in the ﬁrst stage of BigRIPS,
employing the Bρ–∆E–Bρ method with a 15 mm thick
Al wedge degrader at the dispersive focus F1.
The particles were identiﬁed in the second stage of
BigRIPS based on the ∆E–TOF–Bρ method. The energy loss (∆E) was measured with an ion-chamber2)
located at the focus F7, the time-of-ﬂight (TOF) was
deduced from two plastic scintillators located at the
foci F3 and F7, while the Bρ was obtained from position measurements with parallel plate avalanche counters3) at the foci F3 and F5.
The main constituents of the secondary beam were
33
Na (26 pps) and 32 Ne (6 pps), which were transported to the focus F8 and incident on a 2.54 g/cm2
†
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9
∗10

thick (natural) carbon target at mid-target energies of
245 and 226 MeV/u, respectively. After the secondary
target, the particle spectrometer ZeroDegree was employed to select and identify the reaction residues by
the same methods as described for BigRIPS.
To detect γ-rays emitted from excited states in 32 Ne,
the secondary target was surrounded by 180 large volume NaI(Tl) crystals, the DALI2 array4). After less
than eight hours measuring time, γ-ray transitions
were seen in the inelastically scattered 32 Ne and the
one-proton removal reaction from 33 Na, which we as+
signed to the 2+
1 → 0gs decay. The spectra are shown
in Fig. 1, revealing a single γ-ray peak at 722(9) keV
for the sum spectrum of both reaction channels.
A comparison with shell-model calculations by Utsuno et al.5) and Caurier et al.6) showed that this low
excitation energy accords with the original perception
about the dimension of the “Island of Inversion”, i.e.,
it extends at least to the neutron number N = 22 for
the Ne isotopes.
33
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Fig. 1. Doppler corrected γ-ray spectra from DALI2 following one-proton removal of 33 Na (a) and inelastically
scattered 32 Ne (b).
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Complete Set of Deuteron Analyzing Powers for dp Elastic
Scattering at 250 MeV/nucleon and Three-Nucleon Forces
K. Sekiguchi, H. Okamura,∗1 N. Sakamoto, H. Suzuki,∗2 M. Dozono,∗3 Y. Maeda,∗4 T. Saito,∗4 S. Sakaguchi,
H. Sakai,∗5 M. Sasano, Y. Shimizu, T. Wakasa,∗3 and K. Yako,∗5
The study of three-nucleon forces (3NFs) is important for clarifying nuclear phenomena. The ﬁrst signature of the 3NF was found in the binding energies of the 3 H and 3 He, and the signiﬁcance of 3NFs
has recently been pointed out in providing descriptions of discrete states in higher mass nuclei. The
study of three-nucleon scattering at intermediate energies (E/A ∼ 200 MeV) is a promising approach for
investigating the dynamical aspects of 3NFs, such as
momentum and/or spin dependence. The experimental studies by polarized deuterons beams at intermediate energies are being carried out at the RIKEN RI
Beam Factory with the aim of clarifying roles of the
3NFs in nuclei. As the ﬁrst step, we have measured a
complete set of deuteron analyzing powers (iT11 , T20 ,
T21 , and T22 ) for deuteron–proton (dp) elastic scattering at 250 MeV/nucleon.
A schematic diagram of the experimental setup has
been provided in Ref. (1). First vector- and tensor- polarized deuteron beams were accelerated by the injector cyclotrons AVF and RRC up to 90 MeV/nucleon;
subsequently; they were accelerated up to 250 MeV/
nucleon by the new superconducting cyclotron SRC.
The polarization axis of each beam was rotated by using a Wien ﬁlter system prior to their acceleration2) .
Therefore, single-turn extraction of the beams from all
three cyclotrons, AVF, RRC, and SRC was required in
order to maintain the polarization amplitudes during
acceleration. The typical values of the beam polarizations determined by the experiment were 80% of
the theoretical maximum values. Note that the beam
polarizations were monitored continuously by using a
beam line polarimeter, Dpol, prior to acceleration by
the SRC. The dp elastic scattering was performed by
using a detector system, BigDpol, which was installed
at the extraction beam line of the SRC. Polyethylene
(CH2 ) with a thickness of 330 mg/cm2 was used as
the hydrogen target. In BigDpol, four pairs of plastic
scintillators coupled with photo-multiplier tubes were
placed symmetrically in the directions of azimuthal
angles to the left, right, up and down. Scattered
deuterons and recoil protons were detected in kinematical coincidence condition by each pair of detectors.
The angles (θc.m. ) measured in the center-of-mass system are in the range 40◦ –162◦ . In the experiment,
∗1
∗2
∗3
∗4
∗5

RCNP, Osaka University
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the deuteron beams were stopped in the Faraday cup
which was installed at the focal plane F0 of the BigRIPS spectrometer.
Angular distributions of all deuteron analyzing powers iT11 , T20 , T21 , and T22 represented by open circles in Fig. 1. The statistical errors are also shown.
The dark (light) shaded bands in the ﬁgure represent the Faddeev calculations with (w/o) the TucsonMelbourne99 3NF3) based on modern NN potentials,
namely CDBonn5) , AV186) , and Nijmegen I and II7) .
The solid lines represent the results of the calculations
with the Urbana IX 3NF4) based on the AV18 potential. Good agreements between the data and the calculations with the 3NFs are obtained at forward angles
given by θc.m. ≤ 120◦ ; however, at backward angles,
good agreements are not observed even when 3NFs are
included. These results are quite similar to those obtained for the cross section and proton analyzing power
for pd/nd elastic scattering at 250 MeV/nucleon8,9) .

Fig. 1. Deuteron analyzing powers iT11 , T20 , T21 , and T22
for dp elastic scattering at 250 MeV/nucleon.
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Negative-parity excitations unique in deformed neutron-rich nuclei
close to the drip line†
Kenichi Yoshida
[Nuclear structure, Density functional theory, Unstable nuclei]
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Fig. 1. Transition strengths for the K π = 1− isovector (IV)
dipole (upper) and isoscalar (IS) octupole (lower) excitations in 40 Mg. The arrow indicates the neutronemission threshold energy.
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Study of the multipole responses in unstable nuclei is of considerable interest because the multipole
responses can provide information on novel features
of collective modes of excitation in extreme environments. The surface structure of neutron-rich nuclei
is quite diﬀerent from that of stable nuclei, because of
the presence of the loosely bound neutrons. One of the
unique features of neutron-rich nuclei is the presence of
a neutron skin. Since collective excitations are sensitive to the surface structure, we can expect new kinds
of exotic excitation modes associated with the neutron
skin to appear in neutron-rich nuclei. An example of
such an exotic excitation mode is the soft dipole mode
or the pygmy dipole resonance (PDR).
The structure and collectivity of the PDR has been
studied on the basis of mean-ﬁeld calculations performed by many groups1) . These studies, however,
have been largely restricted to spherical systems. Recently the low-lying dipole excitation in neutron-rich
Ne2) and Sn isotopes3) have been investigated by using deformed quasiparticle-random-phase approximation (QRPA),
In the present study, low-lying negative-parity
excitation modes are investigated using the deformed QRPA on the basis of Skyrme-Hartree-FockBogoliubov (HFB) mean ﬁeld4) . The HFB calculations reveal that Mg isotopes under investigation are

Condensed from article in Phys. Rev. C 80, 044324 (2009).
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Fig. 2. IS dipole strength distribution in 36,38,40 Mg. The
transition strengths are smeared by a Lorentzian function with a width of Γ = 2 MeV.

prolately deformed and that they have neutron skins;
the neutron-skin thickness of 36 Mg, 38 Mg and 40 Mg
are 0.41 fm, 0.47 fm, and 0.54 fm, respectively.
The low-lying part of the isovector (IV) dipole
strengths are shown in the upper panel of Fig. 1. We
can see a prominent peak at around 8 MeV. The transition density to this state shows the following characteristic feature of PDR: Inside the nucleus and at the surface of the nucleus, protons and neutrons oscillate coherently, while outside the nucleus, only the neutrons
oscillate, and the oscillations of the internal core and
the neutron outside are out of phase. This corresponds
to the classical picture of oscillation of the neutron
skin against the isoscalar core along the ρ−axis, which
is the axis perpendicular to the symmetry axis. It is
also found that in PDR there is signiﬁcant coupling
between the dipole and octupole excitation modes because of the nuclear deformation, as shown in the lower
panel of Fig. 1.
Figure 2 shows the transition strengths for the IS
compressional dipole operator. When the drip line is
approached, we can see a signiﬁcant enhancement of
the transition strengths occurring above the neutronemission threshold energy; the transition strengths increase up to ∼ 15 MeV. Since such an enhancement
of the transition strengths in the lower-energy region
is not observed in stable nuclei, we can conclude that
it is one of the unique features of drip-line nuclei, and
it occurs due to the strong mixing between the IS and
IV modes and due to the presence of the neutron skin.
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Lattice QCD study of ΛN interaction
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Fig. 1. The central and the tensor potentials in 3 S1 −3 D1
channel of ΛN system in quenched QCD at mπ  407
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Baryon-baryon interaction is one of the important topics in nuclear physics. For the sector with
strangeness S = 0, modern nucleon-nucleon (N N ) potentials provide a good description of the N N scattering data at low energies. These N N potentials together with three-nucleon (N N N ) forces have been
considered for precision calculations in normal light
nuclei2) . In contrast, hyperon-nucleon (Y N ) and
hyperon-hyperon (Y Y ) interactions involve large uncertainties because the scattering experiments are either difficult or impossible due to the short lifetimes
of hyperons. The present phenomenological Y N and
Y Y interaction models are not well constrained by experimental data. The characteristics of the Y N and
Y Y interactions are important for studying the composition of hyperonic matter in neutron stars. For example, according to recent experimental and theoretical studies on Σ hypernuclei, Σ-nucleus interaction appears to be repulsive. Therefore, a Λ particle, instead
of Σ− , would be the first strange baryon to appear in
the cores of neutron stars. Moreover, the quantitative
information of the Y Y (e.g., ΛΛ) interaction could help
to clarify the cooling mechanism of neutron stars.
Lattice QCD is a valuable theoretical tool for the
first-principle calculation of baryon-baryon interactions. Recently, a new approach has been proposed to
study the N N interaction using lattice QCD3,4) . We
study the ΛN potential by adopting this approach. In
this article, the results of quenched QCD calculation
performed by utilizing the plaquette gauge action and
the Wilson quark action at β = 5.7 on a 323 ×48 lattice
are presented. The lattice spacing at the physical point
is determined as a ≈ 0.14 fm from the ρ-meson mass.
The spatial lattice volume is approximately (4.5 fm)3 .
Figures 1 and 2 show the ΛN potentials obtained by
the quenched QCD calculation. For the channel with
angular momentum and parity J π = 1+ , the central
(VC ) and the tensor (VT ) potentials are shown in the
Fig. 1, while VC for the channel with J π = 0+ is shown
in Fig. 2. To compare the strengths of the repulsive
cores for two quark masses, the central potential multiplied by volume factor, i.e., r2 VC (r), is shown in the
left panel of each figure; the normal V (r) is shown in
the right panel of each figure. These figures present
results for (mπ , mK ) ≈ (512, 606) and (407, 565) MeV.
As evident in both figures, the attractive well of the
central potential slightly moves to outer direction as
the u and d quark masses decrease, whereas the depth
of these attractive pockets do not change considerably.
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Fig. 2. The central potential in 1 S0 channel of ΛN system in quenched QCD at mπ  407 MeV (downward
triangle) and 512 MeV (circle).

The present results show that the tensor force is weaker
than the N N interaction, and the dependence of the
tensor force on quark mass appears to be small. Both
of the repulsive and attractive parts increase in magnitude as the u and d quark masses decrease. Calculations involving 2 + 1 flavor full QCD gauge configurations that are generated by PACS-CS collaboration5)
are also in progress.
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W -Boson Production by Polarized p+p Collisions
√
at s = 500 GeV
K. Karatsu∗1 from the PHENIX Collaboration
[nucleon spin, W-boson, polarized parton distribution]
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Fig. 1. Expected yields in the PHENIX central arms;
e− (purple) and e+ (blue) are produced by W decay
(data obtained using RHICBOS5) ). π + (black) and
π − (red) are produced by other processes (data obtained
by pQCD calculation). No particle identiﬁcation was
performed.
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Although the polarizations of valence quarks have
been determined well by DIS (Deep Inelastic Scattering) and Semi-Inclusive DIS1) , large uncertainty about
the polarization of sea quarks still exists. One of the
main objectives at RHIC involving polarized p+p collisions is to measure the polarization of sea quarks by
producing W bosons2) . The single-spin asymmetry
(AL ) in W -boson production is a clear indication of
the polarization of sea quarks since the chirality of the
interacting quarks is conserved in the V-A coupling. It
is also possible to identify the ﬂavor of the sea quarks
by the charge-separated measurement of W + /W −3) .
PHENIX4) is a detector system that is capable of
measuring leptons produced by W decay at midrapidity (|η| < 0.35, PHENIX central arms) and forward
rapidity (1.2 < |η| < 2.4, PHENIX muon arms).
The run held in 2009
√ at RHIC (RHIC Run9) is the
ﬁrst collisions with s = 500 GeV. This was also
the ﬁrst opportunity for PHENIX to measure significant amounts of W bosons. The ﬁrst attempt to
measure electrons produced by W decay was made
using the PHENIX central arms, which are capable
of good tracking and rejection of hadron background,
along with drift chambers (DC) and electromagnetic
calorimeters (EMCal).
In W decay, although the yields of pions (π + and
−
π ) exceed the yield of the electrons at the same pT ,
as shown in Fig. 12) , on the basis of the ratio of the
deposited energy in the EMCal to the observed particle momentum (E/p cut), the pions are expected to be
rejected by a factor of 100 since only a fraction of the
total deposited energy is contributed by the pions. Additionally, an electron isolation cut, which requires no
jet activity in the vicinity of the electron, is expected
to reduce the pion background by a factor of 3 to 10.
As a result of the these two types of pion rejections,
the electrons produced by W decay in the PHENIX
central arms can be measured.
Fig. 2 shows the pT spectra of raw yields obtained
from RHIC Run9 data. The left plot shows the spectrum obtained without applying the isolation cut and
the right shows the spectrum obtained by applying the
isolation cut. These plots show that as expected, the
isolation cut enhances the signal to background ratio
of the W -decay electrons by reducing the hadron background by a factor of 3 to 5 (the E/p cut has been
applied in both plots).
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Fig. 2. Spectrum of raw yields of positively charged particles in high-pT events (pT > 10 GeV) (Left: without
isolation cut, Right: isolation cut applied). The E/p
cut has been applied in both plots. A power-law function (blue) and W curve from RHICBOS5) (purple) are
overlaid (unnormalized; curve obtained from RHICBOS
is smeared).

Further analysis to calculate the cross section and
the single-spin asymmetry of W -boson production is
currently underway, and the results will provide the
ﬁrst direct measurement of sea-quark polarization.
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Application of a Pair of Solenoid Magnets in Beam Transport Line
Yoichi Sato,∗1 Jun-ichi Ohnishi, Nobuhisa Fukunishi, Akira Goto, and Hiroki Okuno
KB = BB,sol /(2Bρ0 ), and Bρ0 is the momentum rigidity of a beam. Ltot = LA,eﬀ + L + LB,eﬀ , where L is
the drift space of Rdrift . γ is the Lorentz factor. If
KA KB < 0 and constant θAB , we can use the solenoids
on a beam line as a focusing lens set with a ﬁxed rotational angle around the beam axis. For example,
a series of two identical solenoids, i.e., pair solenoids,
with equal current in opposite directions has no rotational components, and the horizontal and vertical
directions are decoupled since BA,sol = −BB,sol = Bsol
and LA,eﬀ = LB,eﬀ = Leﬀ owing to which θAB = 0.
The new injector of the RIBF project, RILAC2, is
under construction and is designed to produce highintensity uranium ion beam by late 20106–8) . The
LEBT of RILAC2 is the beam transport line from
the 28 GHz superconducting electron cyclotron resonance ion source (ECRIS) to the entrance of the radiofrequency quadrupole (RFQ), and this beam transport line has been designed to include two sets of pair
solenoids. In Fig. 1, SOL12 and SOL34 are the pair
solenoids. Figure 2 shows their layouts. The pair
solenoids are used to reduce the beam diameter as the
beam passes from SOL12 to the RFQ. In each solenoid
pair, the two solenoids have equal current with opposite directions: this helps in the decoupling of beam
emittances. The decoupling feature enables us to control the downstream elements on the basis of the projected diagnostics, as measured upstream of the pair
solenoids. The four quadrupoles between SOL12 and
SOL34 are used only for matching the beam with RFQ
acceptance. In LEBT, the only horizontal and vertical
coupling lens elements are the solenoids of the ECRIS
and the solenoid SOL0 following the ion source.
In addition to decoupling feature for emittance,
pair solenoids can be used to achieve a smaller beam
RB,sol (BB,sol , LB,eﬀ ) ⊗ Rdrift ⊗ RA,sol (BA,sol , LA,eﬀ ) radii in the magnets than that achieved by using the
quadrupoles. Figure 3 shows the beam envelopes for a
= (RB,rot ⊗ RA,rot ) ⊗ (RB,focus ⊗ Rdrift ⊗ RA,focus )
pair solenoids and quadrupole magnets under identical
= Rrot (θAB )


initial conditions in the RILAC2 LEBT design. The
R11 R12
0
0
0
0
quadrupoles are needed to match the beam emittances

 R21 R22
0
0
0
0


with the acceptance of the RFQ and the buncher.

 0
0
R33 R34 0
0


(1) The beam radii are reduced to half by introducing an⊗
,
0
R43 R44 0
0

 0
other pair of solenoids. For beam matching, the pair
 0
0
0
0
1 Ltot /γ 2 
solenoids can be substituted by a series of quadrupoles,
0
0
0
0
0
1
but these quadrupoles require large bore diameters,
thereby, increasing the cost. Moreover, merely increaswhere Rsol (Bsol , Leﬀ ) = Rrot ⊗ Rfocus = Rfocus ⊗ Rrot
ing the number of quadrupoles cannot help reduce the
is the solenoid matrix of magnetic ﬁeld Bsol and efbeam radii eﬀectively. In general, for a quadrupole,
fective length Leﬀ . Rrot and Rfocus are the rotational
the beam size in its defocusing direction is larger than
component and focusing component, respectively, of
that for a solenoid pair.
the solenoid. The total rotational angle is θAB =
The aberration produced by the pair solenoids in
KA LA,eﬀ + KB LB,eﬀ , where KA = BA,sol /(2Bρ0 ),
the RILAC2 LEBT is simulated by 3D tracking calcu-

Solenoid pairs can be used to independently determine the rotation and focusing functions. In beam
transport, a solenoid acts as a focusing and rotating lens element. A series of solenoid magnets, with
drift spaces, can be used to cancel the rotation eﬀect
produced by these magnets, if their integrated magnetic ﬂux is zero in the beam line. The beam emittance through these solenoids is decoupled horizontally and vertically. Such decoupling can be used in
the muon-collider cooling channel1–5) . In addition to
decoupling, multiple solenoids can be used to control
transversely isotropic focusing without changing the
total rotational angle. The use of multiple solenoids
is convenient for a short transport line, and multiple
solenoids can be used not only for the muon-collider
but also for other types of beam lines, such as low energy beam transport (LEBT). In this paper, a very
simple technique of using multiple solenoids, i.e., the
use of a pair of identical solenoids is described; this
technique is used in the design of LEBT for RIKEN’s
Radioisotope Beam Factory (RIBF) project. For a
given injected beam, a pair of solenoids at a speciﬁc
position has smaller bore diameters than a series of
quadrupoles at the same position.
The 6 × 6 transfer matrix of a solenoid lens is the
product of a rotation matrix and a focusing matrix,
which are interchangeable. The rotation matrix and
drift matrix are also interchangeable. Therefore, the
transfer matrix of a series of two solenoids can be expressed as the product of a rotation matrix and a complex of a focusing matrix, a drift matrix, and a focusing
matrix in series, as shown by the ﬁrst-order transfer
matrix of the series of two solenoids connected with
drift space.
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Fig. 1. Layout of RILAC2 LEBT. The 28 GHz superconducting ECRIS produces U 35+ ions with an accelerating
voltage of 22.3 kV. SOL0 is a single solenoid right after the exit of the ECRIS. SOL12 is the ﬁrst set of
pair solenoids, and SOL34 is the second set of pair
solenoids. There is a diagnostics chamber in front of
each set. The abbreviations BM, PS, ST, 4Q, BUN,
and RFQ represent the analyzing bending magnet, a
set of pair solenoids, a steering magnet, a series of four
quadrupoles, a buncher ﬁrst harmonic: 18.25 MHz, and
an RFQ second harmonic: 36.5 MHz.

lations. SOL12 may produce a 6% emittance growth,
but this value is acceptable in the design of RILAC2
LEBT. SOL34 may not produce any substantial aberration.
In the LEBT design, it is suitable to use the pair
solenoids downstream a long drift space, e.g., a series
of diagnostics, for operating downstream lens elements
with small apertures. In the RILAC2, a strongly focused beam is required at the entrance of the RFQ.
The RFQ and following linac line have 45◦ inclined
quadrupoles. By setting SOL34 between the 45◦ inclined diagnostics and the RFQ, the linac can be controlled easily.
We express special thanks to M. Fujimaki, Dr. Y.
Higurashi, E. Ikezawa, Dr. O. Kamigaito, M. Kase,
Dr. T. Nakagawa, H. Watanabe, Dr. Y. Watanabe,
and S. Yokouchi.
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Fig. 2. Layout of pair solenoids. SOL12 has a 120 mm bore
diameter, and SOL34 has a 90 mm bore diameter.

Fig. 3. Beam envelopes from the analyzing slit to the RFQ
entrance in RILAC2 LEBT. The upper half shows vertical beam envelopes, and the lower half shows horizontal beam envelopes. The beam comprises U 35+ ions,
the acceleration voltage is 22.3 kV, and the horizontal
and vertical emittance values are 200π mm·mrad. The
solid lines indicate the beam envelopes for the case in
which pair solenoids are placed right after the slit. The
eﬀective length and bore diameter of the lens elements
are indicated by the solid marks in the upper half. The
dashed lines indicate the beam envelopes for the case
in which four quadrupole magnets are placed right after the slit. The eﬀective length and bore diameter of
the lens elements are indicated by the dashed marks in
the lower half. In both cases, pair solenoids are used
in front of the RFQ entrance. The beam envelopes for
both cases are superposed.
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Measurement of charge-state distribution of uranium and xenon
beams with a gas charge stripper
H. Kuboki, H. Okuno, S. Yokouchi, T. Kishida, H. Hasebe, N. Fukunishi, O. Kamigaito, M. Kase, A. Goto, and
Y. Yano
ferent charge states emerged from the gas stripper. A
beam in one charge state was selected and channeled
downstream of the dipole magnets DAD4 and DMD4,
and the magnetic fields were corrected for the energy
loss in the gas. Beam currents of 238 U or 136 Xe in the
selected charge state were measured with Faraday cup
F41 (FC-F41) downstream of DMD4.
The fraction F (qi ) of a charge state qi is defined
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Fig. 1. Schematic view of the charge-state distribution
measurement. Please see the text for details.
F41 /qi
as F (qi ) = IID16
/qini , where IF41 , ID16 , and qini denote
the beam currents at FC-F41 and FC-D16, and the
charge state of the beam obtained from the ion source,
respectively.
The charge-state distributions of 238 U and 136 Xe

0.18
0.16
0.14
0.12
fraction

Charge strippers are essential components in a
heavy-ion accelerator complex such as the RIKEN RI
Beam Factory (RIBF)1) since heavy ions in a high
charge state can be efficiently accelerated at a small
facility. At the RIBF, two strippers are used for the
acceleration of uranium (238 U) ions with energies up
to 345 MeV/nucleon2) . The first and second strippers,
which are carbon foils with thicknesses of 0.3 mg/cm2
and 17 mg/cm2 3) , are located downstream of the RRC
and fRC, respectively. The energies of 238 U ions incident on each stripper are 10.75 and 51 MeV/nucleon.
It should be noted that there are two serious problems associated with the first stripper. One is its short
lifetime that is a consequence of the heat load during
irradiation, and the other is the energy spread resulting from the nonuniformity of the foil thickness4) .
We have developed a gas stripper that is a candidate for a long-lifetime stripper with uniform thickness. However, we could not predict whether the
charge states obtained with a gas stripper would be acceptable for the fRC since charge states of heavy ions
like 238 U or xenon (136 Xe) in gaseous media have not
been studied well at energies around 10 MeV/nucleon.
Therefore, the charge-state distributions of 238 U and
136
Xe ions with an energy of 10.75 MeV/nucleon in
a gas stripper were measured as functions of the gas
pressure up to its equilibrium charge-state distribution. The use of a differential pumping system with
a target cell and five pumping stages4,5) made it possible to enhance the nitrogen (N2 ) gas thickness up
to 0.9 mg/cm2 , which was considered to be sufficient
to obtain equilibrium charge states, taking into account that the carbon foil thickness for equilibrium
is ∼0.5 mg/cm2 2) . The thickness of the gas stripper
was calculated from the measured gas pressure in the
target cell by assuming the longitudinal length of the
gaseous medium to be equal to the cell length (10 cm).
The charge-state distribution measurements were
carried out as follows: 238 U and 136 Xe ion beams
with charge states of 35+ and 20+ were obtained
from the 18 GHz ECR ion source and accelerated
up to 10.75 MeV/nucleon with the RILAC and RRC.
The beams were transported to the gas stripper located upstream of the fRC, as shown in Fig. 1. The
beam currents incident on the gas stripper were measured at Faraday cup D16 (FC-D16) and were typically 300∼500 enA (9∼14 particle nA) for 238 U and
500∼600 enA (25∼30 particle nA) for 136 Xe. The spot
diameter was about 6 mm, which was comparable to
the orifice at the gas stripper entrance. Beams in dif-
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U
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charge states

Fig. 2. Charge-state distribution of 238 U. The data obtained for gas pressures of 0.3, 0.5, 0.9, 2.0, and 4.5 kPa
are denoted by open circles, open triangles, solid triangles, open squares, and solid squares, respectively.
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Table 1. Obtained parameters of 238 U (left) and 136 Xe (right) charge-state distributions. The gas species
is N2 .

fraction

238

0.24
0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0

pressure (kPa)
0.3

center
51.52

σ
2.92

0.5
0.9
2.0
4.5

0.139
0.158
0.159
0.161

54.23
55.76
55.99
55.95

2.87
2.53
2.51
2.47

136

27

136

U
peak height
0.137

N2 0.3 kPa
N2 0.3 kPa
N2 0.5 kPa
N2 0.9 kPa
N2 2.0 kPa
N2 4.5 kPa

Xe

29

31

33

35 37 39 41
charge states

43

45

47
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most probable charge state

Fig. 3. Charge-state distribution of 136 Xe. The data obtained for gas pressures of 0.3, 0.5, 0.9, 2.0, and 4.5 kPa
are denoted by open circles, solid circles, open triangles,
solid triangles, open squares, and solid squares, respectively.
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(a) 238U
Ar
CO2
N2
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Air

Ar
CO2
N2
He
Air
20

50
100
200
thickness (µg/cm2)

Xe
peak height
0.189
0.178
0.184
0.199
0.207
0.209

center
35.74
36.10
38.48
40.07
40.59
40.51

σ
2.11
2.24
2.16
2.01
1.93
1.91

as the center value of the Gaussian function. All fitted parameters are tabulated in Table 1. The most
probable charge states with values of 56.0 and 40.5
correspond to the equilibrium charge states for 238 U
and 136 Xe, respectively. It is noticeable that the equilibrium charge states of 136 Xe obtained with the gas
stripper are acceptable for fRC acceleration. The most
probable charge states are plotted as a function of the
gas thickness in Fig. 4. The data of Ar, CO2 , He, and
air are plotted together with those of N2 . We have one
datum for He and air. The data are fitted by the function f (t) = a − b exp(−ct), where t is the gas thickness
and a, b, and c are parameters to be determined. The
thickness necessary for equilibrium is calculated by using f (t) and is found to be 59, 86, and 83 µg/cm2
in the case of Ar, CO2 , and N2 , respectively. As for
136
Xe, the thicknesses necessary for equilibrium are 78,
111, and 104 µg/cm2 . These values are far less than
that of carbon foil. This fact indicates that there are
differences in the physical process of charge-stripping
between a gas stripper and a solid stripper. Investigation of these differences is currently in progress.
We plan to measure the charge-state distributions
of 238 U at different energies in the near future.
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Fig. 4. Most probable charge states are plotted as a function of the gas thickness. Panels (a) and (b) present
data of 238 U and 136 Xe, respectively.

obtained by changing the gas pressure in the target
cell are shown in Figs. 2 and 3, respectively. The
charge-state distribution data are fitted by a Gaussian
function. The most probable charge state is defined
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Pressure-induced new magnetic phase in Tl(Cu0.985 Mg0.015 )Cl3
probed by muon spin rotation
T. Suzuki, I. Watanabe, F. Yamada,∗1 M. Yamada,∗1 Y. Ishii, T. Kawamata, T. Goto,∗2 and H. Tanaka,∗1
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Hint = ω / γµ (gauss)

A(t)

In impurity-introduced spin gap system Tl(Cu1−x Mgx )Cl3 ,
(a) TlCu 1-xMgxCl3 (x = 0.015)
the magnetic phase transition to an ordered state is
ZF- µSR
P = 3.1kbar
observed by magnetization and speciﬁc heat measure400
8.5 K
(b) TlCu 1-xMgxCl3 (x = 0.015)
ments; neutron elastic scattering measurements iden8K
ZF- µSR
300
tiﬁed that this impurity-induced ordered state is an
7.5 K
antiferromagnetically ordered state in which the mag7K
200
netic structure is the same as that in the case of the
6K
1)
ﬁeld-induced phase in TlCuCl3 . The inelastic neu5K
3.1 kbar
100
4.0 kbar
tron scattering measurement revealed that a ﬁnite spin
4K
2)
0
2.3 K
gap still remains below the transition temperature .
0
2
4
6
8
10
T (K)
Imamura et al. reported a pressure-induced magnet2%
ically ordered phase by magnetization measurements
0
1
2
t (µs)spectra of the ZF-µSR in the hydrostatic
for x = 0.012, and concluded that the change from the
Fig. 1. (a) Time
impurity-induced phase to the pressure-induced phase
pressure of 3.1 kbar. Solid lines are ﬁtted results. Each
is a crossover3) . The purpose of this study is to investiplot is shifted consecutively for clarity. (b) Temperature
gate the microscopic properties of the pressure-induced
dependence of Hint at 3.1 kbar and at 4.0 kbar. Dashed
phase in the impurity-doped spin gap system by zeroline is a guide for the eye.
ﬁeld muon spin rotation (ZF-µSR).
Single crystals were grown from a melt by the
Gz (∆, t) is the static Kubo-Toyabe function. Fitted reBridgman method. µSR measurements in hydrosults are shown in Fig.1(a) as solid lines. From the ﬁtstatic pressures were carried out using a spin-polarized
ted result, the internal static magnetic ﬁeld Hint at the
double-pulsed positive decay-muon beam with an inmuon sites is deduced using the relation of ω = γµ Hint
cident muon momentum of 90 MeV/c. The samples
because implanted muon spins precess around the towere pressurized by 4 He gas pressure in a CuBe cell
tal magnetic ﬁeld, including the internal ﬁeld and the
using the newly installed gas-pressurized µSR setup of
external ﬁeld, at the muon sites. The deduced internal
the RIKEN-RAL Muon Facility4) .
static magnetic ﬁeld Hint = ω/γµ at the muon sites are
Figure 1(a) shows the temperature dependence of
summarized in Fig.1(b). With decreasing temperature
the ZF-µSR time spectra in a hydrostatic pressure of
at 3.1 kbar, Hint increases monotonously, and tends
3.1 kbar. Measurements were carried out with decreasto saturate to 280 gauss around 4 K. However, Hint
ing temperature. Below 8 K, the spontaneous muondecreases to 240 gauss at 2.3 K. Similar decrease of
spin-precession is observed, which indicates the exisHint below 4 K is observed at 4.0 kbar. The decrease
tence of a coherent long-range magnetically ordered
of Hint suggests an orientation of the ordered mostate. The observed transition temperature in the
ments, because the change of the magnetic structure
pressure of 3.1 kbar is consistent with the temperature
leads to the modiﬁcation of dipole ﬁelds at the muon
reported in the same pressure for the case of x = 0.012
sites. Thus, we speculate that a spin-reorientation
deduced from the magnetization measurement3) . In
phase transition occurs and that an oblique antiferorder to discuss the development of the internal static
romagnetic phase, which is observed at the pressure of
magnetic ﬁeld at the muon sites which corresponds to
14 kbar in pure TlCuCl3 5) , appears in the Mg-doped
the ordered Cu-3d magnetic moment, all spectra are
system. In the case of Mg-doped system, it is expected
analyzed using the two components function as follows:
that the pressure-induced new phase would appear at
A(t) = A1 e−λ1 t cos(ωt+θ)+A2 e−λ2 t Gz (∆, t). The ﬁrst
a pressure lower than that at which it appears in the
term is the signal from the magnetically ordered region
case of pure system, because the spin gap has already
of samples, and the second term is that from the large
partially collapsed in space due to the Mg doping.
pressure cell and the spin-ﬂuctuating region of samples.
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Characterization of Spin-Dependent Response of Negative Muonium (Mu−)
to Laser Induced Polarized Electrons in n-Type GaAs under Zero Field
K. Yokoyama1, K. Nagamine1,2, K. Shimomura2, H.W.K. Tom1, R. Kawakami1, P. Bakule3,
Y. M atsuda4, K. Ishida, K. Ohishi, F.L. Pratt3, I. Shiraki5 and E. Torikai5
In the field o f the spintronics, the co nsideration o f
spin-dependent exc hange scat tering of a polarized electron
in ortho - m uonium (o rtho-Mu, μ+e-, a bo und state of a
positive muon and an electron with the s pins aligned i n the
same direction) has bee n proposed to detect the conduction
electron s pin polarization ( CESP) i n semiconductors [1].
Recently, a feasibility study of t his m uon m ethod was
successfully carried out
in
strain-free n-type Ga As
containing 3 ×1016 cm -3 Si by measuring t he c hange i n t he
ange in the
μ+ polarization co rresponding to a ch
polarization direction u nder both l ongitudinal fi elds (L F)
and zero field (ZF) [2]. In the study, CESP was induced by
circularly polarized (CP) lasers.
The muon states in doped GaAs have been studied. The
existence and pr operties of Mu − (μ+e-e-, a diam agnetic
bound state of μ+ that contains two singlet electrons) i n
n-type GaAs with Si doping higher than 1016 are known [3].
Following a r eport [2 ], the prese nt measurem ent was
conducted at Port 2 of the RIKEN-RAL b y using a pulsed
4-MeV positive m uon beam. T unable l aser ligh t of a
wavelength of around 831 nm and a repetition frequency of
25 Hz was generated using a wi dely t unable OP O sy stem.
The lin early po larized laser output ligh t was con verted to
CP light to illumin ate the sample. A Pockel’s cell (PC) was
used fo r pu lse-to-pulse switc hing between r ight-hand C P
light (“Anti”) and left-hand CP light (“Para”). A 10 ns laser
pulse was irradiated at 0.9 μs after the muon pulse.
Asymmetry am plitudes of t he ZF “Of f” at 15 K a re
known to co rrespond to m ainly Mu − state with Gaussian
relaxation (5 .7%). Due t o sp in ex change reactio ns with
doped el ectrons i n n-GaAs, t he 1/6 c omponent of B C-Mu
(Mu at body-center si te, nearly 1 .0%) s hows e xponential
relaxation (rate; 1 μs) and that of T -Mu (Mu at tetrah edral
site, nearly 1.0%) shows a rapid relaxation (within 1 ns).
In t he Z F “ Para-Anti” ef fect (Fi g. 1), the m ajor
characteristic of the Mu − state changes with a change of CP
of t he laser irrad iation, wh ile th e BC-M u i s in sensitive t o
the l aser i rradiation. T o st udy t he Mu− response to
laser-induced CESP, th e fo llowings were in vestigated: 1)
the l aser wavelength dependence, 2 ) l aser-power
dependence of th e r esponse and 3) th e ti me-delay
characteristic of the muon response.
A cl ear wavelength dependence re flecting t he ba ndgap
characteristics was found (Fig. 1), s uggesting that t he
Mu− response was due to the laser-induced CESP.
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As seen in Fig. 2, an inverse power dependence was seen
in “Para-An ti”/“Off-On”, which is con sistent with th e sp in
lifetime measured in optical measurement [4]. Precise time
spectrum m easurement showed a slow ( 33(13) n s) “Para”
response, in contrast to a fast (5.5(2.6) ns) “Anti” one.
In order t o und erstand th e ob served sp in-dependent
Mu− response, in ad dition t o a po ssible m ultistep pro cess,
the a dmixture o f t he d-states due t o sy mmetry o f t he
interstitial sit e of th e M u− state shou ld be stud ied
theoretically [5]. Work on this line is currently in progress.
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Fig.1. Laser wavelength dependence of the “Off-On” and
“Para-Anti” effects with the μSR amplitude at t = 0. A
typical time spectrum is shown in the inset.

Fig. 2 (Upper) Laser power dependence of the “Off-On” and
“Para- Anti” effects. （Lower）Laser power dependence of
normalized “Para-Anti” and “Off-On” effects
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Preface
RIKEN Accelerator Progress Report (APR) compiles
the yearly research activities conducted by the
laboratories and the groups of RIKEN Nishina Center for
Accelerator-Based Science, or simply RIKEN Nishina
Center (RNC). It also contains progress reports
submitted by the users of RI Beam Factory (RIBF) and
RIKEN Muon Facility at Rutherford Appleton
Laboratory in UK. This volume is No. 42 of APR
containing our major research activities conducted in
2009.
In 2009, significant changes took place in the Nishina
Center Administration. In October 2009, Hideto En'yo
was appointed as the new director of RIKEN Nishina
Center. As a chief scientist of RIKEN since 2001, he has
spearheaded the international collaboration between
RIKEN and Brookhaven National Laboratory, and is
now in charge of all research activities at Nishina Center.
The former director, Yasushige Yano has completed the
world’s largest cyclotron at the heart of RIBF; the new
director is committed to open up this newly-born facility
for the world wide users and to produce world-class
research results.
To achieve this, Walter Henning was invited to join
RIKEN Nishina Center as Associate Director from the
1st of April, 2010. With his distinguished career as the
leader of GSI (Gesellschaft fur Schwerionenforschung)
in Germany, Argonne National Laboratory in USA, and
as the Chair of Nuclear Physics Program Advisory
Committee of Nishina Center, he is expected to further
promote scientific activities at RIBF and help Nishina
Center grow as a truly internationalized synergetic-use
laboratory.
On the same date, we also invited Hideyuki Sakai,
former Professor of the University of Tokyo and the
chair of Japanese Experimental Nuclear Physics
Community, as the head of User Liaison and Industrial
Cooperation Group. He is asked to lead the user
interface function of Nishina Center from the community
's perspective, not RIKEN’s.
Moreover, we have promoted many young researchers
to the heads of the teams to support and develop the
infrastructures and experimental equipments of RIBF.
With these major administrative changes, Nishina Center
is committed to metamorphose itself into a
synergetic-use laboratory open to the world’s
nuclear-physics community. Your support and
encouragements are most appreciated.

while many experiments are ongoing with the existing
apparatuses using the world’s most powerful heavy ion
beams. One of the major news is on the electron storage
ring for SCRIT (Self-Confining RI Ion Target)
experiment.
The ring was kindly donated from
Sumitomo Heavy Industry. Previously known as
AURORA, it is now renamed as SR2, ScRit-equipped
Storage Ring. The ring was modified to have longer
straight sections for the SCRIT application, and electrons
were successfully stored in December 2009. The physics
experiment is scheduled for 2010, and in the meanwhile,
we will be promoting the use of synchrotron radiations
from SR2.
The new superconducting ECR ion source and Linear
Accelerator RILAC-II were set up in 2009 from which
we expect much higher beam intensity of uranium. An
independent operation of RILAC-I for super-heavy
element search and other low energy applications is
being actively promoted as well.
The construction of SAMURAI, multiple-particle
spectrometer with a large acceptance, has been
proceeding smoothly. T. Motobayashi, who retired as
chief scientist, became the head of the construction team
to enhance the collaborative work among all who are
interested in this project.
Significant scientific achievements of the last year are
selected by the editorial committee of RIKEN
Accelerator Progress Report, and presented in
“Frontispiece” and “Highlights of the Year”. Of all these
achievements, special attention should be given to the
work on a gas charge stripper by Kuboki et al. This work
may well be a key to solve a long-standing problem of
charge stripper in accelerating uranium and other heavy
elements. The power of the 48Ca beam was again
demonstrated by the in-beam �-ray spectroscopy of
32
Ne by Doornenbal et al. utilizing the BigRips isotope
separator, the Zero-Degree Spectrometer and the NaI(Tl)
crystal array, DALI2. A special campaign for many
experiments inline using 48Ca beam is scheduled for
2010 with an endorsement by the Program Advisory
Committee.
Other works covering a wide range of research from
super string theory to accelerator applications are
compiled in this volume. We believe such diversity and
the strategic focus on the RIBF science are and will
continue to be the source of strength of Nishina Center
for Accelerator-Based Science.

With regard to the scientific progress of Nishina Center,
outstanding achievements have been made last year. The
construction of basic experimental apparatuses is in
progress toward a full scale completion of the facility,

Hideto En'yo
Director,
RIKEN Nishina Center for Accelerator-Based Science
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II. RESEARCH ACTIVITIES I
(Nuclear-Particle Physics)

1.

Nuclear Physics
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Measurement of interaction cross sections of Ne Isotopes
T. Ohtsubo＊1, M. Takechi, M. Fukuda＊2, T. Kuboki＊3, T. Moriguchi＊4, D.Q. Fang＊5, H. Geissel＊6,
R. Chen, N. Fukuda, I. Hachiuma＊3, N. Inabe, Y. Ishibashi＊4, Y. Ito＊4, D. Kameda, Y. Kikuchi＊3, M. Lantz, Y.G. Ma＊5,
M. Mihara＊2, D. Nagae＊4, M. Nagashima＊1, H. Nakazato＊3, K. Namihira＊3, D. Nishimura＊2, T. Ohnishi, H. Ooishi＊4,
A. Ozawa＊4, K. Sakuma＊3, T. Suda, H. Suzuki＊4, T. Suzuki＊3, H. Takeda, K. Tanaka, T. Yamaguchi＊3, and T. Kubo
［BigRIPS, reaction cross section, nuclear structure, unstable nuclei］
Last year, we measured interaction cross sections (σI) of
neutron-rich neon isotopes ANe (A:28~32) to determine the
root mean square radii <rm2>1/2 of these nuclei 1). An
enhancement of radii in these nuclei compared to the
systematics of stable isotope nuclei was suggested 2).
This short note reports the successive measurements on
A
Ne (A:20~28), in addition to the previous measurements
with the aime of copmaring the <rm2>1/2 values of ANe with
those of the nuclei in the "island of inversion". The
formation of a neutron halo in heavier Ne isotopes was
expected, and a level inversion of the 1f and 2p orbitals was
predicted 3), and the evidence supporitng the existance of
the neutron halo in 31Ne has been recently reported 4).
The experiment was performed at the Big-RIPS facility 5),
which is a part of the RI beam factory operated by the
RIKEN Nishina Center and CNS at the University of Tokyo.
A schematic drawing of the experimental setup is shown in
Fig. 1. The experimental setup is essentially the same as
that used in the previous measurement 1). We employed a
transmission method to measure σI. A 48Ca primary beam
with an energy of 345 MeV/nucleon bombarded a Be
production target at F0. The intensity of the primary beam
was optimized for each isotope on the basis of the counting
rate recorded by the data acquisition system. The fragments
produced at an energy of around 250 MeV/nucleon were
pre-separated at the first stage of BigRIPS. The Al
wedge-shaped degrader was placed at F1. A carbon target
with a thickness 1.8 g/cm2 or 3.6 g/cm2 was located at F5.
The incident and outgoing secondary beams were identified
at the first (F3-F5) and second (F5-F7) halves of the second
stage of BigRIPS, respectively; using the Bρ-ΔE-TOF
method. We used the standard detectors 6) at F3, F5, and F7
to identify the beams. We used the ion chamber (IC) at F3
for the energy loss (ΔE) measurement of the incident beam.
We replaced the standard plastic scintillators at F5 and F7
with wider ones (240✕100 mm) having a thickness of 1
mm and 3 mm, respectively. These scintillation detectors
provided information on both TOF and ΔE.
＊1
＊2
＊3
＊4
＊5
＊6

Graduate School of Science, Niigata University
Department of Physics, Osaka University
Department of Physics, Saitama University
Institute of Physics, University of Tsukuba
SINAP
GSI, Germany
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An example of a particle identification plot is shown in
Fig. 2. We accumulated the data on the σI values of all Ne
isotopes; the accuracyo of the data was 1 %. Data analysis
to determine σI is now underway.
reaction target
48Ca

345MeV/u

Nin

Be target

Nout

20-28Ne

~250MeV/u

wedge
degrader
F3

F5
IC

PPAC

Plastic Scintillator

F7
IC

Reaction target (Carbon)

Fig. 1 Experimental setup at BigRIPS. The incident and
outgoing particles were identified by the particle detectors
at F3, F5, and F7 using the Bρ-ΔE-TOF method.

Fig. 2 Typical TOF-ΔE spectrum for the first stage of
BigRIPS.
References

1) T. Ohtsubo et al.: RIKEN Accel. Prog. Rep. 42, 5 (2008).
2) M. Takechi et al.: Nucl. Phys. A 834, 412c (2010).
3) W. Pöschl, D. Vretenar et al.: Phys. Rev. Lett. 79, 3841 (1996).
4) T. Nakamura et al.: Phys. Rev. Lett. 103, 262501 (2009).
5) T. Kubo et al .: Nucl. Instr. & Meth. in Phys. Res. B 204 , 97
(2003).
6) T. Ohnishi et al.: J. Phys. Soc. Japan 77, 083201 (2008).
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Inelastic scattering of

32

Mg at RIBF beam energies on various targets

H. Scheit, K. Li,1 N. Aoi, H. Baba, P. Doornenbal, Y. Kondo, T. Motobayashi, S. Nishimura, H. Sakurai,
S. Takeuchi, Y. Togano, H. Wang,1 and K. Yoneda,
[Nuclear structure, Island of Inversion, neutron-rich nuclei, in-beam γ-ray spectroscopy]
In-beam γ-ray spectroscopy of exotic nuclei produced in projectile fragmentation reactions at intermediate beam energies is an important tool for nuclear structure studies and is routinely applied at major radioactive ion beam facilities worldwide. Various experimental methods depend or beneﬁt from it,
such as Coulomb excitation, few-nucleon removal reactions, direct reactions on light targets, in-elastic scattering, secondary fragmentation, and lifetime measurements (RDM, DSAM, recoil-shadow method). With
the commissioning of the RIBF not only has the intensity of available radioactive beams been increased enormously, but also the energies of the secondary beams
are much higher. Typically, secondary beam energies
were in the range from about 30 MeV/u to 100 MeV/u
at the RIPS facility, while at the RIBF beam energies above 200 MeV/u are common for light secondary
beams with, say A ≤ 50.
At this high beam energy, not only will the atomic
background increase dramatically, but also standard
analysis tools used at lower beam energies should
be tested and possibly adapted. For instance, the
Coulomb excitation cross section to populate a collective 2+ state drops by about a factor of 4 when going
from 50 to 200 MeV/u, while the nuclear excitation
cross section stays nearly constant. Thus, Coulombnuclear interference eﬀects are expected to be much
more enhanced at the higher beam energies, possibly
limiting the precision of the extracted transition probabilities.
In order to study the background conditions for inbeam γ-ray spectroscopy at the RIBF and to test currently employed analysis techniques a high statistics
measurement of elastic and inelastic scattering of 32 Mg
on several targets was performed.
A primary 48 Ca beam with an average intensity of
about 10 particle nA and an energy of 345 MeV/u was
impinging on a 20 mm (3.7 g/cm2 ) thick rotating Be
target located at the F0 focus of the BigRIPS1) fragment separator. The produced secondary beams were
separated using the standard Bρ–∆E–Bρ method employing a 15 mm thick wedge shaped Al degrader at
the F1 dispersive focus of the BigRIPS separator. The
momentum acceptance was ±3%. The beam particles were identiﬁed event-by-event using the standard
∆E–TOF–Bρ method. The time of ﬂight (TOF) was
measured between two thin plastic scintillators located
at the F3 and F7 achromatic foci (separated by a ﬂight
∗1

path of about 47 m), the energy-loss was determined
with an ion-chamber2 also located at the F7 achromatic focus and the Bρ was deduced from a position
measurement at the dispersive F5 focus of BigRIPS.
These secondary beams were then transported to the
F8 secondary target position. To induce inelastic excitations a 14.1 mm (2.54 g/cm2 ) thick (natural) carbon target was used. Furthermore, plastic (CH2 ) and
Pb targets, resulting in about the same energy loss as
for the carbon target, were employed. The secondary
32
Mg beam with an intensity of about 1000 particles/s
had an energy of about 220 MeV/u at the center of the
secondary target. The emitted de-excitation γ rays
were detected by the DALI2 γ spectrometer2 with a
full energy peak eﬃciency of about 20% and an expected resolution after correcting the large Doppler
shift of about 10% for a 1 MeV γ transition. For the
particle identiﬁcation and track reconstruction after
the secondary target the spectrometer ZeroDegree was
employed. As before, the ∆E–TOF–Bρ method was
applied to unambiguously identify the particles event
by event.
The data taking times for the Pb, CH2 and the C targets were about 5, 3, and 2 hours, respectively, which
allowed us to collected several thousand counts in the
+
885 keV peak, corresponding to the 2+
1 → 0gs tran32
sition in Mg. For the C and CH2 targets several
transitions above 885 keV could be observed. In particular a comparison to similar data obtained at the
lower beam energy of about 50 MeV/u at the RIPS
facility3) will be of interest.
The data are currently under analysis.
1) T. Kubo et al., Nucl. Instr. Meth. B 204, 97 (2003)
2) S. Takeuchi et al., RIKEN Acc. Rep. 36, 148 (2003)
3) S. Takeuchi et al., PRC 79, 054319 (2009)

Peking University, China
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Rates of production of fission fragments from a
at 345 MeV/nucleon

238

U beam

T. Ohnishi, T. Kubo, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda, H. Takeda, D. Kameda, K.
Tanaka, N. Inabe, Y. Yanagisawa, Y. Gono, H. Watanabe, H. Otsu, H. Baba, T. Ichihara, Y. Yamaguchi, M.
Takechi, S. Nishimura, H. Ueno, A. Yoshimi, H. Sakurai, T. Motobayashi, T. Nakao ∗1 , Y. Mizoi ∗2 , M.
Matsushita ∗3 , K. Ieki ∗3 , N. Kobayashi ∗4 , K. N. Tanaka ∗4 , Y. Kawada ∗4 , N. Tanaka ∗4 , S. Deguchi ∗4 , Y.
Satou ∗4 , Y. Kondo ∗4 , T. Nakamura ∗4 , K. Yoshinaga ∗5 , C. Ishii ∗5 , H. Yoshii ∗5 , Y. Miyashita ∗5 , N. Uematsu
∗5
, Y. Shiraki ∗5 , T. Sumikama ∗5 , J. Chiba ∗5 , E. Ideguchi ∗6 , A. Saito ∗6 , T. Yamaguchi ∗7 , I. Hachimura ∗7 , T.
Suzuki ∗7 , T. Moriguchi ∗8 , A. Ozawa ∗8 , T. Ohtsubo ∗9 , M. A. Famiano ∗10 , H. Geissel ∗11 A. S. Nettleton ∗12 ,
B. M. Sherrill ∗12 , S. Manikonda ∗13 , and J. A. Nolen ∗13


Unstable Nuclei, In-flight fission, nuclear reactions Be(238 U, x) E = 345 MeV/nucleon,
nuclear reactions Pb(238 U, x) E = 345 MeV/nucleon
The production rates of fission fragments from fissible beams provide important information about the
reaction mechanism in fission processes. In addition,
they can be used to evaluate the performance of the RI
beam separator. In this report, we present the rates
of production of fission fragments produced by the inflight fission of 238 U beam at 345 MeV/nucleon; these
rates were obtained during experiments performed in
2008 for finding new isotopes.1)
The 2008 experiment was performed using a primary
238
U beam at an energy of 345 MeV/nucleon and an
average intensity of 0.22 pnA. Fission fragments emitted at an angle of around 0◦ were collected and analyzed using the BigRIPS separator.2) The particles
were identified using the magnetic rigidity, energy loss,
and time of flight values measured in the second stage
of the BigRIPS separator. Details of the particle identification are presented in Ref. 1. In this experiment,
three different settings of the separator, namely, G1,
G2, and G3, were used to search for new neutron-rich
isotopes with atomic numbers (Z) of ∼30, ∼40, and
∼50, respectively. The production targets were 5-mm
Be at G1, 3-mm Be at G2, and 1-mm Pb at G3. Other
settings are described in Ref. 1.
Figure 1 shows the production rates of fission fragments with Z ranging from 25 to 54. These fragments
were fully stripped. The upper and lower panels in
Fig. 1 show the results of the U + Be and the U + Pb
∗1

∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9

∗10
∗11
∗12
∗13

reactions, respectively. For example, the measured
production rates of 78 Ni and 132 Sn are 4 × 10−3 and
1 × 103 count/s/pnA, respectively. These rates were
measured at a Bρ value that was almost 10% higher
than the Bρ value required for maximum yield. In case
of U beam with an intensity of 1 pµA, the expected
count rates of 78 Ni and 132 Sn are several counts/s and
107 counts/s, respectively.
The solid lines in Fig. 1 indicate the predictions with
the LISE++ simulation.3) The production cross sections of the fission fragments were calculated using the
LISE++ code for abrasion fission and Coulomb fission calculations. A comparison of the measured and
predicted production rates showed that the measured
data were fairly well reproduced. Detailed analysis is
described in Ref. 1.

Counts/sec/pnA

32 34
U+Be
31 33 3536 38 40 42 44 46
Z=25 282930
37 39 41 43 45
48 49
26 27
47

60

130

Z=50

80
51

135

100
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140

A

U+Pb

140

54

145
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Fig. 1. Measured production rates, shown along with the
predictions from the LISE++ simulation (solid lines).
The upper and lower panels show the results of the
U + Be and U + Pb reactions, respectively. The measured data for fragments with Z ranging from 25 to 37
are obtained at G1, while those for fragments with Z
ranging from 38 to 49 are obtained at G2. The closed
and open circles denote even and odd Z values, respectively.
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Study on the isomer ratios of ﬁssion products of 345 MeV/u

238

U

D. Kameda, T. Nakao,∗1 T. Kubo, T. Ohnishi, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda,
H. Takeda, K. Tanaka, N. Inabe, Y. Yanagisawa, H. Watanabe, H. Otsu, Y. Kondo, Y. Gono, H. Sakurai,
T. Motobayashi, H. Baba, T. Ichihara, Y. Yamaguchi, M. Takechi, S. Nishimura, H. Ueno, A. Yoshimi,
M. Matsushita,∗2 K. Ieki,∗2 N. Kobayashi,∗3 K. Tanaka,∗3 Y. Kawada,∗3 N. Tanaka,∗3 S. Deguchi,∗3 Y. Sato,∗3
T. Nakamura,∗3 K. Yoshinaga,∗4 C, Ishii,∗4 H. Yoshii,∗4 N. Uematsu,∗4 Y. Shiraki,∗4 Y. Miyashita,∗4 T.
Sumikama,∗4 J. Chiba,∗4 E. Ideguchi,∗5 A. Saito,∗5 T. Yamaguchi,∗6 I. Hachiuma,∗6 T. Suzuki,∗6 T. Moriguchi,∗7
A. Ozawa,∗7 T. Ohtsubo,∗8 M. A. Famiano,∗9 A. Nettleton,∗10 B. Sherrill,∗10 S. Manikonda,∗11 and J. Nolen∗11
[in-ﬂight ﬁssion, short-lived isomer, isomer ratio]
Table 1. Isomer ratios for the known isomers. E ∗ and I π
denote the excitation energy and the spin and parity of
the isomeric state, respectively. F and σf indicate the
isomer ratio and spin cutoﬀ parameter estimated from
the obtained isomer ratio, respectively.

Techniques based on in-ﬂight separation and identiﬁcation of nuclear reaction products at intermediate
energies provide us with a unique opportunity to study
the metastable states, i.e., isomers. The systematic
data of the isomer ratio F , deﬁned as the ratio of the
yield of an isomer to the total yield of the product, is
useful information not only for designing experiments
involving the isomer but also for understanding the
mechanism of production reaction1) . A new-isotope
search utilizing the in-ﬂight ﬁssion of 345 MeV/u 238 U
was conducted in 20082), here, we observed a number
of known isomers along with more than ten new isomers3) . In this paper, the isomer ratios for several of
the known isomers are reported.
The isomer ratio can be expressed as F = Nm D/Np .
Np denotes the total number of particles implanted
into a aluminum stopper. For particle identiﬁcation,
the mass-to-charge ratio A/Q and the atomic number Z were evaluated using the measured magnetic
rigidity (Bρ) and time of ﬂight in BigRIPS and the
energy loss in the ionization chamber which was located 1-m upstream of the stopper. The reaction loss
in the stopper was estimated to be as large as 30%
for the isotopes with Z ∼ 30. Nm denotes the population of the isomeric state that was derived from the
γ-photo-peak counts by taking into account the detection eﬃciency4) and the total internal conversion
ratio reported in the γ-decay scheme. The isomeric γdetection eﬃciency εγ , in particular for the low energy
γ rays, depends on the position at which the particles
were implanted in the stopper due to the γ-ray attenuation eﬀect. We performed Monte-Carlo simulations
(GEANT3) for evaluating this eﬀect on the basis of
the measured Bρ value and the observed beam proﬁle
at the stopper. In addition, the εγ decreased by 22 %
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9
∗10
∗11

Nuclide
78
Zn
95
Kr
128
Cd
130
Cd
132
Sn

E ∗ (keV)
2673
196
2714
2130
4849

Iπ
(8+ )
(7/2+ )
(10+ )
(8+ )
(8+ )

F (%)
7.9(16)
39(10)
3.0(5)
10(3)
3.2(8)

σf (h̄)
3.7
2.9
4.0
4.0
3.2

in the worst case from the value calibrated oﬄine; this
was due to the prompt γ events prior to isomeric γdecay events. D is a correction factor of the in-ﬂight
decay occurring between the production target and the
stopper. The Bρ settings allowed only the isomers of
the high-momentum side to be observed.
Table 1 shows several isomer ratios along with the
spin cut-oﬀ parameter σf . The parameter σf represents the width of the angular-momentum distribution
P (J) of the prefragments; the distribution is expressed
as P (J) ∝ (2J + 1) exp(−J(J + 1)/2σf2 )5) . The loss of
the angular momentum of the fragment in the subsequent particle evaporation and γ emission is assumed
to be negligibly small. Then, σf is tentatively estimated using the obtained isomer ratio on the basis of
the sharp cutoﬀ model in which the value of F corresponds to the population of states with spin, higher
than the isomeric spin I 1) . The obtained values of σf
are somewhat smaller than those reported in the case
of α-induced ﬁssion of 238 U5) , although more detailed
evaluation of σf is needed. Further systematic investigation is currently in progress.
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Measurement of the (t, 3 He) reaction at 300 MeV/nucleon
K. Miki,∗1,∗3 H. Sakai,∗1 T. Uesaka,∗2 H. Baba,∗3 G.P.A. Berg,∗4 N. Fukuda,∗3 D. Kameda,∗3 T. Kawabata,∗5
S. Kawase,∗2 T. Kubo,∗3 K. Kusaka,∗3 S. Michimasa,∗2 H. Miya,∗2 S. Noji,∗1 T. Ohnishi,∗3 S. Ota,∗2 A. Saito,∗2
Y. Sasamoto,∗2,∗3 M. Sasano,∗1 S. Shimoura,∗2 H. Takeda,∗3 H. Tokieda,∗2 K. Yako,∗1 Y. Yanagisawa,∗3
A. Yoshida,∗3 K. Yoshida,∗3 and R.G.T. Zegers.∗6
[SHARAQ, giant resonance, charge exchange reaction]
The isovector spin monopole resonance (IVSMR)
has been an important topic of interest in the study
of spin-isospin responses in nuclei1) . Since the IVSMR
is a breathing mode with spin and isospin ﬂips, it can
be related to the nuclear matter compressibility with
spin and isospin degrees of freedom. In spite of the importance of the IVSMR, it has not been clearly identiﬁed, especially for the β + side. In order to identify
the IVSMR(β + ), we measured the 208 Pb(t, 3 He) and
90
Zr(t , 3 He) reactions at 300 MeV/nucleon. This was
the ﬁrst physics experiment performed with the newly
constructed SHARAQ spectrometer2) .
The experiment was performed at the RIBF facility
at RIKEN. A primary α beam of 320 MeV/nucleon was
bombarded onto a 9 Be production target (thickness:
d = 4 cm) installed at BigRIPS-F0. The produced tritons of 300 MeV/nucleon were achromatically a) transported along the high-resolution beam line to the secondary target installed at the pivot of the SHARAQ
spectrometer. The intensities were typically 300 particle nA for the primary beam and 1 × 107 cps for the
secondary tritons. The purity of the triton beam was
100%, since no other particle has the same momentumto-charge ratio (p/Q = 2.4 GeV/c) at the energy, because of kinematic restrictions.
The secondary targets used were 208 Pb (d =
0.35 mm) and 90 Zr (d = 0.46 mm) foils for the IVSMR
measurements and a CH2 (d = 0.5 mm) foil for calibrations. The 3 He particles in the reaction products
were momentum analyzed by the SHARAQ spectrometer and counted by cathode-readout drift chambers
installed in the ﬁnal focal plane of the SHARAQ spectrometer. The diﬀerential cross sections were measured at an excitation energy of 0 ≤ Ex ≤ 70 MeV
and scattering angles of 0◦ ≤ θ ≤ 3◦ .
Figure 1 shows the measured CH2 (t , 3 He) spectra.
The left panel shows the XY spectrum measured in the
focal plane of the SHARAQ spectrometer. XFP and
YFP are proportional to the momentum and the vertical scattering angle of the 3 He particles, respectively.
Two main loci can be identiﬁed in the ﬁgure; these are
∗1
∗2
∗3
∗4
∗5
∗6
a)

12C( t ,3He)12B [g.s. (1+)]
1H( t ,3He)n

1H( t ,3He)n
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j. j.
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0.0 㸺
㹼 θ 㹼 1.5r

x5

12C( t ,3He)12B
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Fig. 1. The obtained image at the SHARAQ focal plane for
the CH2 (t, 3 He) reaction [left] and its projection [right].
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Fig. 2. Excitation energy spectrum for the 208 Pb(t, 3 He)
reaction (preliminary). See text for details.

attributed to the 1 H(t , 3 He) and 12 C(t , 3 He)12 B [g.s.]
reactions. A kinematic correlation due to the recoil
of target protons is nicely observed for the 1 H(t , 3 He)
reaction. A projection of this picture is shown in the
right panel. From the distance between the two observed peaks, the dispersion of the SHARAQ spectrometer is determined to be 5.85 m, which is in agreement with the design value of 5.86 m. The energy resolution obtained from the 12 C(t , 3 He)12 B [g.s.] peak is
about 2 MeV (FWHM).
Figure 2 shows the 208 Pb(t , 3 He) spectrum at a scattering angle of 0◦ . Two peaks are observed around
5 MeV and 15 MeV. Although the latter is close to the
predicted position for the IVSMR, the isovector spin
quadrupole excitations are also expected to give a signiﬁcant cross section in this region. Therefore, it is
crucial to perform the multipole decomposition (MD)
analysis by using the obtained angular distributions.
The data reduction for the precise MD analysis is currently in progress.
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Angular distribution for the 8 He(d,t)7 Heg.s. reaction
E. Yu. Nikolskii,∗1 A. S. Denikin,∗2,∗3 A. A. Korsheninnikov, H. Otsu, H. Suzuki,∗4 K. Yoneda, H. Baba,
K. Yamada, Y. Kondo,∗5 N. Aoi, M. S. Golovkov,∗2 A. S. Fomichev,∗2 S. A. Krupko,∗2 M. Kurokawa,
E. A. Kuzmin,∗6 I. Martel,∗7 W. Mittig,∗8 T. Motobayashi, T. Nakamura,∗4 M. Niikura,∗9 S. Nishimura,
A. A. Ogloblin,∗6 P. Roussel-Chomaz,∗8 A. Sanchez-Benitez,∗7 Y. Satou,∗5 S. I. Sidorchuk,∗2 T. Suda,
S. Takeuchi, K. Tanaka, G. M. Ter-Akopian,∗2 Y. Togano,∗10 and M. Yamaguchi
�
�
Nuclear reactions, d(8 He,t)7 He, unstable nuclei

of changes in OP under projectile variation and applied
it to the case of the deuteron-induced reaction. For the
ﬁnal t–7 He channel, the OP for the 6 Li(3 He,3 He) system was used. Taking the spectroscopic factors (SF )
SF [t = n + d] = 1.55) and SF [8 He = n + 7 He] = 4
(assuming 4 neutrons in p3/2 state, see also6) ), we obtained a good description of the angular distribution
with the normalization factor of 1.4–1.5. We found
that no normalization was needed when the parameters for the imaginary part in the exit channel were
slightly varied (within less than 10%) to ﬁt to the absolute cross section. The result of the corresponding
calculation is shown in Fig. 1 by a solid line, and the
optical parameters are given in Table 1. The obtained
OP were used to estimate the DWBA cross section for
the d(8 He,3 He)7 H reaction which was simultaneously
measured in this experiment.7)

Previously, we have reported on the measurement of
the excitation energy spectrum of 7 He nucleus in the
one-neutron d(8 He,t)7 He transfer reaction at the RIPS
facility. The reaction was studied at forward laboratory angles θlab ≈ (11◦ –22◦ ) using the 8 He 42 MeV/u
beam and a deuteron target.1) In the spectrum of tritons, a strong peak corresponding to the ground state
(g.s.) of 7 He was observed. Figure 1 shows the angular distribution for the 7 Heg.s. state extracted from the
experimental data.
100

dσ/ d Ω (mb/sr)

8 He(d,t) 7 He
g.s.

10

1
0

Table 1. Optical potential parameters.
d
U (r) = −V0 f (r, rV , aV ) + 4aW WD dr
f (r, rW , aW ),
1/3
−1
f (r, ri , ai ) = {1 + exp[(r − ri A )/ai ]}
5

10

15

θc.m. (deg)

20

25

30

Fig. 1. The angular distribution for the 8 He(d, t)7 Heg.s. reaction. The error bars are statistical only. The curve is
the DWBA calculation.

d+8 He
t+7 He
n+7 He
n+d
*) varied

The diﬀerential cross sections were analyzed with
the DWBA approach using the code DWUCK5.2) The
initial parameters of Woods-Saxon optical model potentials (OP) were obtained in two steps: (i) we performed optical model ﬁtting of the elastic scattering
data from the 8 He(p, p) reaction at Elab = 15, 26, 32.5,
66, and 72 MeV/u3) and obtained OP parameters for
Elab = 42 MeV/u by linear interpolation; (ii) by analyzing the 6 Li(p, p), 6 Li(d, d) and 6 Li(3 He,3 He) scattering data4) at 25 MeV/u, we determined the tendency
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9
∗10

V0
rV
aV
WD
rW
aW
(MeV) (fm)
(fm)
(MeV) (fm) (fm)
97.2
1.11 0.817
10.5
2.33 0.45
89.7
1.03 0.790
8.8
1.50 0.70
*)
1.30 0.750
–
–
–
*)
1.25 0.600
–
–
–
to reproduce the experimental separation energy.
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Breakdown of the Z = 8 shell closure in unbound

12

O†

D. Suzuki,∗1,∗2 H. Iwasaki,∗1,∗2 D. Beaumel,∗2 L. Nalpas,∗3 E. Pollacco,∗3 M. Assié,∗2 H. Baba,
Y. Blumenfeld,∗2 N. De Séréville,∗2 A. Drouart,∗3 S. Franchoo,∗2 A. Gillibert,∗3 J. Guillot,∗2 F. Hammache,∗2
N. Keeley,∗4 V. Lapoux,∗3 F. Maréchal,∗2 S. Michimasa,∗5 X. Mougeot,∗3 I. Mukha,∗6 H. Okamura,∗7 H. Otsu,
A. Ramus,∗2 P. Roussel-Chomaz,∗8 H. Sakurai, J. -A. Scarpaci,∗2 O. Sorlin,∗8 I. Stefan,∗2 and M. Takechi
[Nuclear structure, unstable nuclei, missing-mass spectroscopy]
We report on the missing-mass spectroscopy of unbound 12 O in the 14 O(p,t) reaction at 51 AMeV.
Mirror symmetry is a fundamental feature of atomic
nuclei. Recent experimental studies have shown that
the conventional magic numbers disappear in neutronrich regions at N = 8, 20, and 28. Theoretical studies
point to various underlying mechanisms. The validity
of the mirror symmetry of these eﬀects under extreme
conditions of isospin and binding energies remains an
open question, limiting predictions for very protonrich nuclei. We experimentally investigated the mirror
symmetry in the shell quenching phenomena between
12
12
8 O4 and its mirror partner 4 Be8 .
The systematics of the low-lying excited states in
even-even nuclei provides a sensitive probe to study
the evolution of the shell structure. The anomalously
lowered excited states in 12 Be1–3) are known to be a
manifestation of the breakdown of the N = 8 shell
closure. However, experimental diﬃculties have hampered the determination of a level scheme for 12 O. The
advantage of the (p,t) reaction is that the angular distributions are sensitive to the transferred angular momentum. Observations of the characteristic distributions provide a ﬁrm conﬁrmation of a new state and
enable a reliable determination of its spin-parity.
In missing-mass studies using RI beams, the measurement of the energies and angles of the recoiling
particles is essential to identify the excited states of
interest and to determine the scattering angles for the
reaction. The recoiling ions generally have low energies, and this results in a severe constraint on the possible target thickness. However, in the present reaction,
which has a highly negative Q value (−31.7 MeV),
the momentum of the incoming 14 O that yields 12 O
is greatly reduced; this results in a relatively large momentum being imparted to the recoiling triton that is
emitted in the forward direction. This enables us to
use a 1-mm-thick solid hydrogen target4) to increase
the experimental yield.
†
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8

The experiment was performed at the GANIL facility. The secondary 14 O beam at 51 AMeV was produced in the SISSI device5) and delivered to the hydrogen target located in the scattering chamber of the
SPEG spectrometer.6) The incident position and incident angle on the target were monitored by two sets
of multiwire low pressure chambers, CATS.7) The purity (intensity) of 14 O was around 40% (6 × 104 pps).
The ejectiles were detected by SPEG or a Si ∆E-E
telescope provided by RIKEN. The energies and angles of the recoiling tritons were measured by an array
of four MUST2 telescopes8) located 30 cm downstream
of the target. Each telescope, with an active area of
10 × 10 cm2 , consisted of a 0.3-mm-thick double-sided
Si strip detector and a 4-cm-thick 16-fold CsI calorimeter.
The excitation energy (Ex ) spectrum was made from
the total kinetic energy and the laboratory scattering
angle of the recoling tritons. We observed a peak at an
Ex of 1.8(4) MeV, which indicates a new excited state
of 12 O. The spin-parity of the state was determined to
be 0+ or 2+ by comparing the measured diﬀerential
cross sections with distorted-wave calculations.
The Ex of the 12 O excited state is remarkably
smaller compared to the second 0+ and ﬁrst 2+ states
of 14,16 O (Ex ∼ 6 MeV) with a ﬁrm shell closure at
Z = 8. On the other hand, it is close to the states
of 12 Be (Ex ∼ 2 MeV) with signiﬁcant neutron sdshell conﬁgurations. Thus, the lowered excited state
indicates that the proton shell closure at Z = 8 is diminishing in 12 O. This demonstrates the persistence
of mirror symmetry in the disappearance of the magic
number 8 between 12 O and 12 Be. Implications for the
shell quenching mechanism were discussed in terms of
the shell model and the cluster model.
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Fig. 1. Schematic view of the experimental setup.

tories of the charged fragments originating from the
target were measured using two drift chambers, MDC
(Middle Drift Chamber) and FDC (Fragment Drift
Chamber), placed before and after a dipole magnet.
The nuclear charge of the fragments was determined
from the energy loss in the hodoscope placed just after
the FDC. The neutrons emitted during the decay of
24 ∗
O were detected by a neutron-counter array placed
∼4.5 m downstream from the target. The momentum
vector of the neutrons were determined from the hit
position in the neutron-counter array and the time of
flight. A preliminary decay energy spectrum obtained


Changes in the magic number and shell structure
that accompany an increase in neutron or proton numbers are important factors that indicate the structures
of nuclei close to drip lines. Oxygen isotopes are the
heaviest nuclei for which the neutron drip line has
been experimentally established.1) While the γ-rays
from the bound excited states of 20 O, 21 O, and 22 O
(N = 12∼14) have been identified at GANIL,2) those
emitted from 23−24 O have not been observed. It implies that the first excited states of 23−24 O lie above
the neutron threshold. Recently, the unbound excited
states of 23 O have been determined by the invariant
mass method at RIKEN and MSU.3,4) The first 2+ excited state of the most neutron rich oxygen isotope,
24
O, was studied by Hoffman et al.5) However, the excited state was not clearly identified. Since the position of the first 2+ excited state is one of the indicators of a magic nucleus, unambiguous identification of
this state is essential to confirm that 24 O is a doubly
magic nucleus. In the present experiment, we investigated the unbound excited states of 24 O using the
24
O(p, p )24 O∗ →23 O+n reaction in inverse kinematics.
The 2+ excited state can be identified in the invariant
mass spectrum of 23 O+n. The experiment was performed at the RIPS facility operated by the RIKEN
Nishina Center. A 63 MeV/nucleon secondary beam of
24
O was produced in a beryllium production target by
the fragmentation of a 95 MeV/nucleon 40 Ar primary
beam. The secondary beam was selected by magnetic
analysis in the fragment separator, RIPS, and the 24 O
beam with an intensity of ∼4 ions/s was directed towards a liquid-hydrogen target. The target thickness
was ∼160 mg/cm2 . Background measurements were
performed using an empty target cell. A schematic of
the experimental setup is shown in Fig.1. The trajec-























Fig. 2. Preliminary decay energy spectrum of

23

O+n.

from the invariant mass of 23 O+n is shown by the open
circles in Fig. 2. The first 2+ excited state of 24 O is
expected to be identified.
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Beta decay of the proton-rich nucleus

24

Si and its mirror asymmetry†

Y. Ichikawa, T. K. Onishi,∗1 D. Suzuki,∗1 H. Iwasaki,∗1 T. Kubo, V. Naik,∗2 A. Chakrabarti,∗2 N. Aoi,
B. A. Brown,∗3 N. Fukuda, S. Kubono,∗4 T. Motobayashi, T. Nakabayashi,∗5 T. Nakamura,∗5 T. Nakao,∗1
T. Okumura,∗5 H. J. Ong,∗6 H. Suzuki, M. K. Suzuki, T. Teranishi,∗7 K. N. Yamada, H. Yamaguchi,∗4 and
H. Sakurai
[Nuclear structure, Proton rich, Beta decay]
We performed β-decay spectroscopy on 24 Si to investigate the characteristic structure of proton-rich nuclei containing a weakly bound proton. We focused
on the mirror asymmetry of the Gamow-Teller transition strength B(GT). The asymmetry of B(GT) reﬂects changes in the conﬁguration of the wave function, induced by the Thomas-Ehrman (TE) shift1,2) of
the weakly bound s-wave proton. The spectroscopy
included measurements of delayed γ rays, which had
not been measured previously, as well as delayed protons3,4) using a ∆E-E method.
The experiment was performed at RIPS5) . The secondary beam of 24 Si was produced by projectile fragmentation of a 100-MeV/nucleon 28 Si beam. For the
γ-ray measurement, 0.72-mm-thick nat Ni was used as
the primary target to improve beam purity, while for
the proton measurement, 3.0-mm-thick 9 Be was used
as the target to obtain a high yield of 24 Si. The total
intensity of the secondary beam and the purity of 24 Si
were 20 (4) kcps and 1.5 (4.1) %, respectively, in the
case of the 9 Be (nat Ni) target. To measure the halflives of the detected particles, the beam was pulsed
with a duty cycle of 500 ms/500 ms (beam on/oﬀ).
The measurements of delayed γ rays and protons
were carried out using separate setups. In the γray measurement, the beam was stopped by an active stopper made of a plastic scintillator to determine the implantation number of 24 Si. The emitted
γ rays were detected using a clover-type Ge detector
equipped with BGO Compton suppressors and a plastic β veto counter. For the proton measurement, the
∆E-E method, using telescopes composed of a gas ∆E
detector and silicon E detectors, was employed in order to distinguish protons from β rays. To use the gas
detector, all the setups were contained in a chamber
ﬁlled with 20-Torr P10 (Ar 90% + CH4 10%) gas.
By combining the results of the two measurements,
the entire decay scheme of 24 Si was reconstructed. We
+
observed two β branches to the bound 1+
1 and 12 states
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in 24 Al for the ﬁrst time. The observation of the allowed transition ﬁrmly established the spin-parity assignment for the 1+
2 state. The branching ratios to the
+
1+
and
1
states
were determined to be 31(4)% and
1
2
23.9(15)%, respectively. For obtaining the branching
ratio to the 1+
1 state, we assumed a reference value of
the γ-decay ratio, Iγ (24 Alm ) = 0.82(3)6) . The branching ratios to three unbound states in 24 Al, including a
new level at 6.735 MeV, were also determined for the
ﬁrst time. From the half-life measurement, the previously observed proton peaks3,4) were conﬁrmed to
originate from 24 Si.
B(GT) of 24 Si was deduced for the observed allowed
transitions. Focusing on the low-lying bound states,
B(GT) values were determined to be 0.13(1) and
+
0.14(1) for the 1+
1 and 12 states, which were smaller
than its mirror counterparts7) by 22(11)% and 10(8)%,
respectively. The asymmetry observed of B(GT) in
+
the 1+
2 state and the 11 state indicated changes in
the conﬁguration of the wave function, induced by the
TE shift. To clarify the mechanism of the asymmetry from a microscopic perspective, the experimental
values of B(GT) were compared with theoretical estimates obtained using the shell model. The asymmetry
of B(GT) was reproduced by the shell-model calculation with the USD Hamiltonian8) and eﬀects of the
weak binding energy, where the single-particle energy
of the proton 1s1/2 orbital was lowered by 500 keV to
24
Al. The
reproduce the TE shift for the 1+
2 state in
applicability of the calculation was conﬁrmed in terms
of the overall B(GT) distribution over the unbound
states in 24 Al. The calculation indicated the asymmetry of B(GT) in the 1+
1 state could be attributed to
the changes in the conﬁguration of the wave function,
accompanying the lowering of the 1s1/2 orbital. As for
the 1+
2 state, changes in some amplitudes are canceled,
and in these cases, the asymmetry is not signiﬁcant.
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Measurement on proton-proton correlation of the excited

23

Al

Y. G. Ma,∗1 D. Q. Fang,∗1 P. Zhou∗1,∗2 X. Z. Cai,∗1 J. G. Chen,∗1 W. Guo,∗1 X. Y. Sun∗1,∗2 W. D. Tian,∗1 H.
W. Wang,∗1 G. Q. Zhang∗1,∗2 X. G. Cao∗1,∗2 Y. Fu∗1,∗2 Z. G. Hu,∗3 J. S. Wang,∗3 , M. Wang,∗3 Y. Togano, N.
Aoi, H. Baba, Y. Hara,∗4 T. Honda,∗4 K. Ieki,∗4 Y. Ishibashi,∗5 Y. Itou,∗5 N. Iwasa,∗6 S. Kanno, T.
Kawabata,∗7 H. Kimura,∗8 Y. Kondo, K. Kurita,∗4 M. Kurokawa, T. Moriguchi,∗5 H. Murakami, H. Oishi,∗5 K.
Okada,∗4 S. Ota,∗7 A. Ozawa,∗5 H. Sakurai, S. Shimoura,∗7 R. Shioda,∗4 E. Takeshita, S. Takeuchi, K. Yamada,
Y. Yamada,∗4 Y. Yasuda,∗5 K. Yoneda, and T. Motobayashi

 23
C( Al,p+p+21 Na)C, two-proton emission, momentum correlation

For the proton-rich nuclei, the proton decay mechanism is complicated, especially for two-protons radioactivity1) . Considering the proton-rich nucleus 23 Al
is of very interesting in many aspects2–5) , we measured
the relative momentum and opening angle of the two
protons emitted from the excited state in 23 Al. A radioactive isotope beam of 23 Al was produced and selected using RIPS facility in RIKEN Nishina Center.
The secondary 23 Al beam with an incident energy of
72 AMeV were generated by the projectile fragmentation of a 135 A MeV 28 Si primary beam on a 9 Be production target and then transported to a 12 C reaction
target. Five layers of silicon detector were arranged in
the downstream, of which the ﬁrst two layers of Si-strip
(5mm width) detectors located 62 cm downstream of
the 12 C target were used to measure the emitted angle
of the fragment and protons. Each Si-strip layer consists of 5×5 matrix without detectors in the four corners. Three layers of element Si detectors were used as
the ∆E-E detectors for the fragment. The plastic hodoscopes located 2.95 m downstream of the target were
used as ∆E, E and TOF detectors for protons. Most of
the protons stopped before the third layer. The particle identiﬁcation of 23 Al before the reaction target was
done by means of Bρ-E-TOF method. After the reaction target, the heavy fragments were identiﬁed by
ﬁve layers silicon detectors combination through the
∆E-E technique. Both the emitted angle and energy
loss can be obtained for the fragments. The total energy of heavy fragments can be obtained by summing
over the energy loss of the ﬁve layers silicon detectors.
Clear particle identiﬁcation was got and the (21 Na
+ p + p) reaction channel was picked. By the full reconstruction of 23 Al three-body decay channel, we can
reconstruct the excitation energy of 23 Al based on the
invariant mass analysis. Preliminary results of relative
momentum spectrum and opening angle of the two protons in the rest frame of three-body decay system of
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Fig. 1. Preliminary results of the relative momentum spectrum of two protons for 23 Al decays into two protons
and 21 Na (upper panel) and of the opening angle between two protons in the center of mass of decaying
system (lower panel) in diﬀerent excitation energy windows.

p+p+21 Na are presented in Fig. 1, respectively, under
some excitation energy windows. From the left to the
right, it corresponds to the windows of 6.8 ≤ E ∗ ≤ 7.2,
8.0 ≤ E ∗ ≤ 8.8 and 10.5 ≤ E ∗ ≤ 15, respectively. Two
Gaussian ﬁts are plotted in the spectra. A peak in
relative momentum qpp around 20 MeV/c is observed
which dominantly corresponds to a peak in smaller
opening angular θpp around 30-60 ◦ in those excitation
windows. In the same time, another peak is observed
around qpp ∼ 40 MeV/c which dominantly corresponds
to larger θpp . Physically, the peak at 20 MeV/c of
qpp and small opening angle is consistent with the diproton emission mechanism. In contrary, the peak at
larger qpp and θpp may correspond to sequential proton
decay or three body democratic decay. More details on
the analysis are in progress.
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Persistent decoupling of valence neutrons toward the drip line:
Study of 20 C by γ spectroscopy†
Z. Elekes, ∗1 Zs. Dombrádi, ∗1 T. Aiba, ∗2 N. Aoi, H. Baba, D. Bemmerer, ∗3 B. A. Brown, ∗4 T. Furumoto, ∗5
Zs. Fülöp, ∗1 N. Iwasa, ∗6 Á. Kiss, ∗7 K. Kobayashi, ∗10 Y. Kondo, ∗8 T. Motobayashi, T. Nakabayashi, ∗8
T. Nannichi, ∗8 Y. Sakuragi, ∗5 H. Sakurai, D. Sohler, ∗1 M. Takashina, ∗9 S. Takeuchi, K. Tanaka, Y. Togano,
K. Yamada, M. Yamaguchi, and K. Yoneda
[nuclear structure, unstable nuclei, inelastic scattering]
A few years ago, the decoupling of strongly bound
neutrons in heavy carbon and boron isotopes was reported1–4) ; the decoupling was observed as a reduction
in the quadrupole polarization charge of the neutrons.
This suppression of the polarization charge was associated with the extended distribution of the valence neutrons5–7) detected in reaction cross-section measurements8) . This might also be accompanied by a change
in the structure of the giant quadrupole resonance in
neutron rich nuclei5,6,9) .
Recently, the lifetime of the 21+ state in 16 C has
been remeasured, and the decoupling phenomenon has
been reviewed10) . However, another recent work suggests the existence of this decoupling effect11) . Here,
we report a study on neutron and proton transition
strengths and polarization charges, as investigated by
inelastic scattering processes in the heavy carbon isotope 20 C, lying next to 19 C in the chart of nuclides,
which shows halo characteristics in its ground state.
Our aim is to provide further evidence that the decoupling phenomenon occurs in the carbon isotopic chain.
The experiment was carried out at RIKEN Nishina
Center, where a 20 C beam with an intensity of 10 particle/s (pps) was provided by the RIPS fragment
separator. The beam was transmitted to secondary
targets of 208 Pb and liquid hydrogen with thicknesses of 1445 mg/cm2 and 190 mg/cm2 , respectively. The reaction occurred at a mean energy of
37.6 MeV/nucleon (middle of the target) in the Pb
run and 41.4 MeV/nucleon in the 1 H run. A stack
of 160 NaI(Tl) crystals, called DALI2, surrounded the
target; thus the de-excitation γ rays emitted by the
inelastically scattered nuclei could be detected. From
the experimental γ ray spectra, we determined the
+
cross sections at σ P b (0+
gs → 21 ) = 35 ± 8 mb and
†
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+
σ pp (0+
gs → 21 ) = 24 ± 4 mb for the runs involving
Pb and liquid hydrogen targets, respectively. The results were analyzed in the framework of the coupled
channel code Ecis97. This code uses standard collective form factors to calculate the inelastic cross sections. In this manner, the neutron and proton deformation lengths were determined as δn = 1.57 ±
0.14 (stat) fm, δp = 0.60 ± 0.32 (stat) fm. The corresponding multipole proton and neutron transition matrix elements (Mp2 , Mn2 ) could then be calculated as Mp2
4
2
4
= 7.8 +10.6
−6.1 (stat) fm and Mn = 292 ±52 (stat) fm ,
respectively. The validity of the phenomenological approach was further examined by performing microscopic coupled-channels (MCC) calculations involving
the use of folding model interactions along with the
AMD transition density12) ; the results of this calculation agreed well with those of phenomenological analysis. In order to analyze the effective charges, the
transition probabilities were calculated within the shell
model. A reduction in the value of the normal polarization charges by a factor of about 0.4 was needed to
reproduce the experimental trend in carbon isotopes.
The fact that the polarization charges have decreased
to less than half of the standard values indicates that
the coupling of the valence neutrons to the core has
become weaker; or in other words, the valence neutrons decoupled to some extent from the nuclear core.
These decreased values of polarization charges could
be attributed to the extended valence neutron distribution.
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Spin-Orbit Potentials of Neutron-Rich Helium Isotopes†
S. Sakaguchi, T. Uesaka,∗1 T. Kawabata,∗1 T. Wakui,∗2 N. Aoi, Y. Hashimoto,∗3 Y. Ichikawa, K. Itoh,∗5 M.
Itoh,∗2 H. Iwasaki,∗4 T. Kawahara,∗6 Y. Kondo,∗3 H. Kuboki, Y. Maeda,∗7 K. Miki,∗4 T. Nakamura,∗3 T.
Nakao,∗4 Y. Nakayama,∗3 S. Noji,∗4 H. Okamura,∗8 H. Sakai,∗4 Y. Sasamoto,∗1 M. Sasano, Y. Satou,∗3 K.
Sekiguchi, T. Shimamura,∗3 Y. Shimizu, M. Shinohara,∗3 K. Suda, D. Suzuki,∗4 Y. Takahashi,∗4 A. Tamii,∗8 K.
Yako,∗4 and M. Yamaguchi
[Nuclear reactions, Polarized proton, Elastic scattering, Helium isotope]
Recently, much interest has been focused on spindependent interactions in unstable nuclei. In order
to investigate the spin-dependent interactions between
protons and neutron-rich He isotopes, we measured the
vector analyzing power of the proton elastic scattering from 6 He and 8 He at 71 MeV/A. The experiment
was carried out using the RIKEN Projectile-Fragment
Separator (RIPS). We used a solid polarized proton
target as a secondary target; this target was specially
constructed for radioactive-ion-beam experiments1,2) .
The target was a 1-mm-thick single crystal of naphthalene. The averate target polarization was 11.0 ± 2.5%.
Recoil protons and scattered particles were both detected. The measured differential cross sections dσ/dΩ
and analyzing powers Ay are indicated by closed circles
in Fig. 1. The values of dσ/dΩ are consistent with the
previous data3) , which are indicated by open circles.
In order to extract the global nature of p−6,8 He interactions, our experimental data were phenomenologically analyzed by using optical model potentials. We
assumed the central and spin-orbit terms as functions
similar to Woods-Saxon function and Thomas type
function, respectively. We used fitting code ECIS79
to determine a parameter set that reproduces the

data. The parameter set for p+6 Li elastic scattering at 72 MeV/A4) was used as the initial potential.
The dashed lines in Fig. 1 indicate the calculation performed using the initial parameters. Results obtained
using the best-fit parameters are represented by the
solid curves. Except at backward angles, the dσ/dΩ
and Ay data are well reproduced.
Next, we focus on the radius and the amplitude of
the peak of the spin-orbit potential; we call the former
as “LS radius” and the latter as “LS amplitude”. Since
the spin-orbit potential is approximated by the radial
derivative of density distribution, LS radius and LS
amplitude should be closely related to the radius and
the gradient, respectively, of the density distribution.
The LS radii and LS amplitudes of 6 He and 8 He are indicated by closed squares in Fig. 2. Those of neighboring even-even stable nuclei5,6) and the global optical
potential7) are indicated by closed and open circles,
respectively. It is apparent that the LS amplitudes
of 6 He and 8 He are much smaller than those of stable nuclei. Thus, the neutron-rich helium isotopes are
characterized by remarkably shallow spin-orbit potnetials. This feature can be intuitively explained from
the diffused density distribution of 6 He and 8 He, whose
density gradient is less than half that of 4 He.

Fig. 2. LS radii and LS amplitudes of even-even nuclei.

Fig. 1. Differential cross sections and vector analyzing powers of the p
+6,8 He elastic scattering at 71 MeV/A.
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Elastic scattering for 60MeV

17

F on

12

C target†

G. L. Zhang,∗1 K. J. Liu,∗1 H. Q. Zhang,∗2 C. J. Lin,∗2 C. L. Zhang,∗2 G. P. An,∗2 Z. D. Wu,∗2 H. M. Jia,∗2 X. X. Xu,∗2
F. Yang,∗2 Z. H. Liu,∗2 S. Kubono,∗3 H. Yamaguchi,∗3 S. Hayakawa,∗3 D. N. Binh,∗3 Y. K. Kwon,∗4 and N. Iwasa∗5
[Elastic scattering, optical potential, proton drip line]
Our knowledge of nuclei comes mainly from the experiments with nuclei in the valley of the stability. Experiments
with nuclei far from the stability-line are expected to provide tests of current nuclear structure models. In particular, light nuclei locating near the drip line may exhibit exotic phenomena, such as manifestations of halo/skin structure. Information on the nuclear structure can be extracted
from the reaction data. Among many nuclear reactions, the
elastic scattering is a major channel and will provide rich
information on reaction mechanism and structures of the
nuclei. It is also used to determine optical potentials which
are important inputs for any reaction studies. However,
elastic scattering data for light exotic nuclei are extremely
scarce, which raises questions about accuracy and reliability of nuclear structure information extracted from the
reaction studies. Because of halo/skin structures and the
small binding energy of the last nucleon(s), the light exotic
nuclei may behave differently from stable, well-bound nuclei in reactions and reliability of simple-minded extrapolation from the systematics in stable nuclei is open to doubt.
Thus, studies of elastic scattering induced by light exotic
nuclei are of particular interest.
Study of the 17 F elastic scattering is motivated by our
interest described above. The study of this nucleus is quite
interesting for three reasons: (i) Because of its small binding energy of 601keV, the rms radius could be significantly
larger than that of 16 O core. (ii) It has only one bound state
below the breakup threshold, (iii) its first excited state
has a halo structure.1,2) Many experiments have been performed to explore its structure and reaction mechanisms in
recent years. Elastic scattering of 17 F+208 Pb was measured
at 10MeV/nucleon,3) 98MeV and 120 MeV,4) 90.4MeV,5)
respectively. Precise data have been obtained for the elastic scattering of 17 F on 12 C and 14 N at 10MeV/nucleon.6)
In most of the above cases, the data are taken for the 208 Pb
target. The experimental data on light targets are hardly
found, except for the data on 12 C and 14 N at the energy of
10MeV/nucleon.6) Therefore the experiment was planned
to extract the optical potential of the elastic scattering for
17
F on light target at energies near Coulomb barrier.
In order to obtain the elastic scattering data at energy
near Coulomb barrier, 60MeV 17 F+12 C reaction was studied at CNS Radioactive Ion Beam separator (CRIB). The
beam intensity on the target was about 4×105 pps. A
435µg/cm2 -thick 12 C target was used. Projectile 17 F was
identified by the time of flight (TOF) method. The Position of 17 F on 12 C target was determined by using infor∗1
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Fig. 1. The particle identification before target.

mation from two position-sensitive PPACs (Parallel Plate
Avalanche Counters) set in the beam line. Six sets of
E-E detector telescopes were composed of double sided
Silicon strip detectors(50mm×50mm in area)(DSSD) and
silicon detectors without strips (SSD), and covered angle
range θlab = 5◦ − 80◦ . They were symmetrically positioned
around the beam axis in order to measure efficiently the
events of 17 F elastic scattering. The distance from the target center to the strip detectors are 145 mm, 115 mm and
85 mm depending on the three angle settings. Thin E
detectors (DSSD, 65µm thickness) were placed in front of
300µm-thick E detectors (SSD). Such detector configuration allowed identification of the atomic number Z of the
scattered charged particles. The emission angle of 17 F can
be determined precisely by the silicon strip detectors. We
will be able to extract precisely the angular distribution of
elastic scattering for 60MeV 17 F+12 C.
Figure 1 shows the particle identification before target.
RF1 the time when the beam particle arrives at a PPAC
relative to the radiofrequency signal from the cyclotron resonator. TOF is obtained by using the time signals of two
PPACs before target. It is shown that 17 F particles can be
identified clearly from the primary 16 O beam with a high
intensity. More detailed analysis of elastic scattering for
60MeV 17 F+12 C are being done.
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Experiment to determine the g-factor of neutron-rich S isotope
A. Yoshimi, H. Ueno, Y. Hasama,∗1 H. Iijima,∗1 Y. Ishii,∗1 Y. Ichikawa, K. Tajiri,∗2 T. Furukawa,∗1
Y.Ishibashi,∗3 D. Nagae,∗3 K. Suzuki,∗1 T. Inoue,∗1 M. Tsuchiya,∗1 H. Hayashi,∗1
M. Uchida,∗1 H. Kawamura,∗4 and K. Asahi∗1
[Nuclear structure, magnetic moment, unstable nuclei]
The nuclear moments of neutron-rich 30−33 Al were
determined1–3) using the β-NMR method that involves
spin-polarized radioactive-isotope beams. We have
recently started measuring the nuclear moments of
neutron-rich nuclei with neutron number N aound 28;
several interesting phenomena indicating the disappearance of the N = 28 shell gap in Si and S isotopes
were reported from γ-spectroscopy experiments4) . The
measurement of magnetic moments is important in order to precisely understand the nuclear wave function.
The first experiment for 41 S was carried out at the
RIKEN Accelerator Research Facility in January 2010.
A beam of 41 S was produced by the fragmentation of
48
Ca projectiles at an energy E = 63 A MeV impinged
on a 9 Be target having a thickness of 139 mg/cm2 .
The beam current of 48 Ca impinging on the Be target was typically 100 − 200 particle nA. The isotopeseparation of the 41 S beam was carried out using a
projectile-fragment separator RIPS (RIken Projectile
Separator), in which the emission angle θF and momentum pF of the fragment were selected so as to obtain
spin-polarized secondary beam. Under the condition
of pF = p0 × (1.035 ± 0.030) and θF > 0.5◦ with a primary beam of 100 particle nA, 41 S beam from RIPS
with a purity of 44% and an intensity of 3.8 × 103 particles/s was obtained. Here, p0 represents the central
momentum of the fragment.
The 41 S beam was then transported to the final focus
and implanted into a 0.7-mm-thick CaS (Calcium Sulfide) multi-crystal stopper in the β-NMR apparatus. A
static magnetic field B0 = 500 mT was applied to the
stopper in order to preserve the spin polarization. A
radio-frequency oscillating field B1 of around 1mT was
applied to the stopper in the direction perpendicular
to B0 . From the results of solid-state NMR measurements for the stable isotope 33 S, it was observed that
the relaxation time of 33 S in CaS was longer than in
other materials5) ; hence, CaS was as the material for
the stopper.
The search of the g-factor of 41 S was performed using
the β-NMR technique. In this technique, resonance is
detected by the change in the β-ray up/down ratio R,
which is measured using plastic scintillator telescopes
located above and below the stopper. On the basis of
a double ratio R/R0 , where R0 is the β-ray up/down
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ratio when the oscillating magnetic field B1 is not applied, the resonance frequency is derived from the measured β-NMR spectrum. Since the ground-state spin
and parity of 41 S have not been determined, the shell
model predicts the 41 S g-factor to be in the wide range
0.25 − 1.25. For this experiment, we have developed
a fast-switching LCR circuit6) in order to realize the
quick and sequential application of the NMR B1 field
with frequencies over a wide range. This technique
makes it possible to efficiently scan the frequencies over
a wide range for g-factor in the range 0.25 − 1.25. The
g-factor search in the range g = 0.25 − 1.25 was performed for two kinds of stopper materials CaS and Si.
The analysis of the NMR spectrum is now in progress.
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Experimental investigation of stellar 30 S(p, γ)31 Cl reaction by
Coulomb dissociation method
Y. Togano, T. Motobayashi, N. Aoi, H. Baba, S. Bishop, X. Cai,∗1 P. Doornenbal, D. Fang,∗1 T. Furukawa,
K. Ieki,∗2 N. Iwasa,∗3 T. Kawabata,∗4 S. Kanno, N. Kobayashi,∗5 Y. Kondo, T. Kuboki,∗6 N. Kume,∗3
K. Kurita,∗2 M. Kurokawa, Y. G. Ma,∗1 Y. Matsuo, H. Murakami, M. Matsushita,∗2 T. Nakamura,∗5
K. Okada,∗2 S. Ota,∗4 Y. Satou,∗5 S. Shimoura,∗4 R. Shioda,∗2 K. N. Tanaka,∗5 S. Takeuchi, W. Tian,∗1
H. Wang,∗1 J. Wang,∗7 K. Yamada, Y. Yamada,∗2 and K. Yoneda

208
Pb(31 Cl,p 30 S)208 Pb, nuclear astrophysics, Coulomb dissociation

The stellar reaction 30 S(p, γ)31 Cl was studied by
Coulomb dissociation method. This reaction occurs
during the rapid proton (rp) capture process of hydrogen burning on an accreting neutron star.1) The 30 S
nucleus is a candidate for the waiting point, at which
the reaction flow temporarily stops, in the rp process.2)
As the 30 S(p, γ)31 Cl reaction proceeds, the amount of
30
S decreases and thus, the reaction flow in the rp process is speeded up. Therefore, the strength of this reaction affects the resultant abundance of heavy elements
and energy production in the rp process. 31 Cl formation in the rp process mainly depends on the cross section of resonance capture to the first excited state in
31
Cl (energy: 0.75 MeV).3) Thus far, direct measurements have not been made on the 30 S(p, γ)31 Cl reaction because of the short lifetime of 30 S and the small
reaction cross section. We overcome this difficulty by
employing the Coulomb dissociation method.4) With
this method, one can determine the cross section of
the relevant stellar reaction at a relatively low beam
intensity. The aim of the present study is to determine
the rate of resonance capture in 30 S(p, γ)31 Cl, which
leads to the first excited state in 31 Cl.
The experiment was performed using the RIKEN
Projectile Fragmentation Separator RIPS at the
RIKEN Nishina Center. A 31 Cl beam with an energy of 58 MeV/nucleon was produced by the fragmentation of a 115-MeV/nucleon 36 Ar beam. The31 Cl
beam bombarded a 208 Pb target whose thickness was
104 mg/cm2 . The momentum vectors of the reaction
products, i.e., the 30 S nucleus and protons, were obtained using the detectors located downstream of the
target. The energy of 30 S and the positions of 30 S
and the protons were measured by the silicon telescope
located 62 cm downstream of the target. The time
of flight of the protons, which penetrate the silicon
telescope, was measured by the plastic scintillator hodoscope located 2.95 m downstream of the target. Details of the experimental setup are provided in Ref. 5.
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Fig. 1. Preliminary relative energy spectrum between 30 S
and proton in the Coulomb dissociation reaction of 31 Cl.
The peak at 0.45 MeV corresponds to the first excited
state in 31 Cl at 0.75 MeV.

The relative energy between 30 S nucleus and the protons was calculated from the momentum vectors.
Fig. 1 shows the preliminary relative energy spectrum. The peaks at 0.45 MeV and 1.1 MeV, respectively correspond to the known first and second excited states in 31 Cl6) at 0.75 MeV and 1.4 MeV. The
Coulomb dissociation cross section for the first excited
state in 31 Cl is found preliminarily to be 7 mb by assuming the detection efficiency of the 31 Cl → 30 S +p
channel to be 45%. This value is consistent with that
estimated using the known lifetime of the 31 Si mirror
level7) . The angular distribution of the scattered 31 Cl
is currently being analyzed to determine the multipolarity of the excitation.
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Branching ratio of γ to particle decay in 1.6-MeV state of

23

Al

T. Honda,∗1 Y. Togano, K. Okada,∗1 Y. G. Ma,∗2 N. Aoi, H. Baba, X. Cai,∗2 J. Chen, ∗2 D. Fang,∗2 W. Guo,∗2
Y. Hara,∗1 Z. Hu,∗3 K. Ieki,∗1 Y. Ishibashi,∗4 Y. Itou,∗4 N. Iwasa,∗5 S. Kanno, T. Kawabata,∗6 H. Kimura,∗7
Y. Kondo, K. Kurita,∗1 M. Kurokawa, T. Moriguchi,∗4 H. Murakami, H. Oishi,∗4 S. Ota,∗6 A. Ozawa,∗4 H.
Sakurai, S. Shimoura,∗6 R. Shioda,∗1 E. Takeshita, S. Takeuchi, W. Tian,∗2 K. Yamada, Y. Yamada,∗1
H. Wang,∗2 J. Wang,∗7 K. Yoneda and T. Motobayashi,

 23
C( Al,p 22 Mg)C, nuclear structure

We carried out the inelastic scattering of 23 Al on
a C target to investigate the structure of the excited
state in 23 Al. Emission of 1618-keV γ rays was observed from the 7/2+ state in 23 Al; the energy of these
γ rays was 1.5 MeV higher than the one-proton separation energy of 23 Al (141 keV2) ). On the basis of the
shell-model calculations, Gade et al. suggested that
the 7/2+ state of 23 Al consists of 22 Mg(2+ ) and a d5/2
proton and estimated the branching ratio between the
γ decay to the 23 Al ground state and the particle decay to 22 Mg(2+ ) and proton (Γγ /Γp ) to be 201) . The
aim of the present study is to determine the branching
ratio between the γ decay and the particle decay in the
1618-keV state of 23 Al.
Experiments were performed using the RIKEN Projectile Fragmentation Separator RIPS at the RIKEN
Nishina Center. The present study was carried out as a
by-product of the experiment performed to determine
the momentum correlation function for 23 Al3) . A secondary 23 Al beam at 72 MeV/nucleon was produced by
the fragmentation of a 135-MeV/nucleon 28 Si beam on
a 9 Be target. The 23 Al beam was made to bombard
a 355-mg/cm2 C target. The momentum vectors of
the reaction products, 22 Mg nuclei and protons, were
measured by the silicon telescope and plastic scintillator hodoscope located downstream of the target. The
energy of the de-excitation γ-rays emitted from 22 Mg
was measured using DALI24) . Details of the experimental setup are described in Ref. 5. The relative
energy between 22 Mg and the proton was obtained by
using the invariant mass method.
Figure 1 shows the relative energy spectrum of 22 Mg
and the proton coincident with the de-excitation γ
ray from the first 2+ state in 22 Mg at 1274 keV. The
Doppler-corrected γ-ray energy spectrum obtained for
22
Mg is given in the inset. In the γ-ray spectrum, deexcitation of the γ ray from the 2+ state at 1274 keV to
the ground state and from 4+ state at 3308 keV to the
2+ state was observed. The relative energy spectrum
was obtained by gating the 1274-keV peak. In the rel∗1
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Fig. 1. Relative energy spectrum between 22 Mg and proton
coincident with the de-excitation γ ray from the first 2+
state of 22 Mg at 1274 keV. The Doppler-corrected γ-ray
energy spectrum of 22 Mg is shown in the inset.

ative energy spectrum, a peak at around 250 keV was
observed; this peak corresponded to the 23 Al(7/2+ )
→ 22 Mg(2+ ) + p channel. The cross section of this
channel was preliminarily calculated to be 0.1 mb, by
assuming the detection efficiencies of DALI2 and the
breakup event to be 16.6% and 50%, respectively. By
combining the cross section of the γ decay channel from
the 7/2+ state to the ground state6) , we determined
the branching ratio Γγ /Γp to be 23. This value was
consistent with that predicted theoretically by Gade
et al. Further analysis for the branching ratio is now
in progress.
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Precision measurement of the hyperﬁne constant of

11

Be+ -II

A. Takamine, M. Wada, K. Okada∗1 , T. Nakamura, T. Sonoda, P. Schury∗2 , H. Iimura∗3 , Y. Yamazaki,
Y. Kanai, T. M. Kojima, T. Kubo, S. Ohtani∗4 , I. Katayama∗5 , H. Wollnik∗6 , and H. A. Schuessler∗7
[neutron halo, magnetization radius, laser spectroscopy]

Table 1. Resonance frequencies ν 0 for diﬀerent magnetic
ﬁelds.
Icoil [A]
5
14
30
∗1
∗2
∗3
∗4
∗5
∗6
∗7

B [mT]
0.23813(16)
0.69627(26)
1.504448(18)

ν 0 [MHz]
2677.31134(12)
2677.37430(10)
2677.63430(13)

900
850
800
counts / bin

To study the electromagnetic properties of the oneneutron halo nucleus 11 Be by using the nuclear-modelindependent probe of optical spectroscopy, we have
measured the hyperﬁne constants of radioactive Be isotope ions in an on-line ion trap. The purpose of the
study, the method used in the study, and part of the
results have been described elsewhere.1–3) Here, we report recently obtained results of the precision measurement of the ground-state hyperﬁne constant of 11 Be+ ;
this measurement is 30 times more accurate than our
previous measurement.3)
A unique feature of 11 Be+ in comparison with 7 Be+
and 9 Be+ is that the upper hyperﬁne structure (hfs)
level (F = 0) does not split because the nuclear spin I
is 1/2. If one can accommodate a fraction in the F = 0
state, one can measure the frequency of the transition
(F, mF ) = (0, 0) ↔ (1, 0), a 0-0 transition that is ﬁeld
independent to the ﬁrst order. We evaluated the population of the ground-state hfs levels of Be isotopes using incompletely polarized radiation, σ + with a small
percentage of σ − . We observed that only in the case
of 11 Be+ a noticeable fraction of the population was in
the (F, mF ) = (0, 0) state even with a small mixture
of depolarized-radiation. Under this pumping condition, resonant microwave radiation at ν 0 induces the
0-0 transition, and resonance can be detected from an
increase in the ﬂuorescence intensity.
A typical microwave resonance spectrum of the 0-0
transition of 11 Be+ obtained by considering the ﬂuorescence intensity as a function of the applied microwave frequency is shown in Fig. 1. The Rabi oscillation observed in this spectrum can be attributed
to 76-µs pulsed microwave radiation. The transition
frequency was determined by a least-square ﬁt to the
Rabi transition probability function.
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Fig. 1. Typical laser-microwave double resonance spectrum
of the ground state hfs transition (F, mF )=(0,0)→(1,0)
for 11 Be+ ﬁr a magnetic ﬁeld B of 0.69627(26) mT.

The ﬁeld-independent 0-0 transition still shows a
the small quadratic dependence on the magnetic ﬁeld,
as indicated by the Breit-Rabi formula, which can be
written as follows:
√
ν 0 (B) = A2 + B 2 gJ2 µ2B (1 − γ)2 ,
(1)

where A is the magnetic hfs constant; B, the magnetic ﬁeld strength; gJ , the atomic g-factor; µB , the
Bohr magneton; and γ, the g-factor ratio. We measured ν 0 for three diﬀerent magnetic ﬁelds, as listed
in Table 1. The ﬁeld strengths were determined from
the hyperﬁne splittings of 9 Be+ ions under the same
conditions. The resonance frequencies were ﬁtted to
Eq. (1), and the hyperﬁne constant was determined to
be A11 = 2677.302988(72) MHz.
The present study provides important data for the
study of the magnetization radius of the one-neutron
halo nucleus 11 Be by taking into consideration the
Bohr-Weisskopf eﬀect.4–6) We need high-precision nuclear g-factor data for all odd Be isotopes to complete
the study. A unique method to determine the nuclear
g-factors of odd Be isotopes is to measure the Zeeman splittings of the hfs for a high magnetic ﬁeld. We
have demonstrated the measurement method for stable
9
Be+ ions7) and are preparing to apply it to radioactive isotopes.
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Determination of nuclear charge radii of Be isotopes by precision
optical spectroscopy of trapped ions
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Fig. 1. Spectra of the probe transition for Be isotopes.
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Precision optical spectroscopy experiments for
trapped ions have been performed at the prototype
SLOWRI facility of RIKEN1–5) with the aim of studying the nuclear charge radii of Be isotopes. The isotope
shifts of optical transition frequencies have been used
to determine the nuclear charge radii of radioactive
nuclei in a nuclear-model-independent manner6) . However, for very light elements such as Be, the shift due
to the nuclear volume is as small as 10 MHz, whereas
the optical transition energy is about 109 MHz and the
eﬀect due to the diﬀerent mass is about 103 MHz. We
need precise theoretical results7) to subtract the massdependent contribution from the isotope shifts as well
as to measure the absolute transition frequencies with
a relative accuracies of over 10−9 .
In previous reports,3,4) we presented the measurement results for the 2s 2 S1/2 (smaller F )-2p 2 P3/2 transition frequencies obtained by the optical-optical double resonance spectroscopy with the 2 2S1/2 (largest F )2 2P3/2 transition for cooling and detection of the resonance. However, in this study, we noticed that there
are several possible transitions for the probe transition
due to the occurrence of Zeeman splitting, and further, that the probability of each transition strongly
depends on the optical-pumping condition. We observed noticeable ﬂuctuation in the transition frequencies in systematic measurements.
In order to avoid such ambiguities, the same transition as the cooling transition was measured using a
weak probe laser (0.2 µW) for a short period of 14
µs, while a strong cooling laser (170 µW) was used
to irradiate for 5.6 µs so that the ion temperature remains low. Fast and sharp switching of the cooling
laser was carried out by an AOM device. The probelaser frequency was measured simultaneously with the
photon-counting data using a frequency comb system
and a beat frequency counting system, which was constructed in-house.8) The resonance frequencies were
determined from the thus obtained Lorentzian shape
spectra (Fig. 1), and the frequencies at the center of
the gravity in case of the 2s 2S1/2 → 2p 2P3/2 transition were deduced after taking into account the com-
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Fig. 2. Preliminary evaluated charge radii of Be isotopes.

pensation required for due the hyperﬁne and Zeeman
splittings. The results for 7,9,10,11 Be+ were 957 347
372.0(1.2) MHz, 957 396 618.7(0.6) MHz, 957 413
945.1(0.9) MHz, and 957 428 188.9(2.9) MHz, respectively. The large discrepancy between the results for
11
Be+ obtained in the present study and that obtained
in a previous one3) is mainly attributed to the incomplete cooling condition as a results of the large hyperﬁne splitting of 11 Be+ .
Although the analysis is still in progress, the charge
radii of Be isotopes obtained from preliminary evaluation are shown in Fig. 2 along with the results of
the collinear-laser spectroscopy experiment performed
by the COLLAPS group at ISOLDE9) . There are noticeable discrepancies between our results of the absolute frequencies and those obtained by the COLLAPS group. However, the values of isotope shifts
agree within the margin of errors.
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Development of CDCC program and its use to calculate momentum
distribution in elastic breakup reaction
Yasuo Aoki, Tohru Motobayashi, and Akira. Ozawa,∗1
A computer program hctak.f, which is based on
the continuum discretized coupled channels(CDCC)1)
idea, was developed. It aims at calculating S matrix elements of a scattering process involving loosely bound
projectile and a hard target. The whole system is assumed to composed of three particles and are named
as 1, 2 and 3. The Hamiltonian H of the system is
written as,

of the work by Beunerd et al.,5) . Nucleon optical potential is well established, but that of heavy ions are
under developing stage.
The following figure compares 22 Mg momentum distribution measured at 0◦ . Dots are the experimental
ones, red and blue curves are due to s (d)-state ground
state wave functions.
0.25
0.25

Al+ C

H = T12 + T(1+2)−3 + V12 + V13 + V23 .
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dσ/d(cP)
dσ/d(cP) [mb/MeV]
[mb/MeV]

0.2
0.2

T’s in the above expression are kinetic energies and
V’s are interaction potentials among particles, which
are specified by the suffices. Optical potentials are
assumed for these potentials.
The function of the program are 1) calculate bound
and scattering state wave functions of 1-2 system,
whose Hamiltonian is given by T12 + V12 , 2) expand
the potentials V13 + V23 into multipoles and evaluate
the matrix elements of these potentials, 3) construct
a set of coupled equation for given angular momentum and parity, and solve this coupled equation with
proper boundary conditions, and 4) calculate S matrix
elements corresponding to elastic scattering and many
break up channels.
Resulting S matrix elements may be used to evaluate many physical observable, like differential cross
sections of elastic scattering, double and triple differential cross sections of break up processes, momentum
distribution in the fragmentation reaction.
The reaction 23 Al+12 C with EAl = 1.702 GeV2) was
taken as the first case to apply this newly developed
analysis method. The projectile 23 Al is assumed to
consists of a proton and a 22 Mg. The binding energy
is reported to be 125 keV, and the spin and parity J π
of the system is reported3) to be 5/2+ . To save cpu
time, intrinsic spin of nucleons are suppressed. To see
the structure dependence of the projectile, two calculations are performed, one with d-state and the other
with s-state as the ground state wave function. Scattering states of proton-22 Mg system(1-2 system) are
generated by assuming a real central potential, which
reproduce the bound state energy and a resonant sstate located about 500 keV above the ground state.
These scattering states are truncated to have orbital
angular momenta of s, p, d, f and g waves and the
maximum wave numbers of 2.0 fm−1 . This wave number span is divided into 20 bins. Interaction potentials
between proton and 12 C, V13 , is taken from the literature4) , while that of 22 Mg and 12 C, V23 is the set F
∗1
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d-state wave function reproduces the experimental
width better than that of the s-state. Absolute magnitude of the calculated results are scaled to fit into
the figure. Total reaction cross section is reported2)
to be 1609 mb, while the present calculation predicts
1271(1305) mb for d(s)-state of the 22 Mg. We can
adjust the relatively ambiguous optical potential of
22
Mg+12 C to reproduce the magnitude of total reaction cross section, at the cost of reduced intensity of
the momentum spectrum. ¿From this experience, improved optical potential is highly requested.
Many thanks are due to computation services offered
by riken integrated cluster of clusters(ricc).
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Measurement of reaction cross section for
using solid hydrogen target

Li
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0.26 g/cm2 . A Kapton foil with a thickness of 25 µm
was used at the entrance and exit windows of the SHT
cell. The entrance of the cell, which was in a vacuum
chamber connected to the exit of the F3 chamber, was
located 1741 mm downstream of the end of the triplet
Q-magnet in F3. A 127-µm-thick Mylar foil was used
for the vacuum window, downstream of the SHT. ∆E
and the total kinetic energy (E) of the particles ejected
from the reaction target were detected by two silicon
detectors (100 × 10 0 × 0.3 mm3 ) and a NaI(Tl) detector (φ5” × 60 mmt ), respectively. The ∆E-E method
was used for the identiﬁcation of the outgoing particles. We also performed an experiment using a carbon
target and an empty cell and compared the obtained
result with the earlier result1) . In this case, the carbon target (0.505 g/cm2 ) was installed immediately
after the vacuum window in air. σR can be deduced
from the ratio of the number of incident particles to the
number of outgoing particles. The analysis to deduce
σR is now in progress.
SHT Vacuum window

CD-PPAC

SSD
11Li

NaI(Tl)
C-target
Plastic
scintillator

SSD

Fig. 1. Experimental setup at F3.

Energy Loss [MeV]

The reaction cross section (σR ) for 11 Li has been
measured by using a solid hydrogen target (SHT). The
purpose of this experiment is to deduce the skin thickness by combining the σR value with the carbon target1) without directly measuring of the charge radius
by optical isotope shift measurements. If this new
method is successful, it can be used to deduce the
skin thickness of nuclei such as 78 Ni, on which optical isotope shift measurements cannot be performed.
In this method, we performed the σR measurements
on hydrogen and carbon targets, which have diﬀerent
sensitivities to the densities of protons and neutrons.
We have previously developed a thick SHT for use in
the σR measurement of unstable nuclei2) .
The experiment was performed using the RIKEN
Projectile Fragment Separator (RIPS). A primary
beam of 18 O was accelerated up to 100 MeV/nucleon
in the RIKEN Ring Cyclotron. A secondary beam
was produced by bombardment of the 18 O beam on
a Be target (10 mmt ). 11 Li particles with an energy
of 45 MeV/nucleon were separated by the RIPS. In
the dispersive focal plane (F1), an energy degrader of
2683 mg/cm2 Al was installed, and a horizontal slit
deﬁned the momentum acceptance as ±0.5%. Figure
1 shows the experimental setup in the ﬁnal focal plane
(F3). Identiﬁcation of the incident particles before
the reaction target was performed by the Bρ-TOF∆E method (Fig. 2), where Bρ, TOF, and ∆E refer
to the magnetic rigidity, time of ﬂight, and energy loss.
The TOF between the achromatic focal plane (F2) and
F3 was measured by 0.5-mm-thick plastic scintillators.
∆E was measured by a 150-µm-thick silicon detector
(SSD) placed in F3. The typical yield and purity of
11
Li were 800 cps and 60%, respectively. The position
of the beam at the target surface was determined by
three sets of parallel-plate avalanche counters (PPACs)
placed upstream of the target. High eﬃciency was
achieved even for low-Z nuclei such as 11 Li by employing a charge division readout instead of the delay-line
readout that is normally used in the RIPS.
The volume of the SHT in this experiment was φ50
mm × 30 mmt , which corresponded to approximately

12

Be
11

Li

9

Li
8

8

Li

He

6

He

3

H

F2- F3 TOF [ns]

Fig. 2. Identiﬁcation of the incident particles before the
reaction target by the Bρ-TOF-∆E method.
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The change about the number of trapped ions in the SCRIT experiment
S. Wang, T. Suda, T. Emoto, K. Kurita1, T. Tamae2, M. Wakasugi and Y. Yano
In the SCRIT experiment, ions trapped by an electron beam microseconds and extracted[3], as shown in Fig.3. The
in an electron storage ring are used as nuclear target for electron background measurement was done for the successive 50
scattering experiment. In the R&D experiment using

133

Cs ions, microseconds without ion injection. Those 18 cycles are defined

the number of trapped ions and their charge-to-mass ratio were as cycle number from 1 to 18. Each cycle included with and
measured by an analyzer[1], which consists of an electrode, a without Cs ions injection.
magnet and nine channeltrons, as shown in Fig.1. Luminosity of
ion-electron scattering was determined from a luminosity
monitor[2] by measuring small scattering angle electrons.

Fig. 3: Time sequence of the measurement.
During the 2 seconds measurement, the luminosity and the
number of trapped ions were increased at small cycle numbers

Fig.1 Position of analyzer and luminosity monitor.

The luminosity determined by luminosity monitor and the and became stable at large cycle numbers, as shown in Fig.4.
number of trapped ions at different beam currents are shown in Due to radiation damping, electron beam shrunk to small size
Fig.2. Both of them increase with beam currents from 40 mA. gradually and became stable, after being injected into storage
This may cause by deeper trapping potential of the electron ring. This mechanism can be thought to cause larger luminosity
and the higher number of trapped ions at large cycle numbers. In

beam at larger beam current.
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Fig.2: Luminosity and the number of trapped ions at different
beam currents.
seconds in order to keep a large beam current at 80 mA and the

60
luminosity
number of trapped ions

5
0

0

2

4

40
20

0
6 8 10 12 14 16 18
cycle number

5

Electron beam was injected into storage ring every 4

80

10

number of trapped ions (10 )

luminosity (10 cm s )

luminosity
number of trapped ions

12
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Fig.4: Luminosity and the number of trapped ions at different

the 2 seconds measurement, ions were injected, trapped for 50

cycle numbers.
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proton and neutron density distributions for the RMF,
respectively, while the long dashed-dotted and the dotted lines show those for the AMD. The proton and neutron density distributions calculated by using the RMF
theory and the AMD were found to be different of the
surface of the solid-hydrogen target. The RMF density
distribution suggests that there might be a large difference between the proton and neutron radii, which
are 2.58 fm and 2.06 fm, respectively. In conclusion,
the obtained data indicates that 9 C has a proton skin.
10 3
H(9C, p)9C

10 2
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Reference data [3]
RIA+RMF
RIA+AMD
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Fig. 1. The differential cross sections for H(9 C,p) reaction
compared with 12 C data. Results of the theoretical calculations (described in the text) are also plotted.

Density [ fm-3]

Size and density distribution are the fundamental
properties of nuclei and have been experimentally and
theoretically studied. Proton elastic scattering at intermediate energies can be used to study these properties and has been analyzed for medium–heavy stable nuclei by using relativistic impulse approximation
(RIA).1) However, experimental data available on the
proton elastic scattering of unstable nuclei are limited
because of the experimental difficulties.
In order to confirm the substantial variation in the
matter distribution in carbon isotopes that has been
predicted by various theoretical models, we studied for
the first time the proton elastic scattering at intermediate energies using a 9 C beam with E/u of 290 MeV
which was extracted from the HIMAC synchrotron at
NIRS.2) Since 9 C has no bound excited states, proton
elastic scattering by the 9 C beam can be feasibly studied by using a 5 mm thick solid-hydrogen target, drift
chambers, plastic scintillators, and NaI(Tl) calorimeters. In addition, due to the large difference between
the proton number (6) and the neutron number (3) of
9
C, we can expect 9 C to have a large proton skin.
In Fig. 1, we show the experimentally observed angular distribution of proton elastic scattering from 9 C
represented by circles along with that from 12 C represented by squares, which is considered to be the reference data.3) The diffraction pattern obtained for 9 C is
smoother than that for 12 C.
Since in the case of light nuclei, the RIA cannot give
a precise explanation of the scattering process, and
therefore, it becomes difficult to deduce the nuclear
matter density, we compared the qualitatively calculated results of scattering for different density distributions. In Fig. 1, the solid and the dashed lines
show the results obtained for the density distributions
given by the relativistic mean field (RMF) theory1) and
by the antisymmetrized molecular dynamics (AMD)4) ,
respectively. Since the RIA tends to underestimate
the scattering at backward angles, a comparatively
smoother diffraction pattern is reproduced for the density distributions given by the RMF theory than for
those given by the AMD. Figure 2 shows the density
distributions. The solid and the dashed lines show the
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Fig. 2. Proton and neutron density distributions of 9 C calculated by using the RMF theory and the AMD.
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Energy Dependence of π − /π + Ratio Observed in In+28 Si Reaction
T. Murakami,∗1 Y. Ichikawa,∗1 S. Imajo,∗1 M. Sako,∗1 R. Sameshima,∗1 E. Takada,∗2 K. Ieki,∗3
M. Matsushita,∗3 J. Murata,∗3 Y. Nakai, S. Nishimura, and H. Sakurai
[Symmetry energy, pion ratio, high density]
The density dependence of nuclear symmetry energy Esym (ρ) is one of the hottest topics not only in
both nuclear physics but also in astrophysics. It is
predicted that detailed studies of Y(π − ) /Y(π + ) yield
ratios in central nucleus-nucleus collisions at intermediate energies would provide significant constraints on
the Esym (ρ) at high densities ρ > ρ0 1) . For last three
years we have been developing a compact centrality filter and a pion range counter in order to measure the
Y(π − ) /Y(π + ) yield ratios. This year we have modified our pion range counter by inserting additional two
5 mm thick plastic scintillators and a 10 mm thick one
in between the second (2 mm) and third (15 mm) elements of its 2008’s version2) . By this addition we could
improve its identification-power for low energy pions.
Following the successful application of both the centrality filter and the range counter to the In(132 Xe,π ± )
reaction at E/A = 400 MeV last year3) , we have performed a series of experiments using 400, 600, and 800
MeV/nucleon 28 Si beams accelerated at HIMAC. A
typical intensity was 5×106 ppp and a target thickness
was 330 mg/cm2 . Using the range counter π + events
were clearly identified by selecting double pulse signals
corresponding to π + → µ+ + νµ decays after stop at
one of its elements. Since most of negative pions are
captured by carbon atoms in the scintillator to trigger
an instantaneous disintegration of a carbon nucleus,
only positive pions generate double pulse. A total
number of charged pions was, then, estimated by using ∆Ei -∆Ej correlations empirically determined for
π + events. It turned out that four or more ∆E detectors are needed to sufficiently suppress the background
arising from protons. Signals from the range counter
were processed by a FPGA module, QDC’s and multihit TDC’s and then accumulated by a Linux PC. A
charged particle multiplicity from the centrality filter
was also recorded by event by event basis.
Figure 1 shows π + energy spectra obtained for
In+28 Si reaction at E/A = 400 MeV. They have been
corrected for various effects; decay in flight, nuclear
reactions of pions in the range counter, and multiple
Coulomb scattering. Currently only statistical errors
are included though we expect 10% order overall uncertainties for the absolute values. Only smooth change
in shape was observed as a function of the angle. We
have not yet finalized π − energy spectra since we still
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need to work out the efficiency of ∆Ei -∆Ej correlation
gates for the charged pion extraction.

Fig. 1. Double differential cross section for π + productions
with 400A MeV 28 Si on In.

Preliminary results of Y(π − ) /Y(π + ) yield ratios estimated for the pions at 90◦ in the laboratory system
are shown as a function of transverse momentum of
pions in Fig.2. The three ratios for three different incident beam energies are almost identical at this angle
despite we expected to see some increase of the ratio as
the incident energy approaches to the pion threshold
energy. Further analysis of the data is in progress.

Fig. 2. Preliminary results of Y(π − ) /Y(π + ) yield ratios
at 90◦ in the laboratory system for In+28 Si collisions
at various incident energy/nucleon.
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� using tracking detector
Study of time-reversal symmetry in 8 Li
H. Kawamura,∗1 T. Akiyama,∗1 J.A. Behr,∗2 M. Hata,∗1 Y. Hirayama,∗3 Y. Ikeda,∗1 T. Ishii,∗4 D. Kameda,
P. Levy,∗2 S. Mitsuoka,∗4 N. Miyahara,∗1 H. Miyatake,∗3 Y. Nakaya,∗1 D. Nagae,∗5 K. Ninomiya,∗1 M. Nitta,∗1
N. Ogawa,∗1 J. Onishi,∗1 M. Pearson,∗2 E. Seitaibashi,∗1 T. Toyoda,∗1 K. Tsukada,∗1 Y.X. Watanabe,∗3 and
J. Murata∗1

where J� is the nuclear polarization, and E, �p, and
�σ are the energy, momentum and spin of the electron, respectively. The R-correlation term represents
a transversely polarized electron emitted from polarized nuclei that violates time reversal as well as parity
conservation. The transverse polarization of electron
is measured by Mott scattering. The up-down asymmetry of electrons scattered from a thin metal foil is
determined using the incident and scattered tracks. In
the present study, a drift chamber has been used in
the Mott polarimeter for the ﬁrst time in order to nullify the major background and systematic eﬀects. The
drift chamber is located between a 8 Li beam stopper
and the metal foil in order to measure the backward
scattered tracks; the maximum ﬁgure of merit of the
polarimeter is expected at this location.
A physics experiment RNB08K04 was performed at
KEK-TRIAC in September 2008 using an 8% vertically polarized 8 Li beam at 178 keV/u and 105 pps3) .
Fig. 1 shows the Mott-scattering angular distribution obtained by electron-tracking analysis. The Rparameter is determined using the eﬀective analyzing
power in the Mott scattering as follows:
R = −0.020 ± 0.41(stat) ± 0.024(syst) (1σ).
We conﬁrmed that our detector setup worked well.
In order to achieve a higher precision, we had proposed that the next set of experiments be conducted
at TRIUMF-ISAC by using an 80% polarized 8 Li beam
with very high intensity, which could help us to measure the R-parameter with a precision of 0.01%. The
proposal was accepted, and the experiment number is
∗1
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A new experimental project, MTV (Mott polarimetry for T-Violation), that aims to test the time-reversal
symmetry in nuclear β-decay with high precision has
been launched at TRIUMF. Our aim is to measure the
R-parameter (deﬁned below) with a precision of 0.01%;
currently, at PSI, it is being measured with a precision
of 0.2%1) . The leptoquark model predicts a signiﬁcant T-violating eﬀect around 0.01% level when the
leptoquark mass is about 1 TeV1) . The R-parameter
is deﬁned in the β-decay rate function as2)
�
� ��
�J�
p × �σ
�J�� p�
· +R
·
···,
W ∝1+A
J E
J
E
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Fig. 1. Two-dimensional histogram for the decay angle γ
and the scattering angle θ of the Mott-scattering events.

S1183.
We performed the ﬁrst commissioning run at TRIUMF in November 2009. The entire experimental
equipment was shipped from KEK-TRIAC to TRIUMF in July 2009. In the test run, some technical problems were encountered in studies on beamintensity dependence of the event trigger rate. Two
major problems pertained to the space-charge eﬀect
and DAQ bandwidth. The space-charge eﬀect observed in the gas is not negligible in a 107 -pps beam
environment. We have started R&D for obtaining an
optimum chamber gas; we have taken isobuthane and
CF4 into consideration instead of P10, which is being
used currently. The current DAQ is not capable of acquiring data for all the triggered events at the highest
intensity. Therefore, DAQ is being modiﬁed to utilize
the buﬀering mode instead of the event-by-event mode,
which is being used currently.
A physics run is scheduled for November 2010 with
the aim of reaching a precision of at least 0.1% precision, which is the value for the ﬁnal-state interaction
predicted by the standard model. We are also evaluating how to distinguish between the standard-model
eﬀects and the new physics signals, which are expected
to have nonzero values, using electron-momentum dependence. Precise measurement of the R-correlation
using a high-pitch cylindrical drift chamber will be
performed subsequently; the drift chamber is currently
under construction.
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a stainless steel wheel of diameter 420 mm. After the
aerosol collection, the wheel was moved in steps at 30s intervals to position the foils between seven pairs of
Si PIN photodiodes (Hamamatsu S3204-09).The products was identiﬁed basis of the genetic correlations of
mother and daughter nuclei.
Total of 119 decay chains were assigned to subsequent decays from 234 Bk. The α(mother)-α(daughter)
correlation plot is shown in Fig. 1. The 234 Bk had
the following decay modes: alpha decay, spontaneous
ﬁssion, and electron capture. The 234 Bk was connected to 230 Pu through two routes : [1] 234 Bk(α) →
230
Am(EC) → 230 Pu and [2] 234 Bk(EC) → 234 Cm(α)
→ 230 Pu. Then, 230 Pu underwent subsequent decays
of 230 Pu → 226 U → 222 Th → 218 Ra → 214 Rn.
Three groups of α-decay energies for 234 Bk were
identiﬁed. The mean α-decay energies for the three
groups were 7.95, 7.87, and 7.75 MeV. The half-life
of 234 Bk was determined to be 10 s. No α decay due
to 230 Am was detected in measurements that followed
the alpha decay of 234 Bk, but four SF events of 230 Am
were observed. The half-life of 230 Am was determined
to be 31 s. The decay properties of 234 Cm agree well
with those indicated by reference values1) . Detailed
analysis is in progress.
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Two neutron-deﬁcient actinide isotopes, 234 Bk and
its decay product 230 Am, were newly identiﬁed via a
197
Au(40 Ar,3n) reaction using the gas-ﬁlled recoil ion
separator (GARIS).
The decay properties of neutron-deﬁcient actinides
provide information on the nuclear mass surface close
to the proton drip line, nuclear structure of large deformed heavy nuclei, and ﬁssion properties far from
nuclear stability line via the electron-capture (EC) delayed ﬁssion. In this region, the detailed information
is not available because of their low production rates
and decay properties, such as EC-decay or spontaneous
ﬁssion.
Projectiles of 40 Ar with the charge state 11+ were
extracted from the 18-GHz ECR ion source and accelerated by RILAC (RIKEN Linear Accelerator). An
40
Ar beam with an energy of 189.5 MeV was extracted
from RILAC. The absolute accuracy in the beam energy was ±0.3 MeV. The typical beam intensities at the
target were 1.5 × 1013 s−1 (corresponding to 2.5 pµA).
The target was prepared by the vacuum evaporation
of metallic 197 Au on a 30-µg/cm2 carbon backing foil.
The target thicknesses were 513 µg/cm2 . Sixteen targets were mounted on a φ30 cm wheel, which rotated at
3000 rpm, so that they could withstand the irradiation
by high-intensity beams. The reaction products of interest were separated in ﬂight from the beams and the
majority of the nuclear transfer products by GARIS,
and were guided into a gas-jet chamber (i.d.: 100 mm;
depth: 20 mm) through a 0.7 µm-thick Mylar window,
which was supported by a circular-hole grid with 84%
transparency. The separator was ﬁlled with helium
gas at a pressure of 67 Pa. The magnetic rigidity for
234
Bk measurement was set to Bρ = 1.92 Tm. In the
gas-jet chamber, the reaction products were stopped
in He gas, attached to KCl aerosols, and continuously
transported through a Teﬂon capillary (i.d.: 2.0 mm;
length: 10 m) to a rotating wheel system, MANON,
in order to perform α-spectrometry. The He ﬂow rate
was 2.0 L min−1 , and the pressure inside the chamber
was 46 kPa. In MANON, the aerosols were deposited
on 0.5 µm-thick Mylar foils placed at the periphery of

8

9

E(Mother) [MeV]

10

Fig. 1. A lot of α(mother)-α(daughter) correlation for subsequent decays from 234 Bk (see text).
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by the ∆E-E method. The alpha scattering data were
analyzed to obtain the excitation function. Five resonances were observed, as shown in Fig. 1. The gap at
around Ecm = 3.5 MeV in the ﬁgure is due to the dead
layer of the MDSSD. A combination of spins and parDifferential Cross Section [b/sr]

Nucleosynthesis of 22 Na is an interesting subject because of possible γ-ray observation and the presence
of isotopic anomalies in the presolar grains1,2) . 22 Na
should be mainly produced in the NeNa cycle. It is a
long-lived radioisotope with a half-life of 2.6 years; its
β-decay leads to the ﬁrst excited state which promptly
followed by the emission of an 1.275 MeV γ-ray3) . This
γ-ray is a candidate to detect by satellite observatories
to understand stellar events. At high temperatures,
the 21 Na(α,p)24 Mg reaction could play a signiﬁcant
role in the NeNa cycle progressing to the MgAl cycle
and beyond. Clearly, the 21 Na(α,p)24 Mg stellar reaction would make a branching reaction on 21 Na and bypass 22 Na, resulting in a reduction in 22 Na production.
Therefore, it could be directly related to the 1.275 MeV
galactic γ-ray observation and the Ne-E problem4) . It
could be also important in understanding the early
stage of the rp-process5) . Resonances observed by the
resonance scattering of α-particles on 21 Na and their
resonant parameters are very important for calculating
the stellar reaction rate of the 21 Na(α,p)24 Mg reaction.
Measurement of the resonance scattering of αparticles using a low energy 21 Na radioisotope (RI)
beam in inverse kinematics was performed for the ﬁrst
time by the thick target method. The beam was
produced at the CNS Radio Isotope Beam separator (CRIB) of the University of Tokyo6) . The 21 Na
particles were produced by the (d,n) reaction in inverse kinematics; a 20 Ne primary beam accelerated
up to 6.2 MeV/u by the RIKEN-AFV cyclotron was
used. The 21 Na beam was selected and puriﬁed by
the CRIB facility, and ﬁnally, at the scattering chamber containing the experimental setup, we obtained
a 39.5-MeV beam with of about 93% purity. Energies and positions of both proton and α-particles were
measured in the α + 21 Na scattering by three ∆E-E
telescopes mounted at three diﬀerent angles (6 ◦ , 16 ◦ ,
and 26 ◦ ) with respect to the beam line. Each telescope consisted of a Micron double-sided silicon detector (MDSSD), a Hamamatsu position sensitive silicon
detector (HPSSD), and two solid state silicon detectors
(SSD). Protons and α-particles were clearly identiﬁed
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Fig. 1. Excitation function of resonance scattering of αparticles on 21 Na.

ities has been deduced successfully so far by applying
the R-matrix method. The best ﬁt of this combination is shown in Fig. 1, and the result of the R-matrix
analysis is presented in Table 1.
Table 1. R-matrix analysis result
Er (MeV)
3.390 ± 0.305
3.983 ± 0.279
4.516 ± 0.135
5.214 ± 0.260
5.760 ± 0.058

Γ (MeV)
0.523 ± 0.052
0.217 ± 0.017
0.231 ± 0.009
0.371 ± 0.022
0.233 ± 0.005

Jπ
5/2−
7/2+
5/2+
5/2+
3/2+


3
2
2
2
2

The analysis is still in progress. We are investigating other possible combinations of spins and parities
for which the R-matrix ﬁt gives reasonable χ2 values
(within the standard deviation).
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S Beam Development for a Measurment of 4 He(30 S,p)
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We produce 30 S via the 3 He(28 Si,30 S)n reaction by
bombarding a cryogenic gas target8,9) of 3 He at 90 K
with beams of 28 Si. By placing a 2.5 µm Be foil after
the production target, we are able to increase the population of the 30 S16+ species (compared to the chargestate distribution of the gas-cell Havar exit window),
which is easier to purify from beam contaminates. Although the 30 S14+ species is more preferentially populated at the achromatic focal plane F2, as shown in
Fig. 1, it is diﬃcult to separate and purify. The beam
purity at the target focal plane F3 is improved compared to Fig. 1 by passing the beam through a Wien
(velocity) ﬁlter after F2.
We successfully developed a 30 S16+ RI beam of 104
pps of 25% purity and Ebeam = 30 ± 3 MeV on target
normalized to a 7.4 MeV/u 28 Si9+ primary beam at
1.3 eµA; the primary beam intensity is limited by the
maximum heat deposit of 2 W in the 2.5 µm Havar
exit window of the production target. The improvement compared to our previous work can mainly be
attributed to recent upgrades to the practical K value
of the Nishina Center AVF cyclotron. Consistent with
predictions from the ion-optic modeling program MOCADI, our transmission eﬃciency is primarily limited
by energy straggling in the production target, and
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We performed a third and ﬁnal low-energy 30 S RI
beam development test in preparation for a future
measurement of the 4 He(30 S,p) cross section. Our
July 2009 experiment, reported here, was a follow-up
to our previous beam tests in December 20061) and
May 20082) . This work is performed at the low-energy
Center for Nuclear Study (CNS) radioactive ion beam
(CRIB) separator facility3,4) of the University of Tokyo
and located at the Nishina Center of RIKEN. In 2010,
we will perform the ﬁrst-ever direct measurement of
the 4 He(30 S,p) cross-section at astrophysical energies
relevant to Type I X-Ray Bursts. The 30 S(α,p) reaction rate is important to the overall energy generation
of X-Ray Bursts5) , inﬂuences the neutron star crustal
composition6) , and may explain the bolometric doublepeaked nature of some rare X-Ray Bursts7) .
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Fig. 1. ToF-E spectrum using a delay-line PPAC and SSD
at F2. 30 S16+ is clearly separated.

thus the ability to accelerate a 28 Si9+ beam up to 7.4
MeV/u is a considerable improvement for 30 S beams
at CRIB. If we normalize our previous results to the
higher primary beam current used in this work, use of
the Be foil only increased the production of 30 S16+ by
a factor of two, where as we expected this increase to
be a factor of ten from previous work with carbon foils
and the predictions of LISE++; this discrepancy can
be somewhat accounted for by the fact that the Be foil
was partially broken.
In September 2010, we will measure the 4 He(30 S,p)
cross section on an event-by-event basis using an active target method using the thick-target method in
inverse-kinematics10) . It is critical that we may get
a 28 Si9+ beam at 1.3 eµA with long-term currentstability delivered to the primary beam focal point of
CRIB for the future experiment using the 30 S beam
developed and detailed in this report.
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small number of protons and tritons, which are possibly from 7 Li(α,p) reaction and from the break up of
7
Li, were observed in the measurement.
The obtained energy spectrum of α particles is
shown in Fig. 1. The spectrum had peaks consistent
with those observed in previous measurements10,11) .
A low-background measurement was successfully performed, and it was demonstrated that the thick-target
inverse-kinematics method can be adopted for measurements involving light beams and target particles
with the minimum atomic number difference (∆Z =
1). The calculation of the kinematics by taking into
account the energy loss in the gas target can provide
the excitation energy of 11 Bfrom the measured energy
of the alpha particle. Thus, the excitation fuction for
the 7 Li+α elastic scattering will be obtained.
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In recent years, the exotic cluster structures in 11 B
and 11 C nuclei have attracted considerable attention
1)
11
B at the excitation energy
. The 3/2−
3 state of
Eex =8.11 MeV is considered to be a dilute cluster state
2)
, in which two alpha particles and 3 He are weakly interacting. In particular, the α-cluster structure in 11 B
was studied by measuring its isoscalar monopole and
quadrupole strengths in the 11 B(d, d ) reaction. The
studies indicated that the mirror state of the 8.11MeV state has a dilute cluster structure.3,4) . In the
present study, we used 7 Li+α resonant elastic scattering to investigate the cluster structures. The strengths
of the resonances are expected to provide information
about the α-cluster structure. The 7 Li+α system is
also related to the astrophysical reaction 7 Li(α,γ)11 B.
The study of resonance parameters carried out in the
present work should contribute to the precise determination of the 7 Li(α,γ)11 B reaction rate at high temperatures (T9 > 1).
The measurement of the 7 Li+α elastic scattering
was performed at CRIB5,6) using the thick-target in
inverse-kinematics method7,8) to determine the excitation function when the excitation energy of 11 B is
10–13 MeV. The excited states of 11 B in this energy
region have been studied by 7 Li+α elastic scattering
and other methods9) ; however, some of the resonance
parameters are still unclear. In particular, the alpha
widths were not accurately determined. Using inverse
kinematics, the excitation function at 180 deg in the
center-of-mass system, where potential scattering is
minimum and the resonances can be observed most
clearly, was measured for the first time.
The 7 Li beam was accelerated in the AVF cyclotron
and transported to the final focal plane (F3) of CRIB.
The beam had an energy of 13.7 MeV, and was collimated by a 3 × 3-mm aperture at F3. A helium-gas
target consisting of a 50-mm-diameter duct and a small
chamber was used in the measurement. α particles recoiling at forward angles were detected and identified
by the “∆E-E counter”. The counter consisting of
20-µm- and 480-µm-thick silicon detectors was placed
in the small chamber. Measurements for 2.9 × 1010
particles of 7 Li injected into a helium-gas target were
performed for 2.5 days. Most of the particles measured
was α particles from the elastic scattering, and only a
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Fig. 1. Energy spectrum of the α paticles in the measurement. The α particles are mostly from 7 Li+p elastic
scattering.
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The purpose of our study is to understand the structures of two-neutron halo nuclei such as 6 He and 11 Li
via the Coulomb breakup reactions. Here, we focus
on the correlations of the binary subsystems of coren and n-n in two-neutron halo nuclei. We clarify the
relationship between E1 excitations and the correlations in halo nuclei. In this study, we investigate the
breakup of 6 He into α + n + n three-body continuum
states.
To describe the subsystem correlations in threebody breakups, we use complex-scaled solutions of the
Lippmann-Schwinger equation (CSLS)1) . In the CSLS,
the formal solution of the Lippmann-Schwinger equation is combined with the complex scaling method.
CSLS makes it possible to evaluate the physical quantities as functions of the relative energies of subsystems.
As a result of this advantage, we can directly discuss
the subsystem correlations if the breakup observables
are known. We calculate the invariant mass spectra
of the Coulomb breakup cross section of 6 He for both
subsystems of α-n and n-n.
Figure 1 shows the calculated invariant mass spectra and the one obtained from the experiments2) . The
results obtained using the CSLS for the α-n and n-n
subsystems reproduce the observed spectra well. In
Fig. 1(a), it is found that the spectrum has a peak
at around Eα-n ∼ 0.7 MeV, which corresponds to
5
He(3/2− ) resonance energy. This result indicates the
importance of the sequential decay via the 5 He(3/2− )
resonance in the Coulomb breakup reaction of 6 He.
In the invariant mass spectrum shown in Fig. 1(b), a
higher number of the cross section is seen near zeroenergy region. This behavior can be understood as the
eﬀect of the n-n virtual state in the ﬁnal states.
To estimate the ground-state correlation in the invariant mass spectra, we also show the results for the
breakup components obtained for the transition from
the ground state to the non-interacting continuum
states. This components correspond to the Fourier
transformation of the ground state and are shown as
dashed lines in Fig. 1. In both panels, we can see that
the spectra for the direct breakup have no clear peaks.
By comparing the orignal and direct breakup results,
we conclude that it is diﬀcult to obtain the informa-

0.5
1
1.5
2
5
He(3/2 ) Eα-n [MeV]

3

2.5

3

Calc.
Direct
Exp.

(b)

6

2.5

4
2
0

0

0.5

1

1.5
2
En-n [MeV]

Fig. 1. Invariant mass spectra given in arbitrary units. The
panels (a) and (b) show results with respect to the αn and n-n subsystem energies, respectively. The solid
lines represent the original results obtained using CSLS,
in which all the ﬁnal-state interactions are taken into
account, and the dashed lines represent the results for
the direct breakup components obtained for the transition from the ground state to the non-interacting threebody continuum states. The open squares with error
bars denote experimental data2) . The arrow in panel
(a) indicates the resonance energy of 5 He(3/2− ).

tion on the ground-state correlation directly from the
Coulomb breakup. This fact indicates the strong inﬂuence of the ﬁnal state interactions on the breakup
cross section.
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Table 1. Energies and widths of the 7 He resonances measured from 4 He+3n threshold in MeV, and the corresponding S factors of the 6 He-n components.

S(E)

3/2�1
3/2�2
3/2�3
1/2�
5/2�

Energy
−0.790
2.58
4.53
0.26
2.46

10
9
8
7
6
5
4
3
2
1
0

He(0+
1 )-n
0.64 + i0.06
0.005 + i0.01
0.003 + i0.0002
1.00 − i0.13
0.00 + i0.00

6

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

6

(a)

+

He(2 )

+

He(01)
0

1
+
21
6

2

4

5

(b)

He(3+)
He(1+)
6

1

3

E [MeV]

6

0

He(2+
1 )-n
1.55 − i0.31
0.95 + i0.02
0.02 − i0.004
0.10 − i0.05
0.95 + i0.02

6

Width
0.014
1.95
5.77
2.19
1.50

6

-1

S(E)

In recent times, many experiments on the unbound
nucleus 7 He, have been reported1) . However, there
are still contradictions in the observed energy levels,
in particular, in the excited states. Experiments suggest that the excited states of 7 He appear as four-body
resonances above 4 He+n+n+n threshold energy.
Theoretically, when we discuss the structures of 7 He,
it is important to consider its many-body decays to the
channels 6 He+n, 5 He+2n, and 4 He+3n. The purpose
of this study is to investigate the resonance structures
of 7 He by imposing the accurate boundary conditions
of many-body decays. We employed the cluster-orbital
shell model of the 4 He+n+n+n system, in which the
open channel eﬀ ects of the multineutron emissions
are explicitly taken into account. We will describe
the many-body resonances under the correct boundary conditions using the complex scaling method. We
employed the Hamiltonian to obtain the 4 He-n scattering data and the 6 He energies2) .
We obtained ﬁ ve resonances of 7 He as shown in Table 1. Further, we investigated the spectroscopic factors (S factors) of the 6 He-n component, which are important to understand the coupling between 6 He and
the additional neutron in 7 He. It was found that the
6
7
He(2+
1 ) state contributed largely in several He states.
�
6
Only in the case of the 1/2 state, the He(0+
1 ) component was dominant and close to unity. This result
indicates that the 1/2� resonance can be considered
to be a single particle resonance of the p1/2 neutron
surrounding the halo state of 6 He.
In Fig. 1, we show the one-neutron removal strength
S(E) from the 7 He ground state into 6 He; this strength
is determined by taking into account the three-body
continuum components of 6 He in the ﬁ nal states as
well as the 2+
1 resonance shown in Table 1. From
Fig. 1 (a), it is found that the contribution of 6 He(2+ )
is considerably large, resulting in the peak value at
the resonance energy of 2+
The 6 He(0+
1.
1 ) contribution of 0.61 agrees with the recent observation of
0.64 ± 0.093) . The strengths of other spin states made
small contributions, as shown in Fig. 1 (b). The
peak values for these states was observed at approximately 1 MeV. This structure is a threshold eﬀ ect
of the 5 He(3/2� )+n two-body decay, which starts at

2

He(0+)
3

4

5

E [MeV]
Fig. 1. One-neutron removal strength of 7 He to 6 He(J π ,E)
states measured from the 4 He+n+n threshold energy.
The vertical arrow in (a) indicates the resonance energy
of 6 He(2+
1 ).

0.74 MeV. From these results, it is concluded that the
contribution of the 6 He(2+
1 ) is maximum in the oneneutron removal strength of 7 He above the 4 He+n+n
threshold energy.
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Table 1. Matter (Rm ) and charge (Rch ) radii of 6,8 He compared with the experiments; a4) , b5) , c6) , d3) .

Rm
He
Rch
Rm
8
He
Rch
6

Present [fm]
2.37
2.01
2.51
1.92

Experiments [fm]
2.33(4)a 2.30(7)b 2.37(5)c
2.068(11)d
2.49(4)a 2.45(7)b 2.49(4)c
1.929(26)d

6

E − E(4He) [MeV]

Recently, many experiments on 8 He have been reported. Most of the excited states of 8 He are located
above the 4 He+4n threshold energy1) . This indicates
that the observed resonances of 8 He can decay into the
channels of 7 He+n, 6 He+2n, 5 He+3n, and 4 He+4n.
This multiparticle decay of 8 He makes it diﬃcult to
observe its excited states.
The purpose of this study is to carry out the resonance spectroscopy of 8 He by imposing the accurate
boundary conditions of many-body decays. We employ the cluster-orbital shell model of the ﬁ ve-body
4
He+n+n+n+n system, in which the open channel
eﬀ ects of the multineutron emissions are taken into
account explicitly. We describe the many-body resonances under the correct boundary conditions by using
the complex scaling method (CSM). It is a challenge
to describe the ﬁ ve-body nuclear resonances by using
CSM. We employ the Hamiltonian, which reproduces
the 4 He-n scattering data and the 6 He energies2) .
Figure 1 shows the obtained energy spectra of He
isotopes. We can observe a good agreement between
theory and experiment. The matter and charge radii
of 6 He and 8 He nicely reproduce the experiments, as
listed in Table 1. We also successfully predict 0+
2 of
8
He as a ﬁ ve-body resonance in CSM; the excitation
energy and decay width of this resonance are 6.21 MeV
with 3.19 MeV, respectively.
We calculate the pair number of four valence neutrons in 8 He; the pair number
∑ is deﬁ ned by the matrix element of the operator � ≤β A†J π (� β)AJ π (� β).
Here, � and β represent the single-particle orbits of
neutrons, and A†J π (AJ π ) is the creation (annihilation) operator of a neutron pair with spin-parity J π .
This quantity helps us to understand the pair coupling
structures of four neutrons. Figure. 2 shows the pair
+
+
numbers for 8 He (0+
neu1,2 ). In the 01 state, the 2
+
tron pair is close to ﬁ ve and the 0 pair is almost
unity. This result was obtained from a main conﬁ guration of (p3/2 )4 with the probability of 86% using
the CFP decomposition ( 1 and 5 for 0+ and 2+ , re+
spectively). The 0+
2 state has almost two 0 neutron
pairs in addition to the 2+ pairs. This is consistent
with the (p3/2 )2 (p1/2 )2 conﬁ guration with a probability of 96%; this conﬁ guration is decomposed into the
pairs of 0+ , 1+ and 2+ with occupations of 2, 1.5, and
2.5, respectively. In summary, by using CSM, we have
successfully obtained the 0+
2 state as a ﬁ ve-body reso-
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Fig. 1. Energy levels of He isotopes. Small numbers are
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and experiments, respectively.
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nance, which has two 0+ pairs of neutrons.
References
1) F. Skaza et al.: Nucl. Phys. A788, 260c (2007), and
references therein.
2) T. Myo, R. Ando and K. Kat�o: Phys. Rev. C80, 014315
(2009).
3) P. Mueller et al.: Phys. Rev. Lett. 99, 252501 (2007).
4) I. Tanihata et al.: Phys. Lett. B 289, 261 (1992).
5) G. D. Alkhazov et al.: Phys. Rev. Lett. 78, 2313 (1997).
6) O. A. Kiselev et al.: Eur. Phys. J. A25, Suppl. 1, 215
(2005).

1

RIKEN
Accel. Prog.
Prog. Rep.
Rep. 43
43 (2010)
(2010)
RIKEN Accel.

9,11

Gamow-Teller transitions from

Li to

9,11

Be

Y. Kanada-En’yo∗1

B GT

8
4
2
0

8

0

B GT

4
2

8

0

15

20

25

30

5

10

15

20

25

30

5

15

15

10

20

25

30

20

25

30

5/23/21/2-

(d) exp
11Be

6
4
2
0

10

(c) AMD
11Be

6

0

5

(b) exp
9 Be

B GT

12
10
8
6
4
2
0

5/23/21/2-

(a) AMD
9 Be

6

0

B GT

Experimental studies of the β decays from unstable
nuclei near drip lines are currently progressing due to
recent advances in experimental techniques. In recent
years, the β decays of 9 Li and 11 Li have been measured
in several experiments, e.g., at the ISOLDE facility in
CERN. They provide information on new states in 9 Be
and 11 Be such as their excitation energies, spins, and
B(GT ) values. In the β decay of 9 Li, the GT transitions to the low-lying 9 Be states at Ex ≤ 10 MeV are
weak, while strong transitions have been reported to
the 11.81 MeV state1–3) which give an abnormal large
B(GT ) value as a few factor large as the theoretical
value calculated by a shell model4) . The β decay has
also been measured experimentally for the drip-line nucleus, 11 Li5–8) , and many excited states of 11 Be were
observed in the low energy region.
In this paper, we investigate the GT transition
strengths of the β decays, 9 Li→9 Be and 11 Li→11 Be,
with a theoretical method of antisymmetrized molecular dynamics(AMD)9,10) . The distribution of the
B(GT ) values is analyzed for each spin of ﬁnal states.
B(GT ) distribution for the decays 9 Li→9 Be and
11
Li→11 Be is shown in Fig. 1. The calculated B(GT )
values are small for transitions to low-lying states of
Be isotopes because of the 2α-core structures in the
ﬁnal states. Signiﬁcant strengths are found in the
B(GT ) distribution to non-cluster states of 9 Be in the
Ex ≥ 10 MeV region. Also in 11 Li→11 Be decays, relatively large B(GT ) values are found for excited states
at excitation energy Ex ≥ 10 MeV.
Particular attention was paid to the strong βtransition from 9 Li to 9 Be(5/2− ) state at 11.8 MeV
which was reported experimentally1–3) . The present
results are inconsistent with the strong GT transition
to the 5/2− state which shows a large fraction of the
Ikeda sum rule value. Also in terms of the sum rule,
the experimental value B(GT ) = 8.9 for the 5/2− state
seems too large to be described by theoretical calculations if the 9 Li ground state has an ordinary structure.
This work is the ﬁrst in which the AMD method was
applied to the study of GT transitions to highly excited
states. One advantage of the present method is that
one can describe various ﬁnal states in the daughter
nucleus(Be), such as low-lying cluster states and highlying non-cluster states. Although the present model
space is not a complete basis, it exhausts the GT transition strengths exactly.

0

5

10

Ex (MeV)

Fig. 1. B(GT ) distribution for the decays 9 Li→9 Be and
11
Li→11 Be. The B(GT ) values to 1/2− , 3/2− , and
5/2− states of 9,11 Be are piled up. An arrow in each
panel indicates the energy of the IAS state. The value
(gA /gV )2 is taken to be 1.262 . The theoretical values are calculated by using the MV1 force and the
G3RS spin-orbit force with parameters, b = h = 0.15,
m = 0.62 and uI = −uII = 3000 MeV.
2) W. T. Chou, E. K. Warburton and B. A. Brown, Phys.
Rev. C 47, 163 (1993).
3) Y. Prezado et al., Phys. Lett. B576, 55 (2003).
4) D.J. Millener, Eur. Phys. J. A 25, s01, 97 (2005).
5) N. Aoi et al., Nucl. Phys. A616, 181c (1997).
6) H.O.U. Fynbo et al., Nucl. Phys. A736, 39 (2004).
7) Y. Hirayama et al., Phys. Lett. B611, 239 (2005).
8) M. Madurga et al., Phys. Lett. B 677, 255 (2009).
9) Y. Kanada-En’yo, H. Horiuchi and A. Ono, Phys. Rev.
C 52, 628 (1995); Y. Kanada-En’yo and H. Horiuchi,
Phys. Rev. C 52, 647 (1995).
10) Y. Kanada-En’yo and H. Horiuchi, Prog. Theor. Phys.
Suppl.142, 205 (2001).

References
1) G. Nyman et al. [ISOLDE Collaboration], Nucl. Phys.
A 510, 189 (1990).
∗1

Department of Physics, Kyoto University, Japan

- 36 -

1

RIKEN
Accel. Prog.
Prog. Rep.
Rep. 43
43 (2010)
(2010)
RIKEN Accel.

Systematic study of adiabatic-energy surfaces of Be isotopes
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In the last two decades, experiments performed using a secondary RI beam significantly improved our understanding of light neutron-rich nuclei. In particular,
substantial efforts have been devoted to the study of
the molecular structure of Be isotopes. These isotopes
are typical examples of two-center superdeformed systems, which build on 8 Be with an α+α rotor. Like
the covalent electrons of molecules, low-lying states of
these systems are characterized by the formation of
molecular orbitals (MOs) such as π − and σ + orbitals1) .
Furthermore, recent experiments on 12 Be have revealed the existence of many resonant states with
small energy spacings of less than 1 MeV2,3) . The observed resonances decay strongly into 6 Heg.s. +6 Heg.s.
and α+8 Heg.s. . Similar resonances, which decay into
He isotopes, have also been observed in 10 Be2) and
14
Be3) . The observed resonances are the candidates
for the X He+Y He molecular resonances (X,Y = 4, 6,
8) analog to atomic orbital (AO) configurations.
We have attempted to unify the studies on the nuclear structures of 10,12 Be and the nuclear reactions
of α+6,8 He4–6) by applying the generalized two-center
cluster model (GTCM). In this model, various AO
configurations with excess neutrons can be considered
around the α+α cores, and the eigenvalue problem is
solved using the basis functions of the constructed AO
configurations. We found that the characteristic structural change from MOs to AOs is as the function of
excitation energy, and many resonances with small energy intervals are reproduced well.
Recently, we have extended our studies to include
the neutron drip-line systems 14,16 Be = α+α+Xn (X
= 6, 8) In this report, we present the adiabatic energy
surfaces (AESs) calculated using the GTCM and discuss the possible appearance of X He+Y He structures
in heavier Be isotopes. The adiabatic states can be determined by solving the eigenvalue problem for a fixed
α − α distance. The AESs are obtained by connecting
a series of adiabatic states, as shown by the two curves
in Fig. 1.
Two deep minima are observed in the lowest two
AESs of 14 Be. When the α−α distance becomes large,
the energies of the AESs increase, and AESs A and
B are smoothly connected to the asymptotic channels
8
of 6 Heg.s. +8 Heg.s. and 6 He(2+
1 )+ Heg.s. , respectively.
This means that the adiabatic states on the rising part
of the energy curve (shown by the dotted lines with an
arrow) have an enhanced component of the respective
asymptotic channels. Previous calculation of the en-

+

B

6

0

8

He + He

A

14

−10

8

He(21 ) + He

2

4

6
8
10
α − α Distance ( fm )

Be
12

Fig. 1. Adiabatic energy surfaces (AESs) of 14 Be. The circles and curves represent the adiabatic states and the
AESs, respectively. The origin of the energy axis is
taken to be the threshold energy for 6 He+8 He.

ergy levels on the basis of the adiabatic states indicate
that the adiabatic states of 10,12 Be4–6) are stabilized as
the resonant states. Therefore, the present calculation
results strongly suggest the possible appearance of the
6
8
Heg.s. +8 Heg.s. and 6 He(2+
1 )+ Heg.s. structures in the
14
excited state of Be. We can expect 8 Heg.s. +8 Heg.s.
structures in 16 Be because there appears a connection
between the local minimum and the asymptotic channels in AES. We should calculate the energy spectra to
investigate the possibility of the formation of 6 He+8 He
and 8 He+8 He. The calculation of energy level is now
under progress.
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is predicted to be 5.36 MeV without taking the CSB
effect into account.
Next, let us consider tha CSB effect in A = 7
isotriplet hypernuclei. In the case of 7Λ Li, the calculated BΛ is 5.29 MeV, to which the CSB interaction
brings about almost no contribution, because there is
one proton and one neutron outside the α core and the
Λ n and Λ p CSB interactions cancel each other out.
The calculated BΛ s are 5.16 MeV and 5.44 MeV for
7
He
and 7Λ Be, respectively. The CSB interaction works
Λ
repulsively (+0.20 MeV) and attractively (−0.20 MeV)
in the 7Λ He and 7Λ Be cases, respectively. Therefore, our
result indicates that if the experimental energy resolution is as good enough as less than 0.2 MeV, the CSB
effect could be observed in these cases.
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This study is focus on the structure of a multiplet
of Λ hypernuclei such as 7Λ He, 7Λ Li and 7Λ Be; this multiplet is specified by an isospin T , An important subject related to the isospin multiplet of Λ hypernuclei
is the charge symmetry breaking (CSB) component in
ΛN interactions. The most reliable evidence of the
CSB interaction appears in the Λ binding energies
BΛ of the A = 4 members with T = 1/2 (4Λ He and
4
Λ H). The CSB effects are attributed to the difference
∆CSB = BΛ (4Λ He) − BΛ (4Λ H); the experimental values
of ∆CSB are 0.35 ± 0.06 MeV and 0.24 ± 0.06 MeV
for the ground (0+ ) and excited (1+ ) states, respectively. In the p-shell region, there exist mirror hypernuclei such as the T = 1 multiplet with A = 7 (7Λ He,
7
∗
7
Λ Li , and Λ Be). Historically, some authors mentioned
CSB effects in these p-shell Λ hypernuclei1,2) . However, there is no microscopic calculation of these hypernuclei taking account of the CSB interaction.
In this study, we investigate A = 7 hypernuclei
within the framework of an α + Λ + N + N four-body
model so as to take account of the full correlations
between all the constituent baryons. Two-body interactions among constituent particles are chosen so as
to reproduce all the existing binding energies of the
subsystems (αN, αΛN, αΛ,etc). Our analysis is performed systematically for ground and excited states of
αΛN N systems with no more adjustable parameters
in this stage, so that these predictions offer important
guidance for the interpretation of the upcoming hypernucleus experiments such as the 7 Li(e, e K + ) 7Λ He
reaction at Jlab.
First, in Fig. 1, we show the energy spectra of A = 7
hypernuclei without the CSB interaction. The groundstate energy of 7Λ He is −6.39 MeV with the respect to
the α + n + n + Λ four-body breakup threshold. ¿From
7
7
Λ Li to Λ Be, as the number of protons increases, the
Coulomb repulsion becomes more and more effective.
Recently in KEK-E419 experiment3) , they produced
the T = 1, 1/2+ state of 7Λ Li. The observed value
of BΛ =5.26 MeV is in good agreement with our calculated value 5.28 MeV. In the case of 7Λ Be, there are
the old emulsion data giving BΛ =5.16 MeV. This value
should be compared with our obtained value 5.21 MeV.
Then, the BΛ value in the ground 1/2+ state of 7Λ He

Fig. 1. The calculated energy levels of 6 He, 7Λ He, 6 Li∗ , 7Λ Li,
6
Be and 7Λ Be with spin-spin and spin-orbit ΛN interactions. The CSB potential is not included in the calculated energies of A = 7 hypernuclei.
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Shell-model study of Σ-mixing in hypernuclear isotopes
A. Umeya and T. Harada�
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[Nuclear structure, shell model, hypernuclei]

|Dµ |2 (%)

Table 1. Calculated values of Σ-mixing probability PΣ and
One of the important subjects in strangeness nuclear
energy shift ∆ϵ for Λ Li isotopes.
1)
physics is neutron-rich Λ hypernuclei. It is expected
that a Λ hyperon acts as a glue in the nuclei that are
J π T Z N PΣ (%) ∆ϵ (MeV)
beyond the neutron drip line, and knowledge of the
7
1+
0
3
3
0.098
0.085
Λ Li
2
behavior of hyperons in an environment with excess
8
1
1�
3
4
0.172
0.139
Λ Li
2
neutrons will signiﬁ cantly inﬂ uence our understanding
9
3+
1
3
5
0.211
0.172
Λ Li
2
of neutron stars because the addition of hyperons soft10
�
3
Li
1
3
6
0.345
0.280
Λ
2
ens the Equation of State.2) Recently, Akaishi et al.3,4)
suggested that coherent ΛN -ΣN coupling was important in light Λ hypernuclei, and a shell-model study5)
0.30
showed that the Σ-mixing probability and the energy
shift due to the ΛN -ΣN coupling in the 10
0.20
Λ Li ground
state are higher than those in 7Λ Li. The purpose of
0.10
our study is to theoretically clarify the structure of
neutron-rich Λ hypernuclei by using a shell model. In
0.00
PSfrag replacements
this study, we investigate the structure of Λ Li hypernu60
70
80
90
100
clei in which A is in the range 7–10 by focusing on the
E(ψΣµ ) − E(ψΛ
g.s. ) (MeV)
Σ-mixing probabilities and energy shifts in shell-model
calculations for which the ΛN -ΣN coupling eﬀ ect is
Fig. 1. ΛN -ΣN coupling strength |Dµ |2 of the Σ-nuclear
taken into consideration.
states in the ground state of 10
Λ Li.
In the conﬁ guration space for Λ hypernuclei in which
ΛN -ΣN coupling exists, the Hamiltonian is given as
H = HΛ +HΣ +VΛΣ , where HΛ and HΣ are the HamilΛ
eigenstates |ψµΣ ⟩ and the Λ-nuclear ground state |ψg.s.
⟩.
tonians in the Λ and Σ conﬁ guration spaces, respecSeveral
Σ
excited
states
considerably
contribute
to
tively. VΛΣ denotes the two-body ΛN -ΣN coupling
the Σ-mixing. These contributions are coherently eninteraction. We can write a Λ Li eigenstate as
hanced by conﬁ guration mixing, which is caused by
∑
∑
the ΣN interaction, leading to the enhancement of the
|Λ Li⟩ =
Cν |ψνΛ ⟩ +
Dµ |ψµΣ ⟩,
(1)
Σ-mixing probability. It is shown that the nature of
ν
µ
the Σ-nuclear states plays an important role in the
ΛN -ΣN coupling. Such a Σ admixture is required in
where |ψνΛ ⟩ and |ψµΣ ⟩ are eigenstates of HΛ and HΣ , rea DWIA calculation10) to explain the (π � , K + ) specspectively. We construct wave functions in the p-shell
10
trum of 10
B target at 1.2 GeV/c.11)
model space for the nucleon part and the s-shell model
Λ Li on a
space for the hyperon part. In the case of NN eﬀ ecReferences
tive interaction, we consider the Cohen-Kurath (8–16)
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rich 10
Li
ground
state;
these
values
are
about
three
Λ
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times those of 7Λ Li.
9) Th. A. Rijken, V. G. J. Stoks, and Y. Yamamoto: Phys.
Figure 1 shows the calculated values of the strength
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Nuclear-reaction experiments have revealed various
exotic phenomena of unstable nuclei. The study of the
nuclear-breakup process is very important in the case
of reactions induced by light unstable nuclei because
of the weak binding nature of these nuclei. When the
projectile nucleus breaks up to form a two-body or a
three-body system, it is necessary to solve the threebody or the four-body scattering problem, respectively,
including the target nucleus. Although it is difficult to
accurately solve the three- and four-body scattering
problems, many authors have attempted to describe
breakup reactions.
The continuum-discretized coupled-channel (CDCC)
method is known to be useful in analyzing the nuclear
breakup processes1) . In CDCC, the breakup continuum states of the projectile nucleus are discretized in
an appropriate manner. Recently, pseudo-state (PS)
CDCC method was developed; using this method the
continuous S-matrix elements can be calculated by introducing a smoothing function when the projectile
breaks up and forms a two-body system2) . It also becomes possible to include the three-body breakup effects of projectile like 6 He in analysis of elastic scattering3) . More recently, several new methods for obtaining smoothing functions have been developed4) ; these
methods can be used to study three-body breakup.
In the present study, we propose another approach.
We consider applying the complex-scaling method5)
to the CDCC [ complex-scaled (CS) CDCC ] method
such that only the internal coordinate and the momentum of the projectile are complex-scaled. The expected advantages of CS-CDCC are as follows: (1)
In spite of the discretization, exact continuum level
density can be obtained7) , and then, the continuous
S-matrix elements can also be calculated without introducing any smoothing function. (2) In the complexscaling method, the three-body scattering problem can
be properly solved6) . (3) The resonance state is strictly
separated from the continuum states; as a result, the
CS-CDCC method is more advantageous for investigating the reaction mechanism than the ordinary
CDCC method5) .
We derive the CS-CDCC equation for the breakup
reaction d → p + n on a 58 Ni target at an inci-

CS−CDCC
o

θ=5

0.2

θ = 10
0
0

0.5
−1
k (fm )

o

1

Fig. 1. Squared modulus of S-matrix elements as a function
of k.

dent energy of Ed =80 MeV. The potential parameters
are taken from Ref.2. For simplicity, we neglect the
deuteron states corresponding to =2, the Coulomb
potential between the proton in deuteron and 58 Ni, and
the imaginary potentials of the p-58 Ni and n-58 Ni systems. Further theoretical study is necessary to account
for the imaginary potentials. The CS-CDCC equation
is solved by applying the proper boundary condition.
Since the calculated S-matrix elements are complexscaled, they are projected onto the real-energy axis, as
in the calculation of the strength function in Ref.6.
Figure 1 shows the calculated S-matrix element for
total angular momentum J=17 as a function of the relative momentum k between the proton and the neutron
in a deuteron. The open circles represent the result of
the ordinary PS-CDCC calculation, and the solid and
dotted curves represent the results of the CS-CDCC
calculations at the scaling angles θ of 10◦ and 5◦ , respectively. It is found that the results of the CS-CDCC
calculations at a scaling angle of 10◦ are almost equivalent to those of PS-CDCC. As expected, the dotted
curve exhibits oscillatory behavior. This result indicates that CS-CDCC can be used for analyzing the
nuclear breakup reactions. It should be noted that
the exact S-matrix elements can be obtained using CSCDCC without the need for any smoothing function.
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Long-Range Correlations and the Quenching of Spectroscopic Factors
C. Barbieri,∗
This work considered the valence orbits around the
closed-shell 56 Ni isotope and investigated how diﬀerent
types of correlations quench their spectroscopic factors
(SFs). The single-particle Green’s function1) was calculated in Refs.2,3) within a large basis, including up
to 10 oscillator shells. This space is large enough to
include long-range correlations (LRC) eﬀects directly.
Short-range correlations (SRC) from outside this space
were accounted for by using a G-matrix.
The LRC were treated in the Faddeev random
phase approximation (FRPA), which includes particlevibration coupling in all possible channels. This leads
to the spectral function depicted in Fig. 1 where the
single particle states of the valence orbits in the pf shell
are evident. Their SFs are obtained from
�
�
1
�
,
(1)
Zα =
�
⋆
∂Σ (ω)
1 − α̂α̂ �
A±1
A
∂ω

ω=±(Eα

57

Ni:

55

Ni:

ν1p1/2
ν0f5/2
ν1p3/2
ν0f7/2

SRC
0.96
0.95
0.95
0.95

Exp.5)

0.58(11)

Table 1. Quenching of neutron SFs around 56 Ni, as obtained in a large space with up to 10 oscillator shells.
The column “SRC7’ includes only SRC eﬀects in calculating Eq. (1). “S+LRC” is the full FRPA result with
both SRC and LRC from particle-vibration couplings.
The column “FRPA+∆Zα ” includes the correction for
additional conﬁguration mixing estimated in Tab 2.

−E0 )

where Σ⋆α̂α̂ (ω) ≡< ψ̂α |Σ⋆ (ω)|ψ̂α > is the matrix element of the self-energy calculated for
� the overlap function itself but normalized to unity ( dr |ψ̂α (r)|2 = 1).

10 osc. shells
S+LRC FRPA+∆Zα
0.63
0.61
0.59
0.55
0.65
0.62
0.72
0.69

57

Ni:

55

Ni:

ν1p1/2
ν0f5/2
ν1p3/2
ν0f7/2

FRPA
0.79
0.79
0.82
0.89

pf space
SM
0.77
0.75
0.79
0.86

∆Zα
-0.02
-0.04
-0.03
-0.03

Table 2. Comparison of SFs obtained with the FRPA and
the SM (up to 6p6h conﬁgurations), for the pf model
space. The diﬀerences (∆Zα ) estimate the importance
of conﬁguration mixing beyond 2p1h ans 2h1p.

Fig. 1. Single-particle spectral distribution for neutrons in
56
Ni 2,3) . Energies above (below) EF are for transitions
to excited states of 57 Ni (55 Ni). The quasiparticle states
close to the Fermi surface are clearly visible.

The formalism of Ref.2) allows to separate the contributions of SRC and LRC to the derivative in Eq. (1).
The SFs obtained for neutron orbits are given in the
ﬁrst two columns of Tab. 1 for the chiral N3LO interaction4) : LRC are responsible for most of the quenching. In order investigate the importance of conﬁguration mixing near the Fermi surface (not included in the
FRPA formalism), both shell-model (SM) and FRPA
were also calculated in the sole pf shell model space.
Tab. 2 shows that the correction due to extra correlations in the SM is almost negligible in this case. The
total results after adding this correction is given Tab. 1
†
∗

Condensed from the article in Ref.3)
Theoretical Nuclear Physics Laboratory, RIKEN Nishina
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and nicely agree with the experiment. Similar conclusions were obtained for 48 Ca as well3) .
It remains clear that conﬁguration mixing (that is,
SM) eﬀects have an important impact on open shell
nuclei where they can determine the relative SFs (i.e.,
the fragmentation pattern at low energy)6) . On the
other hand, the overall quenching of absolute SFs requires the coupling to collective modes at higher energies which cannot be approached by standard SM
calculations. For valence orbits around shell closures,
particle-vibration coupling was found to be the main
mechanism. Proper calculations of this eﬀect may pave
a new way for understanding eﬀective charges and interactions in the SM.
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Contribution of core polarization for electric quadrupole moments of
neutron-rich nuclei in the island of inversion†
Kenichi Yoshida
[Nuclear structure, Density functional theory, Unstable nuclei]

i

λj

are obtained by diagonalizing the Hamiltonian
�
�
Ei β̂i† β̂i +
h̄ωλ B̂λ† B̂λ + Ĥcouple .
Ĥ =
i

(2)

λ

Here, β̂i† and B̂λ† are creation operators of the Bogoliubov quasiparticles and the QRPA phonons respectively. The Bogoliubov quasiparticles have excitation
energy of Ei . The QRPA phonons with excitation energy h̄ωλ represent the collective vibrations, including
low-lying states and giant resonances. The vacuum |0�
represents the ground state of the neighboring even
system.
In the present calculation, 31 Al, 33 Al, and 35 Al are
described as a proton single-hole state (πd5/2 )−1 coupled to a 32 Si,34Si, and 36 Si core to form I π = 5/2+.
Figure 1 shows the ground-state Q moments of Al isotopes. The calculated Q moment of 31 Al agrees well
with the new experimental value5) , which is denoted as
exp(2) in the ﬁgure. The diﬀerence between the values
denoted by ﬁlled squares and diamonds represents the
core polarization eﬀect.
The predicted Q-moment of 33 Al also agrees well
with the experimental value3) . The diﬀerence between
the value denoted as GR by the ﬁlled circle and the
value denoted by the diamond represents the core polarization eﬀect originated from the coupling to the
†
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16
Q moment of Al (efm2)

At present, the small excitation energy of the ﬁrst
+
2+ state and striking enhancement of B(E2; 0+
1 → 21 )
32
1)
in Mg are being actively studied with reference to
the onset of the quadrupole deformation and the disappearance of the spherical magic number N = 20.
The electric quadrupole moment (Q moment) represents the deviation from a sphere. The Q moment is
directly related to the deformation property of the nucleus, and hence it is desirable to experimentally and
theoretically investigate the Q moment of neutron-rich
nuclei around N = 202) . Recently, the Q moment of
33
Al was measured at GANIL3) .
In order to study the Q moments of neutron-rich
Al isotopes in the vicinity of the “island of inversion,”
we carry out particle-vibration coupling (PVC) calculation on the basis of the Skyrme energy-density functional; the self-consistent HFB + quasiparticle-RPA
(QRPA) that was developed recently4) .
The wave functions of the odd-A system,
�
�
c0i β̂i† |0� +
c1λj B̂λ† β̂j† |0�,
(1)
|φ� =

14
12
10

exp(2)
exp(1)

exp(3)
no pairing
GR

8
6
18

20
Neutron number

22

Fig. 1. Comparison of Q moments of 31,33,35 Al determined
from experiments (open triangles) and by calculations
with/without pair correlation (filled squares/circles).
The calculation that includes only the giant quadrupole
resonance (GR) is also shown. Filled diamonds represent the Q moment of the proton 1d−1
5/2 state. The experimental values, exp(1), exp(2), and exp(3), are obtained from Ref.2) , Ref.5) and Ref.3) , respectively.

giant quadrupole resonance only. This is about 70% of
the observed value. Hence, the further enhancement is
required to explain the experimental Q-moment. The
coupling to the low-lying 2+ state brings about this
enhancement.
Note that calculations indicate the core nucleus to
be spherical. However, the narrowing of the N = 20
shell gap as shown in Fig. 2 in Ref.6) , and the neutron
pairing across N = 20 that results in a neutron 2p −2h
conﬁguration admixture, play a crucial role in explaining the experimental value. When the neutron pairing
is not considered, the enhancement of the Q moment
resulting from the coupling to the low-lying 2+ state is
about half as shown in Fig. 1 (the ﬁlled circle denoted
as “no pairing”).
The results of the calculation indicate the weakening
of the N = 20 magicity in 33 Al. However, this weakening is insuﬃcient to drive permanent nuclear deformation. Therefore, we consider that 33 Al is located on
the border of the ”island of inversion.”
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Clustering and superdeformation in sd-shell region
Y. Taniguchi
[nuclear structure, clustering, superdeformation]
Studies on the structures in 28 Si and 40 Ar have been
focused on superdeformation and clustering; deformedbasis antisymmetrized molecular dynamics (AMD)
and the generator coordinate method (GCM) have
been used in these studies.
A deformed-basis AMD wave function is a Slater determinant of triaxially deformed Gaussian wave packets. By varying the energy while applying constraints,
the wave functions of various structures were obtained.
Parity and angular momentum before and after energy
variation, respectively, were projected. By superposing those obtained wave functions after parity and angular momentum projections, Hamiltonian and norm
matrices were diagonalized (GCM).
1

α clustering and superdeformation in

28

Si

It was proposed to develop α–24 Mg cluster structures by carrying out the 24 Mg(6 Li, d) reaction1) .
By applying constraints to the cluster distance and
quadrupole deformation during variational calculation,
GCM basis wave functions with various structures such
as α–24 Mg and 12 C–16 O cluster structures and deformed structures are obtained. The superposition
of these basis wave functions yields an oblate ground
state band, a β vibration band, a normal-deformed
prolate band (ND), and a superdeformed band (SD).
The ND and SD bands correspond to a high percentage of the 12 C–16 O and α–24 Mg cluster components,
respectively. The results also suggest the presence of
two excited bands with the developed α–24 Mg cluster
structure; the intercluster motion and the 24 Mg-cluster
deformation play important roles in this cluster structure.
The details of this work is reported in Ref. 2. This
was a collaborative study by Y. Taniguchi of RIKEN,
Y. Kanada-En’yo of Kyoto University, and M. Kimura
of Hokkaido University.
2

Triaxial superdeformed states in

40

ground state band was determined. This SD band includes a K π = 2+ sideband due to the triaxiality. The
calculated values of the quadrupole electric transition
strength of the SD band agree well with the experimental values. The present results suggest that the ex+
perimentally observed J π = 2+
5 (3.92 MeV), 3 (4.23
MeV), and (2, 3, 4)+ (5.17 MeV) states are members
of the K π = 2+ SD band. It is important to consider
triaxiality in order to understand deformations in lowlying states.
The details of this work is reported in Ref. 4. This
was a collaborative study by Y. Taniguchi of RIKEN,
M. Kimura of Hokkaido University, Y. Kanada-En’yo
of Kyoto University, K. Ikeda of RIKEN, H. Horiuchi
of Osaka University, and E. Ideguchi of the University
of Tokyo.
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Ar

Very recently, the presence of an SD band corresponding to the J π = 0+
2 state (2.12 MeV) was experimentally conﬁrmed up to the J π = (12+ ) state
3)
, but theoretical studies on the SD states have not
been conducted. GCM basis wave functions were obtained by considering the energy variation by applying a constraint on the quadrupole deformation parameter β, and other quantities such as the triaxiality
γ were optimized by energy variation. By performing the GCM calculation, an SD band just above the
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Examination of non-monotonic shell evolution beyond N = 28 on the
basis of the β-decay of K isotopes
Y. Utsuno,∗1 T. Otsuka,∗2∗3 B.A. Brown,∗4∗3 M. Honma,∗5 and T. Mizusaki∗6
[Nuclear structure, shell model, unstable nuclei]
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Fig. 1. Proton single-particle energies of 1s1/2 and 0d5/2
measured from 0d3/2 as a function of the neutron
number. Solid lines and dashed lines represent the
shell-model and Woods-Saxon potential, respectively.
Filled circles denote experimentally observed singlehole states in corresponding K isotopes.
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One-body potentials such as the Woods-Saxon potential have been successful in describing the shell
structure of near-stable nuclei. The one-body picture always gives a smooth and monotonic change in
the shell structure as the number of nucleons varies.
On the other hand, it has recently been pointed out
that the monopole interaction, an angular-momentumaveraged interaction between two orbits, could cause a
different behavior in very neutron-rich regions.1) It is
thus of great interest to find such a manifestation of
shell evolution.
In this study, we explore the proton shell structure;we perform shell-model calculations using a
monopole-based universal interaction picture proposed
recently.2) Many cases of single-particle evolution in
exotic nuclei have been successfully explained by considering a simple force consisting of a Gaussian force
as the central force and a π + ρ meson-exchange force
as the tensor force.2) In the present study, the parameters in expression for the central force given in Ref.
2 are modified to better fit to the central part of the
GXPF1 interaction.3) Part of the work was carried out
as a RIKEN-CNS collaborative project on large-scale
nuclear structure calculations.
The shell-model interaction considered in this study
predicts the proton shell evolution to be quite different from that predicted by the potential picture, as
shown in Fig. 1. The 1s1/2 orbit moves above 0d3/2
at N = 28, and it goes down below 0d3/2 at N = 32,
where 1p3/2 is fully filled. This is an example of nonmonotonic shell evolution, which is never given by the
one-body picture.
If non-monotonic shell evolution occurs, the ground
state of 51 K must be 3/2+ . Although there is no direct
measurement of the spin/parity of 51 K, we have found
that it is highly likely that the ground state is 3/2+ .
Our finding is supported by the good agreement between the β-decay properties observed experimentally
and those obtained theoretically (Fig. 2). The experimental decay pattern cannot be explained from the
1/2+ state of 51 K.

2

-

1
0

6.0(1) 3/2-

Exp.

Calc.

Fig. 2. Comparison of log f0 t values of β decay from 51 K
to 51 Ca obtained experimentally4) and by shell-model
calculations in which the ground state of 51 K is assumed
to be 3/2+ .
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Shell-model description of N =Z pfg-shell nuclei
M. Honma,∗1 T. Otsuka,∗2,∗3 T. Mizusaki,∗3 and M. Hjorth-Jensen∗4
[NUCLEAR STRUCTURE, shell model]
In upper pf-shell nuclei, various interesting phenomena have been discovered recently, such as the development of nuclear deformation, the coexistence of different shapes near the ground state, the formation of
isomeric states, the double β decay, and so on. In
neutron-rich nuclei, the shell structure can be different from that of the stable nuclei, which reveals a new
aspect of the nuclear tensor force1) . For deeper understanding and reliable predictions of these phenomena,
a unified theoretical framework has been desired.
We have developed an effective interaction JUN45
for shell-model calculations in the model space consisting of valence orbits 1p3/2 , 0f5/2 , 1p1/2 and 0g9/2 assuming an inert 56 Ni core (f5pg9-shell). Here, we modified a realistic interaction (renormalized G-matrix2)
derived from the Bonn-C potential) through the iterative fitting calculations to a body of experimental energy data as we did in the derivation of the GXPF1
interaction for the pf-shell3) . In the latest iteration,
we have attained the rms error of 185 keV for 400 data
taken from 87 nuclei with masses A=63-96.
In N =Z nuclei, since protons and neutrons occupy
the same orbit, the strong proton-neutron interaction
works efficiently, which can develop significant collectivity. In the derivation of the JUN45 interaction,
we excluded the experimental data of nuclei around
N ∼Z∼40 region for the fit in order to avoid possible
difficulties for describing such collectivity due to the
limited model space. Therefore, it is interesting to examine to what extent we can explore this region with
the f5pg9-shell space.
As an example, we consider 68 Se (N =Z=34), for
which the shape coexistence has been predicted by
the deformed potential model. Experimental observation5,6) is in fact consistent with the oblate ground
state band, which is crossed by an excited band with
prolate shape at around the spin J∼8. As shown in
Fig.1, we have obtained two low-lying bands on top of
+
the 0+
1 and the 02 states. The calculated quadrupole
+
2
moment for the 2+
1 is +44efm , and that for the 22
2
state is −41efm . This indicates that the ground band
shows the oblate shape, while the excited band is prolate, which is consistent with the experimental findings. However, the calculated moment of inertia is
†
∗1

∗2

∗3

∗4
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Fig. 1. Comparison of energy levels between the experimental data and the shell-model results for 68 Se. The
width of the arrow drawn in the experimental part corresponds to the relative γ-ray intensity, while it stands
for the relative B(E2) values in the theoretical part.
Experimental data are taken from Refs.5,6) . The shellmodel results are obtained by using the efficient shellmodel code MSHELL4) .

somewhat too small especially in the prolate band. As
a result, the crossing with the oblate band never occurs. This indicates the insufficient collectivity for the
prolate deformation within the present model space.
The calculated occupation number of the g9/2 orbit
is almost constant within each band. It is about 1.0,
2.3, and 4.1 for the low spin (J=0∼8), intermediate
spin (J=10∼14), and high spin (J=16∼22) band, respectively. Thus, the higher spin bands are generated
by successive promotions of nucleons into the g9/2 orbit. Considering the reasonable overall agreement between the experimental data and the shell-model results, we can expect that the JUN45 successfully describes the single-particle properties related to the g9/2
orbit in the deformed mean potential.
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Newly developed program for the Monte Carlo shell model
N. Shimizu,�

1

Y. Utsuno,�

2

T. Abe,�

1

and T. Otsuka�

1,� 3

[nuclear structure, shell model, computational physics]
The Monte Carlo shell model method (MCSM)
has been developed since 19951) in order to avoid
the diﬃculty of diagonalizing the Hamiltonian matrix
which has very large dimensions in the nuclear shell
model. The MCSM has been successfully applied in
the nuclear-structure study up to the medium-heavy
nuclei, including exotic nuclei2) by using the powerful
Alphleet-1 and Alphleet-2 computer clusters.
As its applicability is enlarged, the MCSM code has
been extended accordingly. For instance, the MCSM
was recently used to perform ab initio calculations.
Nevertheless, the original MCSM code has some limitations that restrict its use in more up-to-date nuclearstructure calculations. In particular, it can handle only
isospin-conserving interactions. In most ab initio calculations, the isospin symmetry is not assumed to be
conserved. If we consider the portability of the code,
the original code is not expected to run on most stateof-the-art supercomputers because the Parallel Virtual
Machine (PVM)3) , which is decreasing in popularity,
is used for parallel computing. It is not easy to overcome these limitations by locally modifying the existing code. This is partly because the original MCSM
code was coded in Fortran 77, in which it becomes increasingly diﬃcult to develop well-structured code as
the size of the code increases.
In order to overcome these limitations and fully utilize modern computational technologies, we initiated
a project to write a novel MCSM code from scratch.
The new MCSM code is equipped with the following
features:
(1) The code is written in modern Fortran 95.
(2) Hybrid parallel computing based on Message
Passing Interface library (MPI)4) and OpenMP
is used.
(3) It can handle isospin-breaking interaction.
(4) It can evaluate many physical quantities which
are important in ab initio calculations (e.g. rootmean-square radius).
(5) The code incorporates a new algorithm for the
calculation of the Hamiltonian matrix elements.
At the present stage, the new code can calculate
the Hamiltonian matrix elements using the angularmomentum and parity projection for any Slater determinant basis, and the eigenvalue of the Hamiltonian
can be obtained with those matrix elements. The code
for generating and selecting bases is to be developed.
� 1
� 2
� 3
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Since calculating the Hamiltonian matrix element is
the most time-consuming part in MCSM, it is worth
examining its computing performance by comparing
with the original code. As a benchmark calculation,
the eigenvalue of the Hamiltonian for the 0+ of 56 Ni
in pf -shell is computed with given ﬁ ve Slater determinants. Angular momentum is fully projected by performing three-dimensional (25 × 25 × 25) integration.
Table 1 shows the computation time on a system with
an Intel Xeon E5430 2.66-GHz processor and an Intel
Fortran compiler version 11.1 was used. In Table 1,
codes “orig.”, (A), (B) represent the original MCSM
code, newly developed code without feature (5), and
newly developed code with feature (5), respectively.
Although the new code (A) has the same algorithm as
the original one, its performance is 25% better than
that of the original code because of feature (1).
code
orig.
(A)
(B)
computation time [sec.]
61.1 46.0 30.5
Table 1. Result of the benchmark test for 56 Ni in the pf shell. See the text for more details.

We wrote the new code (B) so that the Hamiltonian
matrix elements of the two-body interaction are computed by matrix multiplication; here, we exploit the
symmetries of the two-body interaction to reduce the
computation time. Table 1 indicates that this algorithm results in an improvement of 50% in the performance, and, consequently, the performance of the new
code (B) is superior to that of the original one by a
factor of two.
This newly developed code and state-of-the-art supercomputers will enable us to attack p-shell nuclei
and its beyond through ab initio calculations. In addition, the good maintainability of the code makes it
easy for us to incorporate useful functions, for example, a quasi-particle vacuum can be adopted as a basis
wave function5) .
This study is a part of the RIKEN-CNS joint project
for large-scale nuclear-structure calculations.
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Microscopic description of oblate-prolate shape mixing in proton-rich
Se isotopes
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momentum.
The results of calculations show that oblate-prolate
shape mixing becomes weak as the rotational angular
momentum increases, and this is a common feature of
all the three isotopes. We have analyzed the dynamical origin of this trend and found that the rotational
energy plays a crucial role in determining the degree of
localization of the collective wave function in the (β, γ)
plane. The rotational eﬀ ect causing the localization of
the collective wave function may be called “rotational
hindrance of shape mixing.”
0.5
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βsinγ

0.4
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0.3
0.2
0.1
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0.1 0.2 0.3 0.4 0.5
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Fig. 1. Collective path for 72 Se obtained by the ASCC
method. The collective path projected onto the (β, γ)
plane is indicated by the solid line on the potential energy surface.
8
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Recent experimental data1) for 70 Se and 72 Se indicate that there is a gradual change in the character
of the ground rotational band from oblate to prolate
with an increase in the angular momentum. The data
also suggest considerable mixing of the oblate and prolate shapes in the low-lying states of 70 Se and 72 Se.
Since shape mixing is caused by large-amplitude collective motion connecting diﬀ erent shapes, it cannot be
theoretically described within the static mean-ﬁ eld approximation or the small-amplitude ﬂ uctuations about
equilibrium shapes.
We investigate the shape coexistence/mixing dynamics in 68 Se, 70 Se, and 72 Se by the adiabatic selfconsistent collective coordinate (ASCC) method2) ; this
method enables us to extract the collective degrees of
freedom (collective path) that provide information on
the dynamics of large-amplitude shape mixing. As
to the microscopic Hamiltonian, we use the pairingplus-quadrupole model that takes into consideration
the quadrupole-pairing force.
The one-dimensional collective path and the collective Hamiltonian describing the large-amplitude shape
vibration are derived fully microscopically. It is found
that the collective path almost follows the triaxial potential valley, indicating the importance of the triaxial
degree of freedom in these isotopes.
The excitation spectra, B(E2), and spectroscopic
quadrupole moments are calculated by requantizing
the collective Hamiltonian and solving the collective
Schrödinger equation. The basic properties of the two
coexisting rotational bands in the above-mentioned nuclei are found to be well reproduced. In the case of
68
Se, the energy of the calculated 0+
2 state is located
above that of 2+
2 state, suggesting that the low-lying
states in 68 Se are in an intermediate situation between
oblate-prolate shape coexistence and the Wilets-Jean
γ-unstable model. This γ-unstable nature is also found
from the calculated interband E2-transition probabilities. In the case of 70 Se, we found cross-talks of the
E2 transitions between the 2+ and 4+ states associated with a signiﬁ cant change in the localization properties of the wave functions. In the case of 72 Se, the 0+
1
wave function has the maximum value at the oblate deformation, while the prolate character develops in the
ground rotational band with an increase in the angular
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Fig. 2. Theoretical and experimental excitation spectra
and B(E2) values for low-lying states in 72 Se. The values of the B(E2) are shown in units of e2 fm4 .
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Eﬀects of Oblate-Prolate Symmetry Breaking on Triaxial
Deformation Dynamics†
K. Sato,∗1 N. Hinohara, T. Nakatsukasa, M. Matsuo,∗2 and K. Matsuyanagi∗3
[Nuclear structure, large-amplitude collective motion, shape coexistence]
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tures of the excitation spectrum in the (1+3)D model
are identical to those in the (2+3)D model. In particular, the ordering of these eigenstates in the calculations
based on the two models is identical. One can also
see that in both the models, the interband transitions
between the initial and ﬁnal states having equal angular momentum become weaker with increasing angular
momentum. This is caused by the oblate-prolate asymmetry in the moments of inertia. These observations
indicate that the β-γ coupling plays only a secondary
role and that the major feature of the excitation spectrum is determined by the triaxial deformation dynamics. The γ-dependence of the collective masses and the
collective potential also play an important role.
We performed numerical calculations for the triaxial
deformation dynamics using this model. The results of
the calculations revealed the following: (1) The relative energy of the excited 0+ state can indicate the
potential shape along the γ direction. (2) Speciﬁc E2
transition probabilities are sensitive to the breaking of
the oblate-prolate symmetry. (3) Nuclear rotation may
induce the localization of collective wave functions in
the (β, γ) deformation space.
References
1) A. Bohr and B. R. Mottelson, Nuclear Structure, Vol.
II (W. A. Benjamin Inc., 1975; World Scientiﬁc, 1998).

Excitation Energy [MeV]

In recent years, experimental data suggesting the
coexistence of a ground-state rotational band with
an oblate shape and an excited band with a prolate
shape in proton-rich unstable nuclei have been obtained. These observations along with the variety of
shape coexistence phenomena observed in various regions of the nuclear chart stimulate the development of
a nuclear structure theory capable of describing largeamplitude collective phenomena.
In this study, from the viewpoint of oblate-prolate
symmetry and its breaking, we propose a simple model
based on the quadrupole collective Hamiltonian in order to study the dynamics of triaxial deformation in
shape coexistence phenomena. Our model can describe
the axially symmetric rotor model, the γ-unstable
model, the rigid triaxial rotor model, an ideal situation for the oblate-prolate shape coexistence, and
the intermediate situations between them by varying
a few parameters. It is derived from the well-known
ﬁve-dimensional quadrupole collective Hamiltonian1)
by ﬁxing the β degree of freedom, and thus, it is
(1+3) dimensionala) (one dimension for γ vibration
and three dimensions for rotation). Using this model,
we ﬁrst analyze the properties of low-lying states in
the case where the collective masses possess the oblateprolate symmetry; this is done by varying the parameters of the collective potential. Then, we investigate
how the properties of the low-lying states change when
the oblate-prolate symmetry is broken in the collective
masses. We also evaluate the validity of the (1+3)D
model by liberating the β degree of freedom, i.e., by
using the (2+3)D model, for the case involving the intermediate situation between the γ-unstable and ideal
oblate-prolate shape-coexistence limits; we are particularly interested in the intermediate situation.
Figure 1 shows the excitation spectra and B(E2)
values of the (1+3)D and (2+3)D models for the intermediate situation mentioned above, where the oblateprolate symmetry is broken both in the collective potential and the inertial mass functions; here, the collective potential has an oblate local minimum, and
the prolate local minimum is slightly higher than the
oblate one. The moments of inertia are larger on the
oblate side than on the prolate side. The essential feaCondensed from the article in Prog. Theor. Phys. 123
(2010), 129.
Department of Physics, Kyoto University
Department of Physics, Niigata University
Yukawa Institute for Theoretical Physics, Kyoto University
Therefore, we call it the (1+3)D model.
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Fig. 1. Comparison of the excitation spectra and E2transition properties in the (1+3)D model (left) with
those in the (2+3)D model (right); the B(E2) values are
+
written on the transition arrows, with B(E2; 2+
1 → 01 )
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Analysis of

78

Ge by generator coordinate method

K. Higashiyama∗1 and N. Yoshinaga∗2
[Nuclear structure, generator coordinate method]

� (𝜏𝜏 )
�Ψ

𝐼𝐼𝜏𝜏 𝑀𝑀𝜏𝜏 𝜌𝜌

〉

=

∑
𝑖𝑖

𝐼𝐼𝜏𝜏
∑

𝐾𝐾𝜏𝜏 =−𝐼𝐼𝜏𝜏

6

�
〉
𝐼𝐼𝜏𝜏 𝑖𝑖 ˆ 𝐼𝐼𝜏𝜏
�Φ𝜏𝜏 (𝛽𝛽𝑖𝑖 , 𝛾𝛾𝑖𝑖 ) , (1)
ℱ𝐾𝐾
𝑃𝑃
𝜏𝜏 𝜌𝜌 𝑀𝑀𝜏𝜏 𝐾𝐾𝜏𝜏

𝐼𝐼𝜏𝜏
𝐼𝐼𝜏𝜏 𝑖𝑖
where 𝑃𝑃ˆ𝑀𝑀
is the spin projection operator, ℱ𝐾𝐾
is
𝜏𝜏 𝐾𝐾𝜏𝜏
𝜏𝜏 𝜌𝜌
the weight function to be determined by the PGCM,
and 𝑖𝑖 stands for a representative point of deformation
(𝛽𝛽𝛽 𝛽𝛽). Then, the many-body wavefunction for an eveneven nucleus can be written as
�
〉 [�
〉 �
〉]
�Ψ𝐼𝐼𝐼𝐼 (𝐼𝐼𝜈𝜈 𝜌𝜌𝜌𝜌𝜋𝜋 𝜎𝜎) = �Ψ(𝜈𝜈) ⊗ �Ψ(𝜋𝜋) (𝐼𝐼) ,
(2)
𝐼𝐼𝜈𝜈 𝜌𝜌
𝐼𝐼𝜋𝜋 𝜎𝜎 𝑀𝑀

where 𝐼𝐼 is the total spin and 𝑀𝑀 is its projection.
PGCM calculations are carried out for two cases: (i)
triaxial deformations with 𝛽𝛽 = 0.2, 0.6, 1.0 and 𝛾𝛾 =
10∘ , 20∘ , 30∘ , 40∘ , and 50∘ (15 points); (ii) only axial
deformations with 𝛽𝛽 = 0.0, 0.2, ⋅ ⋅ ⋅, 2.0, 3.0, and 4.0
and 𝛾𝛾 = 0∘ , 60∘ (25 points).
∗1
∗2

78

5

E (MeV)

The intriguing properties of the even-even Se and Ge
isotopes in the mass region 𝐴𝐴 ∼ 80 have been investigated in a number of previous experimental and theoretical studies1) . These isotopes belong to a typical
transitional region that lies between spherical and deformed regions. The structure of their low-lying states
can be attributed to the interplay of rotational and
vibrational collective motions. For high-spin states, 𝛾𝛾ray spectroscopy of the near-yrast states in the 𝑁𝑁 = 44
and 46 isotones of Se (80,82 Se) was carried out for deepinelastic reactions2) . Recently, full-ﬂedged shell-model
calculations have been performed on the even-even and
odd-mass nuclei in this mass region3) . The shell model
calculations well reproduce the experimental energy
levels and electromagnetic transition rates for the lowlying and high-spin states.
In the present study, we apply the quantum-numberprojected generator coordinate method (PGCM) to
78
Ge under the same interaction as used in previous
shell model studies3) . All the four orbitals 𝑔𝑔9/2 , 𝑝𝑝1/2 ,
𝑝𝑝3/2 , and 𝑓𝑓5/2 in the major shell of 28 ≤ 𝑁𝑁 (𝑍𝑍) ≤ 50
are considered, and the valence neutrons (protons) are
treated as holes (particles).
In the present scheme, the spins of the neutron and
proton systems (𝐼𝐼𝜈𝜈 and 𝐼𝐼𝜋𝜋 ) are projected separately,
and the total spin is constructed by angular momentum coupling. To generate functions �for the PGCM,
we
〉
employ the intrinsic Nilsson states �Φ𝜏𝜏 (𝛽𝛽𝛽 𝛽𝛽) for the
neutron or proton systems (𝜏𝜏 = 𝜈𝜈 or 𝜋𝜋), where (𝛽𝛽𝛽 𝛽𝛽)
denotes the deformation parameters. The PGCM
wavefunction for the 𝜌𝜌th state of a spin 𝐼𝐼𝜏𝜏 in neutron
or proton spaces is given by
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Fig. 1. Excitation energies calculated using the shell model
states (open circles) and the PGCM (crosses) as a function of spin 𝐼𝐼 in 78 Ge.

In Fig.1, energy levels calculated with the shell
model are compared with those calculated by the
PGCM for 78 Ge. The PGCM results for triaxial and
axial deformations are shown in the left and right panels, respectively. In both cases, the PGCM reproduces
the energy levels of the even-spin yrast band well. In
the case of the other excited states, the PGCM calculations performed by assuming triaxial deformation
are in good agreement with the shell model results, es+
+
+
pecially for the 2+
2 , 31 , 42 , and 51 states, which are
members of the 𝛾𝛾-band. However, the energy levels
calculated by assuming only axial deformation for the
+
+
2+
2 , 31 , and 51 states are higher than those calculated
using the shell model. Apparently, the description of
+
+
+
the 2+
2 , 31 , 42 , and 51 states is not satisfactory when
assuming only axially symmetric shape. The triaxial
components play an essential role in the description of
these states.
References
1) K.-H. Speidel et al.: Phys. Rev. C 57, 2181 (1998), and
references therein.
2) G. A. Jones et al.: Phys. Rev. C 76, 054317 (2007).
3) N. Yoshinaga, K. Higashiyama, and P. H. Regan: Phys.
Rev. C 78, 044320 (2008).
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Simple-model analysis of doublet bands in doubly odd nuclei
N. Yoshinaga∗1 and K. Higashiyama∗2
[Nuclear structure, quadrupole coupling model, chopsticks conﬁguration]
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Recently, the study of Δ𝐼𝐼 = 1 doublet bands become one of the most interesting subjects in nuclear
physics. Such pairs of bands arising from the high-𝑗𝑗
orbitals of a neutron and a proton have been experimentally found in many doubly odd nuclei. In order to characterize the doublet bands in a simple and
consistent manner, we developed the quadrupole coupling model (QCM)1–3) , in which the collective core
representing the even-even part of the nucleus couples
with a neutron and a proton in intruder orbitals via
quadrupole-quadrupole interactions.
We applied this model to the doublet bands built
on the 𝜈𝜈𝜈11/2 ⊗ 𝜋𝜋𝜋𝜋9/2 conﬁguration for the doubly odd
nuclei with a mass of approximately 1003) . With this
approach, the experimental energy levels and electromagnetic ratios 𝐵𝐵(𝑀𝑀 1; 𝐼𝐼 → 𝐼𝐼 − 1)/𝐵𝐵(𝐸𝐸2; 𝐼𝐼 → 𝐼𝐼 − 2)
have been successfully reproduced. Analysis of the
wave functions revealed a new band structure, which
resulted from the “chopsticks conﬁguration” of the unpaired neutron in the 0ℎ11/2 orbital and the unpaired
proton in the 0𝑔𝑔9/2 orbital, weakly coupled with the
quadrupole collective excitations of the even-even core.
In this study, we extend the QCM to include multipole
interactions for the neutron 0ℎ11/2 orbital and the proton in the 0𝑔𝑔9/2 orbital.
In Fig. 1, the experimental energy levels based on
the 𝜈𝜈𝜈11/2 ⊗ 𝜋𝜋𝜋𝜋9/2 conﬁguration are compared with
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Fig. 2. Comparison of 𝐵𝐵(𝑀𝑀 1; 𝐼𝐼 → 𝐼𝐼 − 1)/𝐵𝐵(𝐸𝐸2; 𝐼𝐼 → 𝐼𝐼 − 2)
ratios in the QCM with the experimental data (expt.).
Solid and dotted lines show the results obtained when
considering multipole interactions and those obtained
when considering only quadrupole interactions, respectively.

those calculated using the QCM for 106 Rh. The current results obtained by considering the multipole interactions and those obtained by considering only the
quadrupole interactions3) are shown in the left and
right panels, respectively. In our previous study3) ,
we failed to reproduce the bandhead state; experimen−
tally, the 6−
1 state was lower in energy than the 71
state, while theoretical studies indicated that the 6−
1
state was higher in energy than the 8−
1 state. In the
present analysis, however, we succeeded in reproducing
the bandhead energy of the 6−
1 state. Moreover, the
−
energies of the 10−
and
10
states
were considerably
1
2
improved.
In Fig. 2, we compare the theoretical ratios
𝐵𝐵(𝑀𝑀 1; 𝐼𝐼 → 𝐼𝐼 −1)/𝐵𝐵(𝐸𝐸2; 𝐼𝐼 → 𝐼𝐼 −2) for the yrast states
with the experimental values. The theoretical result
gives a successful description of the large-amplitude
staggering of the 𝐵𝐵(𝑀𝑀 1)/𝐵𝐵(𝐸𝐸2) ratios. The mechanism underlying this even-odd staggering has been
discussed in detail within our present model3) . In the
present study, we also found that while neutron and
proton quadrupole interactions are dominant among
other interactions, octupole and hexadecapole interactions are more important for reproducing the bandhead
energies.
References

Fig. 1. Calculated energy levels (crosses) and experimental
data (open circles) as a function of spin 𝐼𝐼 for the states
with 𝜈𝜈𝜈11/2 ⊗ 𝜋𝜋𝜋𝜋9/2 conﬁguration in 106 Rh.
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Linear Response Calculation Using
Canonical-basis TDHFB with a Schematic Pairing Functional
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[Nuclear structure, unstable nuclei]
is the gap energy, and εl (t) ≡ ⟨ϕl (t) | ĥ[ρ(t)] | ϕl (t)⟩.
These equations obey the same conservation rules as
do the original CbTDHFB equations1) .
We solve the CbTDHFB equations in real time and
calculate the linear response of the nuclei. In the
linear-response calculation, we consider an external
ﬁ eld V̂ext (r, t) which is weak and instantaneous in time,
V̂ext (r, t) ≡ −k F̂ δ(t); k ≪ 1. F̂ is a one-body operator, for example, the isoscalar quadrupole operator,
Q̂20 = r2 Y20 . We calculate the time evolution of the
expectation value of F̂ and obtain the strength function S(F̂ ; E) by Fourier transformation1) .
Figure 1 shows the isoscalar quadrupole strength
functions (K = 0) for magnesium isotopes, calculated
using the SkM∗ parameter set. In this calculation, the
ground states of these isotopes are found to be deformed into a prolate. These calculations employ a
schematic pairing functional and a very good approximation of the HFB+QRPA using a realistic paring
functional.
Currently, we are developing a CbTDHFB code
for parallel computing to facilitate the calculation for
heavy nuclei. With this new code, we plan to carry
out a systematic investigation of nuclear responses.
S(E;Q20) [fm4/MeV]
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where ρl ≡ |vl |2 are the occupation probabilities,
∑
Kl ≡ ul vl are the pair densities; ∆ ≡ G̃ l>0 f (ε̄l )Kl (t)
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The recent progress at radioactive facilities such as
RIBF in RIKEN has resulted in a strong demand for
theoretical frameworks that can analyze and predict
the properties of unknown nuclei. Such a, frameworks
should include the eﬀ ects of nuclear deformation and
pairing correlation, and should be capable of calculating properties of not only the ground state but also
the excited state. A combination of the Hartree-FockBogoliubov method and quasiparticle-random-phase
approximation (HFB+QRPA) is a candidate for such a
framework, and it is applicable to a wide range of light
and heavy nuclei. However, in this framework, considerable eﬀ orts are required for coding the programs,
and signiﬁ cant computational resources are necessary.
The HFB+QRPA for deformed nuclei is currently still
in the preliminary stage.
We proposed the canonical-basis time-dependent
Hartree-Fock-Bogoliubov (CbTDHFB) in the threedimensional coordinate-space representation, which
can take into account the eﬀ ect of nuclear deformation without symmetry-restriction while treating the
pairing correlation in the BCS-like approximation. We
reported in brief the derivation and conservation rules
of the CbTDHFB equations1) .
We derived the CbTDHFB equations using the timedependent variational principle; they can be achieved
only ∑
if we choose a special pairing functional Epair =
−G| l>0 ul (t)vl (t)|2 . Here, ul and vl correspond to
the time-dependent BCS factors for the canonical pair
of states ϕl (r, t) and ϕl̄ (r, t). Note that the state l̄ is
not necessarily the time-reversed state of the state l.
This year, we
∑ use the modiﬁ ed pairing functional,
′
Epair
= −G̃| l>0 f (ε̄l )ul (t)vl (t)|2 , to treat a wide
range of nuclei. Here, f (ε) is a cut-oﬀ function, and ε̄l
are the single-particle energies of the ground state. In
the present calculation, f (ε̄l ) are ﬁ xed during the time
evolution. The parameter G̃ and the function f (ε) are
the same as those given in Ref.2) When we choose the
′
pairing functional Epair
, the CbTDHFB equations are
written as

(
)

 ih̄ϕ̇l (r, t) = ĥ[ρ(t)] − εl (t) ϕl (r, t),
ih̄ρ̇l (t) = f (ε̄l )(∆∗ (t)Kl (t) − ∆(t)Kl∗ (t)),


ih̄K̇l (t) = Kl (t)(εl (t) + εl̄ (t)) + f (ε̄l )∆(t)(2ρl (t) − 1),
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Fig. 1. The quadrupole strength functions (K = 0) for
34,36,38,40
Mg calculated using the Skyrme functional of
the SkM� parameter set. The smoothing parameter
Γ = 2 MeV is used.
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Finite Amplitude Method for QRPA
P. Avogadro, T. Nakatsukasa
The aim of this research is to generalize the finite
amplitude method (FAM)1) for the purpose of making it applicable to superfluid systems. In practice we
aim to develop a quasiparticle random phase approximation (QRPA) code from a Hartree Fock Bogoliubov
(HFB) code. The QRPA formalism can be used to determine the structure and energy of low-lying excited
states of nuclei in which pairing correlations play an
important role; thus, the formalism is useful for the
study of exotic nuclei. Generally it is difficult to use
this formalism because of two main reasons. The first
reason is that the “construction” of the QRPA matrix is difficult; the analytic derivation of the nuclear
Hamiltonian in some cases (especially in deformed systems) is extremely complicated, and some parts of the
Hamiltonian have to be neglected, leading to a loss
of full self-consistency. The second reason is that the
QRPA matrix is usually large, and hence, the diagonalization procedure is time consuming. The FAM helps
to overcome the first difficulty. The QRPA equations
in the standard formulation are as follows:





X
X
A B
=
ω
.
(1)
Y
−Y
B ∗ A∗

These equations are equivalent to the TDHFB equations in the small-amplitude limit2) ; in order to prove
this equivalence we write the quasiparticle annihilation
operator as the sum of the HFB operator and a time
dependent-perturbation:
aµ (t) = (aµ + δaµ (t)) e−iEµ t .

(2)

By substituting Eq. (2) in the quasiparticle annihilation operator equation of motion and by expressing the
TDHFB Hamiltonian as the sum of the HFB Hamiltonian term and a small perturbation, we obtain:
i

∂δa(t)
= Eµ δaµ (t)+[HHF B , δaµ (t)]+[δH(t), aµ ] .(3)
∂t

By Fourier expansion, we obtain a set of equations that
is equivalent to Eq. (1):

A
(ω) = ωXνµ
(Eµ + Eν )Xνµ + δHµν
,
(4)
∗
A†
∗
 νµ (ω) = −ωYνµ
(Eµ + Eν )Yνµ + δ H

where Eν and Eµ represent the quasiparticle energies,
†
and δH A and δH A are defined as follows:
 ∗ (ω)V ∗
δH A (ω) = U † δh(ω)V ∗ − V † δ ∆
†
∗
†
T ∗
+U δ∆(ω)U − V δh U ,

δH A† (ω) = U † δh† (ω)V ∗ − V † δ∆∗ (ω)V ∗
∗

+U † δ ∆(ω)U
− V † δh∗ U ∗ .

(5)

obtained from HFB calculation. In general, the calculation of the matrix elements of Eq. (4) is not easier
than Eq. (1). The FAM facilitates the calculation of
Eq. (5) and Eq. (6), which are the terms of Eq. (4)
that are difficult to calculate. In order to understand
the FAM clearly, we emphasize that in the TDHFB
approximation, self-consistency is maintained always.
When a nucleus is excited, density perturbations with
respect to the ground state (i.e. the HFB state) are
present. In the small-amplitude limit, the fields (h and
∆) can be expanded linearly as functions of the densities: δh = δh(δρ) and δ∆ = δ∆(δκ), on the other
hand, the transition densities in the QRPA formalism
are functions of the X and Y amplitudes thus the residual fields can be written as follows: δh = δh(X, Y )
and δ∆ = δ∆(X, Y ). In practice, δh(ω) and δ∆(ω)
are calculated using numerical derivatives; in the case
in which the pairing interaction depends only on the
abnormal density, FAM gives:
δh(ω) =

h[(V ∗ + ηU X)(V T + ηY T U † ) − h[ρ0 ]]
,
η

δh† (ω) =

h[(V ∗ + ηU Y ∗ )(V T + ηX † U † ) − h[ρ0 ]]
,
η

δ∆(ω) =

∆[(V ∗ + ηU X )(U T + ηY T V † ) − ∆[ρ0 ]]
,
η


δ ∆(ω)
=

∆[(V ∗ + ηU Y ∗ )(U T + ηX † V † ) − ∆[ρ0 ]]
.
η

The small parameter η has been introduced for numerical differentiation. The FAM procedure needs the X
and Y QRPA amplitudes; however these quantities are
the solutions that we aim to obtain. Hence we carry
out iterative procedures such as the conjugate gradient
method. The algorithm starts with a guess for the solution (X and Y in this case) and returns a new value
that is closer to the exact solution; the process can
then be repeated till convergence is attained. A QRPA
code obtained by the FAM is fully self-consistent. All
the terms in the single-particle Hamiltonian present
in the original HFB code are automatically taken into
account through numerical derivatives; moreover, the
application of the FAM is not restricted to systems
with spherical symmetry. This technique can thus be
a very useful tool to obtain a fully self-consistent deformed QRPA code.
References
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Canonical ensemble treatments of pairing in ﬁnite systems
N. Quang Hung and N. Dinh Dang
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This is true only for nonzero T because one has to construct
the partition function with all excited states.
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As the atomic nucleus is a system with a ﬁxed number of particles, the thermodynamic averages of the exact solutions of the pairing problem are usually carried
out within the canonical ensemble (CE), and the results are compared with theoretical predictions, which
are however obtained within the grand canonical ensemble (GCE). The latter consists of identical systems
in thermal equilibrium, each of them exchanges its energy and particle number with an external reservoir.
The systems of the CE exchange only their energy,
whereas the particle number is ﬁxed, remaining the
same for all systems. Moreover, although the pairing
problem can be solved exactly, the exact diagonalization of the pairing Hamiltonian is impracticable for
large particle numbers (N >14) in the case of halfﬁlled model N = Ω (Ω is number of single-particle levels) a) . It is therefore highly desirable to construct an
approach based on the CE, which can oﬀers results in
good agreement with the exact CE ones for any value
of the particle number. Such approach is proposed in
the present study.
The main idea of present study is to embed the
solutions of the pairing Hamiltonian obtained within
the BCS and selfconsistent quasiparticle RPA (SCQRPA)1) combined with the Lipkin-Nogami particlenumber projection for each total seniority or number
of unpair particles S = 0, 2, ..., Ω at zero temperature
into the CE. These approaches are called the CE-BCS
and CE-SCQRPA, respectively, whereas the GCE-BCS
stands for the conventional ﬁnite-temperature BCS. In
this way, the number of eigenstates and computational
time are much reduced within the present approaches.
The proposed approaches are tested within a schematic
model as well as for a realistic nucleus. For the
schematic model, we employ the doubly-degenerated
multilevel pairing model whose single-particle energy
are chosen as ϵj = 0, 1, ..., Ω − 1. The model is halfﬁlled, i.e. N = Ω. As for the realistic nucleus, we employ the same Woods-Saxon single-particle spectrum
from Table I of Ref2) for neutron in pf + sdg shell
of 56 Fe so that we can compare the results obtained
within our approaches with the predictions by the
ﬁnite-temperature quantum Monte-Carlo (FTQMC)
method2) . The analysis of numerical calculations for
the total energy E, pairing gap ∆ and heat capacity
C shows that the CE-SCQRPA oﬀers the best ﬁts to
the exact results as well as those obtained within the
FTQMC calculations (See e.g. Fig. 1). The CE-BCS

∆ (MeV)

[NUCLEAR STRUCTURE, pairing, canonical ensemble, BCS theory, quasiparticle RPA.]
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Fig. 1. Pairing gaps ∆, total energies E and heat capacities C as function of temperature T (MeV) obtained
for N = 10 (left panels) with interaction parameter
G =1 MeV and for neutrons in 56 Fe with G=16/A MeV
(A=56). The thin dashed, thick dashed, and thick lines
denote the results obtained within the GCE-BCS, CEBCS and CE-SCQRPA, respectively. The thin lines in
the left panels stand for the exact CE, whereas those in
the right panels depict the FTQMC calculations.

results are a little bit oﬀ from the exact ones but still
oﬀer much better agreement with the exact solutions
than the predictions by the GCE-BCS. The most interesting feature here is that neither the pairing gaps
obtained within the CE-BCS nor those obtained within
the CE-SCQRPA collapse at a critical temperature TC
as predicted by the GCE-BCS, but they monotonously
decrease with increasing T [See e.g. Fig. 1 (a) and (d)].
As the result, the superﬂuid-normal phase transition
is smoothed out even within the CE-BCS calculations
due to the eﬀects of quantal and thermal ﬂuctuations.
This feature suggests that any exact particle-number
projection method at ﬁnite temperature, which could
bring a GCE-BCS to CE-BCS, should have the same
feature as presented here with a nonvanishing gap.
Since present approaches do not involve any matrix
diagonalization, its merit resides in its simplicity and
its application to larger ﬁnite systems, where the exact
solution is impracticable, whereas the FTQMC is time
consuming.
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Top-on-top mechanism for TSD bands in even mass nuclei†
K. Tanabe,∗1,∗2 and K. Sugawara-Tanabe∗1,∗3
[TSD bands, Particle-rotor model, D2 -invariance]
The algebraic solution to the particle-rotor model
with high j nucleon coupled to a triaxially deformed
core, H = Hrot + Hsp .1,2) , successfully takes into account the Coriolis term, I · j, which mediates strong
correlation between two tops, i.e., the rotating core
 = I − j and the single-particle top with j.
with R
This makes a big difference from the wobbling model.3)
We have demonstrated that such a “top-on-top mechanism” not only reproduces the energy level scheme,1)
but also gives the approximate selection rules for the
E2 and M 1 transitions among TSD bands2) in the
odd mass Lu isotopes. The TSD bands are classified
in terms of two quantum numbers, (nα , nβ ), describing the precession of total angular momentum I and of
the single-particle angular momentum j, respectively.
Invariance of the nuclear states under D2 symmetry restricts the range of nα and nβ depending on I − j. We
have estimated the overlap, GIj
na nb ;nα nβ , between the
eigenstates of H expressed by boson numbers nα and
nβ , and the original Holstein-Primakoff boson numbers
na and nb .
In extending the above scheme to the TSD bands in
even-even nuclei, the angular momentum j is assumed
to be a sum of two single particle angular momenta
as j = j1 + j2 , and the magnitude of integer j is kept
as a constant over a certain range of I. Then, the
3
transition rates gain a factor of G0000 G1010 ∝ ( I−j
I )
both for E2- and M1-transitions with ∆I = 1 among
the favored (0,0) and the unfavored (1,0) bands. The
value of I − j is smaller for even-A case than odd-A
case, which makes the observation of the other partner
band in even mass nuclei difficult. This explains the
situation that no linking transition between the (0,0)
and the (1,0) bands has been found for the TSD bands
in Hf isotopes and 164 Lu.
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SU(3) symmetry in anisotropic harmonic oscillator†
K. Sugawara-Tanabe,∗1,∗2 K. Tanabe,∗1,∗3 A. Arima,∗4 and B. Gruber∗5
[Triaxially deformed harmonic oscillator, SU(3) invariance, New magic numbers]
In this paper we propose a new boson transformation by which all the oscillator states for an anisotropic
case can be embedded in the SU(3) bases.1) We start
from an anisotropic harmonic oscillator Hamiltonian
without spin-orbit interaction, whose oscillator frequencies ωx , ωy and ωz are related to the deformation parameters β and γ. Suppose that three oscillator frequencies have an integral rational ratio a :
b : c, i.e., ωx = aωsh , ωy = bωsh and ωz = cωsh .
Then, the eigenvalues and eigenfunctions of H are
described by a set of quantum numbers (nx , ny , nz ),
)|nx , ny , nz . Here
H|nx , ny , nz  = h̄ωsh (Nsh + a+b+c
2
the nk is the eigenvalue of the number operator n̂k =
c†k ck , with the harmonic oscillator boson operator ck
(k = x, y, z), and Nsh = anx + bny + cnz . In order
to rewrite H in a SU (3)-invariant form, we express
ck (k = x, y, z) in terms of an m-fold product of new
bosons sm (m = a, b, c), by requiring s†m sm = mc†k ck ,
and [sm , s†m ] = 1. The new bosons sm are introduced
for any positive integer m by the non-linear transfor 
−1/2
m−1
(sm )m =
mation, i.e. ck = m r=1 (n̂m + r)

1/2
Γ(n̂m +1)
(sm )m , where n̂m = s†m sm . Thus,
mΓ(n̂m +m)
we have N̂sh = s†a sa + s†b sb + s†c sc . In dealing with
many
boson states, the projection operator, Pm =
m−1
1
i 2πk
m n̂m
(m = a, b, c), may be useful to
k=0 e
m
eliminate unphysical states other than the eigenstates
of the original Hamiltonian. We can classify the singleparticle states in terms of three quantum numbers, i.e.,
two diagonal operators expressed by number operators
together with a Casimir operator. The single-particle
level given by Nsh provides new magic numbers for the
case of triaxially deformed harmonic oscillator.
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Mass-number dependence of total reaction cross sections in the
black-sphere approximation
A. Kohama, K. Iida,∗1 and K. Oyamatsu∗2
[Nuclear reaction, reaction cross section, nuclear radius]
Neutron-rich unstable nuclei often exhibit exotic
properties, such as “unexpectedly” large interaction
cross sections. In order to quantify these properties,
we have to pay attention to the deviation from, for example, total reaction cross sections that are carefully
calculated on the basis of our sound knowledge of stable
nuclei. Systematic understanding of the mass-number
(A) and energy dependence is indispensable for clarifying the non-exotic behavior of the cross sections.
Recently, we have developed a formula for a protonnucleus total reaction cross section σR as a function of
the mass and the neutron excess of the target nucleus
and the proton incident energy Tp in a way free from
any adjustable Tp -dependent parameters.1) We deduce
the dependence of σR on Tp on the basis of the nuclear
“optical” depth to the projectile within the framework
of a black-sphere (BS) approximation of nuclei. We
call the formula the BS cross-section formula. The
scale of the formula is set by the BS radius a, which
is determined by fitting the angle of the first elastic
diffraction peak calculated for proton diffraction by a
circular black disk of radius a to the measured value.2)
The energy dependence of the formula is driven by
that of proton-nucleon total cross sections. For stable nuclei, this formula reproduces the empirical Tp
dependence of σR at Tp = 100–1000 MeV remarkably
without requiring any adjustable Tp -dependent parameters. Due to its suitability in systematic calculations,
the present formula is being incorporated into the Particle and Heavy Ion Transport code System (PHITS).
In this work, we examine the A-dependence of the
BS cross-section formula. We analytically find that
our formula includes A1/6 -dependence in addition to
A2/3 -dependence. The former dependence, which is
due to the optical depth, is one of the characteristic
features of our formula. In Fig. 1, we compare our
numerical results with those obtained by the Carlson
formula,3) which is an example of a formula based on
geometrical arguments and is given by σR = π(Rp +
r0 A1/3 )2 , where Rp and r0 are parameters obtained by
fitting to the empirical data.3) The difference between
the two is remarkable in the energy range between 100
MeV and 600 MeV, but it is still unclear whether or not
such a difference is due to the different A-dependence
of each formula. Further work is currently in progress.
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Fig. 1. Comparison of the numerical results of σR (p +
natu.
C) (upper) and σR (p + Pb) (lower) obtained by
the BS cross-section formula (solid curve) with those
by the Carlson formula ( on dashed line). We adopt
the BS radii at 800 MeV as 2.7 fm for carbon and 5.7 fm
for lead. We also plot the empirical data, which were
presented by Carlson (◦)3) and by Auce et al. (×).4)
σBS (≡ πa2 ), which is represented by squares with cross,
is consistent with measured σR .
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Holographic Nuclei†
K. Hashimoto∗1
[Giant resonances, Superstring theory, AdS/CFT correspondence]
We provide a dual gravity description of heavy
atomic nuclei, via AdS/CFT correspondence. In holographic QCD such as Sakai-Sugimoto model, baryons
are D-branes wrapping a sphere in 10 dimensional
curved spacetime, so any nucleus is a collection of A
such D-branes where A is mass number of the nucleus.
Quantum theory on the nucleus is ADHM-like U (A)
Yang-Mills-Higgs theory on the sphere. Taking a large
A limit (corresponding to heavy nuclei) leads to a dual
gravity describing collective excitataions of constituent
nucleons of the heavy nucleus. This dual gravity computes spectra of the heavy nucleus, and gives discrete
states whose gap roughly agrees with experimental nuclear data.
Application of a superstring technique, the AdS/CFT
correspondence1) , to low energy QCD has provided
quite remarkable progress on hadron physics. This
subject called holographic QCD has grown up to be
a major research arena of string theory. Dual gravity
description has revealed various aspects of low energy
QCD which were unreachable by conventional analytic
methods because of notorious strong coupling. They
include spectra of glueballs, mesons and baryons, and
interactions among them, and even phase transitions
at ﬁnite temperature/density. However, almost all of
the results are on hadron physics, not really nuclear
physics, dare to mention. In this paper, we take a ﬁrst
step toward nuclear physics: we provide a dual gravity
description of heavy nuclei.
The essence of the gauge/gravity correspondence is
the large N limit, where N refers to the rank of the
gauge group U (N ) of the gauge theory living on N
coincident D-branes. This limit, together with large
λ (’tHooft coupling) limit, allows a dual, holographic,
equivalent gravity theory on a near horizon geometry
of black brane solutions created by the N D-branes.
Baryons in QCD-like gauge theories are described, in
the dual gravity description, by in fact additionally put
D-branes wrapping a higher dimensional sphere in 10
dimensional curved spacetime. Any nucleus is a collection of baryons (nucleons), so in holographic QCD the
nucleus is a collection of D-branes. Therefore, heavy
nuclei with large mass number A can have a dual gravity description provided by a near horizon geometry of
those “baryonic” A D-branes, in large A limit. In this
paper we pursue and realize this idea. We describe a
possible dual geometry, check its validity as a limit of
string theory, and provide a comparison with nuclear
†
∗1
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data.
For the D-brane conﬁguration for the baryons in
QCD at strong coupling, we use the D4-D8 model2) .
We distribute the baryonic D4-branes into the shape
of a ball to mimic the spherical nucleus. The nuclear
saturation property is assumed. Then we calculate
the near-horizon back-reacted geometry of these D4branes, and compute ﬂuctuation spectrum of scalar
ﬁeld in the background. It is ﬁnally given by
En ∼

N 2/3
√ MKK n
A1/3 λ

(n = 1, 2, · · ·)

(1)

We ignored all the numerical factors. This (1) is the
excitation spectrum of heavy nuclei with mass number A, as a result of AdS/CFT correspondence.√ The
coeﬃcient is naively evaluated as N 2/3 MKK / λ ∼
O(102 )[MeV], but this is just for order of magnitude.
It is surprising that this formula is actually consistent with the experimental data of heavy nuclei, as
follows. It is known from experiments that heavy nuclei have coherent excitations (phonons) of constituent
nucleons, called giant resonances,a) En = ω(A)n, (n =
1, 2, · · ·). Excitations with lower n have been analysed
in detail experimentally. Phenomenological models, including liquid drop model of heavy nuclei, indicates
consistent harmonic behaviour in n. Experimental results for giant resonance of heavy nuclei with A > 60
shows an empirical formula, E ∼ 80A−1/3 [MeV], for
the ﬁrst gap of 0+ isoscalar excitation. Our result (1)
is not so much diﬀerent from the nuclear data, and
in particular, we reproduced the A dependence of the
resonance excitations.
In this paper, we have given a dual gravity description of heavy atomic nuclei, by applying the
gauge/string duality (AdS/CFT correspondence). We
took a large mass number limit A → ∞. Dual gravity description is valid in this limit, and we obtained
a near horizon geometry corresponding to the heavy
nucleus. The corresponding supergravity solution has
discrete ﬂuctuation spectra, and we compared them
with nuclear experimental data.
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Critical velocity of superﬂuid ﬂow through
single barrier and periodic potentials†
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Ultracold gases in optical lattices provide a new exciting frontier of research. In a recent experiment
with Fermi superﬂuids in one-dimensional (1D) optical lattices, the critical velocity along the BCS-BEC
crossover has been measured and the result of this measurement has revealed that superﬂuidity is particularly
robust at unitarity2) . The critical velocity of superﬂuid
ﬂow is a fundamental issue in the physics of quantum
ﬂuids. A mechanism for the onset of dissipation is provided by Landau instability: if the excitation spectrum
satisﬁes suitable criteria, there exists a critical ﬂow velocity above which the kinetic energy of the superﬂuid
can be dissipated via the creation of excitations.
Motivated by the above experiment, we study the
problem of an ultracold atomic gas in the superﬂuid
phase ﬂowing in the presence of a potential barrier or a
periodic potential1,4) . Using a a hydrodynamic scheme
in the local density approximation (LDA), we obtain
an analytic expression for the critical current jc as a
function of the barrier height or the lattice intensity,
which applies to both Bose and Fermi superﬂuids1) .
We compare this prediction with the results of the numerical solutions of the Gross-Pitaevskii (GP)1) and
Bogoliubov-de Gennes (BdG) equations1,3) .
In Fig. 1, we show the critical velocity vc in the
case of the single rectangular barrier (top panel) and
the periodic potential (bottom panel). In both cases,
one clearly sees that the results of the BdG equations approach the LDA prediction when the width
of the barrier (the half of the lattice spacing) L is
much larger than the healing length ξ ∼ 1/kF , where
kF = (3π 2 n)1/3 is the Fermi momentum of a uniform
non-interacting Fermi gas of density n. The way of approach is, however, diﬀerent. In the case of the periodic
potential, vc exhibits a plateau for LkF � 1 and small
maximum Vmax of the external potential; the plateau
is instead absent in the case of the single barrier.
Our results allow one to identify three limiting cases:
i) a regime of hydrodynamic ﬂow in the LDA (close to
the thick solid lines in Fig. 1); ii) a regime of macroscopic ﬂow through thin and weak barriers, where
the LDA is not applicable, i.e., for LkF � 1 and
Vmax /µ < 1; iii) a regime of weakly coupled superﬂuids separated by thin and strong barriers, i.e., for
LkF � 1 but Vmax /µ � 1.
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Fig. 1. Critical velocity for energetic instability of a superﬂuid of dilute fermions at unitarity subject to a 1D
external potential. The critical velocity vc is given in
(0)
units of the sound velocity of a uniform gas, cs , and
is plotted as a function of the maximum of the external potential in units of the chemical potential µj=0 of
the superﬂuid at rest. Top panel: the case of a single
potential barrier. Bottom panel: the case of a periodic
potential. Thick solid lines: prediction of the LDA hydrodynamic theory. Symbols in the top panel: BdG
results of Ref.3) with LkF = 4. Symbols in the bottom
panel represent our BdG results for a periodic lattice.
The thinner black solid lines are the tight-binding prediction. Dashed lines are guides to the eye. This ﬁgure
is taken from Ref.1) .

We ﬁnally discuss the relevance of these results in the
context of current experiments with ultracold gases.
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Contribution of Nuclear Reaction Data Centre to RIKEN Nishina
Center
K. Kato,∗1 M. Kimura,∗2 N. Otuka,∗3 T. Asano,∗4 N. Furutachi,∗4 A. Makinaga,∗4 T. Matsumoto,∗4
T. Togashi,∗1 and K. Tsubakihara∗4
[Nuclear reaction, database, NRDF, EXFOR]
The development of a nuclear reaction database is
very important not only in nuclear physics but also in
astrophysics and nuclear power engineering. The “Nuclear Reaction Data Centre” (JCPRG) was established
on April 1, 2007, for compiling own nuclear database,
NRDF. The center was approved as a branch of Faculty
of Science at Hokkaido University, and it took over nuclear database activities carried out by Japan ChargedParticle Nuclear Reaction Data Group. Furthermore,
another important task of the center as a member of
International Network of Nuclear Reaction Data Centers is to cooperate on EXFOR nuclear database compilation . The members of JCPRG have been devoting
themselves to the following activities:
(1) Compilation of reaction data (NRDF and Experimental Nuclear Reaction Data, EXFOR)
(2) Development of a new nuclear reaction database
for astrophysical evaluation (NRDF/A)
(3) Conversion of old data from NRDF format to
EXFOR format
(4) Bibliography compilation (CINDA)
(5) Database maintenance and development (NRDF,
EXFOR/ENDF, and CINDA)
(6) Development of a digitization system (GSYS).
In particular, we adopt a strategy where the reaction
data obtained from domestic institutes is compiled in
a domestic nuclear database, since frequent communication with authors will be helpful for quickly and precisely compiling the given reaction data. For this purpose, we have been compiling the experimental data
obtained from Japanese facilities. These results can
be accessed through our web site1) .
In Table 1, we list the number of papers that were selected for compilation in NRDF and for conversion into
the EXFOR format in 2009. We also list the number of
compiled papers in which the reaction data obtained
from RIKEN facilities were used. This tables shows
that the papers reporting RIKEN experiments2–12) appear to constitute a majority of NRDF entries and the
entries converted to the EXFOR format. These data
can be accessed in the EXFOR database13) with the
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E-numbers shown in the References.
In addition to cooperating with IAEA-NDS, we have
to provide domestic experimental data to the international nuclear physics community with easy access, in
the form of original tasks of NRDF. Recently, the center established a research contract with the RIKEN
Nishina Center in order to compile eﬃciently the reaction data obtained by using beams of unstable nuclei
at the RIKEN Nishina Center, RIBF. We are now discussing the extension of the NRDF format in order to
compile new experimental data that will be obtained
from RIBF. In the future, in cooperation with experimentalists, it will be important to develop the domestic database, NRDF, to compile all data obtained from
RIKEN and other Japanese institutes.
Table 1. The number of papers chosen for compilation in
NRDF and for conversion from the NRDF format to
the EXFOR format in 2009. All entries are obtained
from the papers published in 2008 and 2009.

NRDF entries
Entries converted to EXFOR

RIKEN
17
11

Total
51
32
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Gluon-Spin Contribution to the Proton Spin from the
Double-Helicity Asymmetry in Inclusive π 0 Production in Polarized
√
p + p Collisions at s = 200 GeV†
K. Boyle∗1 and S. Taneja∗2 for the PHENIX Collaboration
[Gluon Spin, Helicity Asymmetry, PHENIX]

where N++(+−) is the yield in the same (opposite) helicity collisions, L is the luminosity, R is√the relative luminosity and P is the polarization. At s = 200 GeV,
we sample the gluon momentum fraction range of
0.02 < x < 0.3, and so we write ∆G[0.02,0.3] .
Results for ALL in π 0 production in the 20051) and
2006 RHIC runs are plotted as a function of transverse
momentum, pT in Fig. 1a. The systematic uncertainty
(not shown) in ALL from the relative luminosity determination is 5 × 10−4 in the combined result. A scaling
uncertainties from polarization of 6.8% is not shown.
The data are plotted along with expectations based on
different fits to the DIS data.
The different fits to DIS have significantly distinct
shapes as a function of x. By varying the size of the
gluon polarization in the different DIS fit results, a
set of ALL expectations for each fit is produced. χ2 is
calculated for different values of ∆G and the results are
plotted in Figure 1b. At ∆χ2 = 9 (∼ 3σ), a consistent
constraint of −0.7 < ∆G[0.02,0.3] < 0.5 is found.
Using one fit to the DIS data, GRSV3) , the impact of
the systematic uncertainties are shown in Fig. 2 when
the polarization and relative luminosity uncertainties
are varied by ±1σ. It is clear that while the polarization uncertainty has little effect, there is about a ±0.1
uncertainty in ∆G[0.02,0.3] due to relative luminosity.
The π 0 cross section measured at PHENIX1) agrees
with theory expectations within the theoretical scale
uncertainty. This theoretical scale uncertainty was included in the expectation for ALL in the GRSV fit, and
it’s impact on the ∆G[0.02,0.3] was similarly evaluated.
This led to a sizeable uncertainty for negative values
of ∆G.
†
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Fig. 1. (a) AπLL vs. pT compared with different expectations based on fits to DIS data. (b) Constraint on
∆G[0.02,0.3] based on the different fits.
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Polarized Deep Inelastic Scattering (DIS) data have
shown the spin of the quarks only contributes about
∼ 25% of the proton spin2,3) , implying that the remainder of spin is either from the gluon spin contribution, ∆G, or the orbital angular momentum of the
quarks and gluons.
∆G can be accessed in polarized proton collisions by
measuring the double helicity asymmetry, ALL , which
is defined as
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Measurements of transverse single-spin asymmetry of single electrons
from open heavy flavor decays in polarized p + p collisions at
√
s = 200 GeV at PHENIX†
S. Dairaku∗1 for the PHENIX Collaboration
[Transverse Spin, Asymmetry, PHENIX]

where P is the absolute polarization value measured
↑(↓)
by the RHIC polarimeters, and NL(R) is the number
of electrons scattered to the left (right) when the direction of beam polarization is vertically upwards (downwards). The detected electrons used for the calculation
of AN include electrons from background processes, because of which the measured inclusive asymmetry can
be diluted. We can extract the asymmetry in heavy
flavor production (AHF
N ) from the measured inclusive
asymmetry (Aincl
N ) as follows:
AHF
N =

bg
Aincl
N − rAN
,
1−r

The dominant background source in this measurement
is π 0 2) . Some previous results have indicated that
AN in π 0 production at mid-rapidity at PHENIX is
zero3) . Therefore, we assumed that Abg
N is zero in this
study. The background fraction (r) is determined by
using a cocktail of the contributions from background
processes2) and by the converter technique, in which
the electron spectra measured with an additional photon converter introduced into the acceptance region are
compared with those recorded without the converter2) .
Measurements have been carried out on a data sample with an integrated luminosity of 2.7 pb−1 in transversely √
polarized p + p collisions at a center-of-mass
energy s = 200 GeV in 2006. The results for the
AHF
N of single electrons from open heavy flavor decays
are shown in Fig. 1. The left and right plots show the
+
AHF
N values for positive charge: p+p → e +X and for
−
negative charge: p+p → e +X, respectively. The obof the single electrons from heavy flavor
served AHF
N
decays are significantly smaller than those predicted
theoretically for D-meson production with a maximum
gluon Sivers function1) , which is greater than 10% in
the kinematic region of our measurements (xF ∼ 0).
Therefore, the obtained results could reject the maximum gluon Sivers function1) .

AN

Using the PHENIX detector at the Relativistic Heavy
Ion Collider (RHIC), we measured the transverse singlespin asymmetry (AN ) of single electrons from open
heavy flavor decays. The preliminary results of AN
measurements at mid-rapidity at PHENIX are presented here.
A number of mechanisms based on quantum chromodynamics have been proposed for explaining the
obtained AN , and measurements in different processes
have played complementary and important roles in the
attempt to understand AN . At RHIC energy, AN in
open charm production was suggested to probe the
gluon Sivers function1) , which includes the correlation
between the transverse momentum of an unpolarized
parton in a transversely polarized nucleon and the nucleon polarization vector. Because open charm production is dominated by the gluon fusion process at RHIC
energy and the gluon’s transversity is zero, there is no
significant contribution to AN in open charm production from the Collins function, which describes the correlation between the transverse spin of a fragmenting
quark and the transverse momentum of the produced
hadron. Therefore, the measurement of AN in open
charm production at RHIC can help in probing of the
gluon Sivers function.
AN is determined using the following equation:


↑ ↓
N
N
−
NL↓ NR↑
1
σ↑ − σ↓
L R

,
(1)
= 
AN ≡
σ↑ + σ↓
P
NL↑ NR↓ + NL↓ NR↑

0.25
0.2
0.15

0.25

p + p ψ e + + X at

s = 200 GeV ( 2006 ) p + p ψ e - + X at
0.2

heavy flavor decay electrons
( |ǯ| < 0.35 )

0.15

0.1

0.1

0.05

0.05

-0

-0

-0.05

-0.05

-0.1

-0.1

-0.15

-0.15

-0.25
0

-0.2

Vertical scale uncertainty 5%

0.5

1

( |ǯ| < 0.35 )

Preliminary

Preliminary

-0.2

s = 200 GeV ( 2006 )

heavy flavor decay electrons

1.5

2

2.5

3

-0.25

3.5
4
PT (GeV/c)

Vertical scale uncertainty 5%
0.5

1

1.5

2

2.5

3

3.5
4
PT (GeV/c)

Fig. 1. AHF
of single electrons from heavy flavor decays as
N
a function of pT .

(2)

References
1) M. Anselmino, M. Boglione, U. D’Alesio, E. Leader, and
is
where Abg
the
background
asymmetry
and
r
is
the
N
F. Murgia: Phys. Rev. D 70, 074025 (2004).
background fraction defined as r = σbackground /σinclusive .
∗1

Department of Physics, Kyoto University, Japan

2) S. S. Adler et al.: Phys. Rev. Lett. 96, 032001 (2006).
3) S. S. Adler et al.: Phys. Rev. Lett. 95, 202001 (2005).

- 64 -

1

RIKEN Accel. Prog. Rep. 43 (2010)

Measurement of direct photon using virtual photon method in
√
s = 200 GeV d+Au collisions at RHIC-PHENIX
Y.L. Yamaguchi,∗1 Y. Akiba, T. Gunji,∗1 and H. Hamagaki,∗1
[Direct photon, virtual photon method, Low pT]

104

3

1

•
•
•
•
•

Virtual direct photon decays
Hadron decays
Photon conversions
Combinatorial background
Cross pairs from π 0 , η → 2γ(or γe+ e− ) →
e+ e− e+ e−

The pairs from photon conversions are removed by
a cut on the orientation of the pair in the magnetic
field2) . The combinatorial background is computed using a mixed-event technique. Cross pairs are evaluated
by comparing the like-sign pair distributions between
the real and simulated distributions. Finally, the correlated e+ e− pair mass distribution that consists of
pairs from known hadron decays and virtual photon
decays is obtained after background subtraction.

AuAu 0-20% x102

102
10

mass distribution contains several components from
different sources, which are listed below.

AuAu MB x104

103

3

Ed3N/dp (GeV-2c3) or Ed σ/dp (mb GeV-2c3)

Direct photons are one of the most important probes
to investigate properties of the matter created by heavy
ion collisions since they leave the medium without
strong interaction. Thermal photons from the Quark
Gluon Plasma (QGP) are considered to be the primary
contributor in 1.0 < pT < 5.0 GeV/c1) and are of special interest.
In the PHENIX experiment, two different analysis
methods, namely, a “real” photon method and a “virtual” photon method, have been developed. The real
photon method using an electomagnetic calorimeter
has been used successfully for pT > 4.0 GeV/c and
the virtual photon method is employed for 1.0 < pT <
5.0 GeV/c. Direct photon spectra both in p+p and
Au+Au collisions have been successfully measured using the real and virtual photon methods, as shown in
Fig 1. A clear excess over the binary scaled p+p result
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Fig. 1. Direct photon spectra in p+p and Au+Au collisions
as a function of pT .

(shown by the dotted line) is seen in Au+Au collisions
for 1.0 < pT < 3.0 GeV/c. However, the observed
excess cannot be concluded to be of thermal origin at
this moment. Data on d+Au collisions are needed to
evaluate nuclear effects such as the Cronin effect and
nuclear shadowing since nuclear effects may increase
or decrease the photon yield in low pT region. Efforts
are being made to measure the low-pT direct photons
in d+Au collisions using the virtual photon method.
The current status of the analysis in 200GeV d+Au
collisions are reported in this report.
All combinations of electrons and positrons in a
same event are condidered. The obtained e+ e− pair
∗1

Center for Nuclear Study (CNS), University of Tokyo
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Fig. 2. Correlated e+ e− pair mass distribution in d+Au
collisions for pT > 1.0 GeV/c (left) and the pT -sliced
e+ e− pair mass distributions for Mee < 300 MeV/c2
and 1.0 < pT < 6.0 GeV/c (right).

The left panel in Fig. 2 shows the correlated e+ e−
pair mass distribution in d+Au collisions for pT >
1.0 GeV/c. The d+Au data has abundant statistics

so that even Ψ is clearly visible around 3.7 GeV/c2 .
The right panel in Fig. 2 shows the pT -sliced e+ e−
pair mass distributions for Mee < 300 MeV/c2 and
1.0 < pT < 6.0 GeV/c, which are suitable for virtual direct photon measurements. The results up to
6.0 GeV/c are expected to be obtained for d+Au collisions. Although some corrections should be made in
order to obtain the direct photon spectrum in d+Au
collisions, the d+Au result is promising.
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Azimuthal angle dependence of neutral pion suppression in
√
sN N = 200 GeV Au+Au collisions at RHIC-PHENIX
Y. Aramaki∗
[Quark Gluon Plasma, Jet quenching, Parton energy loss]

∗

Center for Nuclear Study, Graduate School of Science, University of Tokyo, Japan
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tainty, respectively. The bands on the measured points
show pT correlated systematic uncertainties on the
measurement of the azimuthal anisotropy of in-plane
and out-of-plane, respectively. As shown in Fig. 2, even
though ASW reproduce the in-plane RAA has slightly
difference at lower pT .
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Fig. 1. Azimuthal anisotropy of neutral pion v2 with MPC
for each 10% centrality classes.

0

It has been observed in central Au+Au collisions
at Relativistic Heavy Ion Collider (RHIC) that the
yield of neutral pion at high transverse momentum
(pT >5 GeV/c) is strongly suppressed compared to the
one expected from p + p collisions scaled by the number of binary collisions. This suppression is considered
to be due to the energy lost by hard scattered partons
in the medium (jet quenching), which results in a decrease of the yield at a given pT . Many theoretical
models have been proposed to understand the parton
energy loss mechanism. GLV method1) is one of the
calculations that predicts that the magnitude of energy loss is proportional to square of the path length.
Studying the path length dependence of energy loss
should help in understanding of energy loss process.
The Muon piston calorimeter (MPC) to determine
the reaction plane is used for measuring the azimuthal
anisotropy of neutral pion at PHENIX. MPC is made
of PbWO4 . Even though MPC is similar rapidity coverage to the detector which is used in the previous measurement, the reaction plane determination is expected
to be improved due to good energy resolution. Figure 1
shows the azimuthal anisotropy of neutral pion as a
function of pT for each centrality class. The nuclear
modification factor (RAA ) for each azimuthal angle is
calculated by using them.
Recently theoretical models (ASW2) , HT3) and
AMY4) ) to describe parton energy loss mechanism
which involve the time-evolution of the medium produced at RHIC have been proposed. These models
succeeded in reproducing the centrality dependence of
RAA (pT )5) . The measured RAA is compared with one
model (ASW) of them. Figure 2 show the RAA as a
function of pT and azimuthal angle for centrality 2030 % and ASW model. Closed and open points show
the measured RAA for in-plane and out-of-plane, respectively. Since the produced medium after the collisions is assumed to be almond shape, the in-plane
path length is shorter than out-of-plane. This difference of the path length is reflected in the RAA for each
azimuthal angle. Solid and dashed lines show the theoretical curve for ASW model of in-plane and out-ofplane, respectively. The central big band shows the
pT correlated systematic uncertainty on the azimuthal
angle integrated RAA . The right and the left small
bands show the number of collisions uncertainty from
Glauber calculation and p + p normalization uncer-
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Fig. 2. The RAA as a function of pT and azimuthal angle from the reaction plane for centrality 20-30 % and
ASW.

We can also estimate the averaged path length by
measuring the azimuthal angle from reaction plane and
mapping it into the shape of the participant region,
which can be calculated by Glauber model for each
impact parameter (centrality).
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Systematic Measurement of ω Mesons in p+p, d+Au, and A+A
√
Collisions at sN N = 200 GeV at RHIC-PHENIX
M.Ouchida∗1 D.Sharma2 K.M.Kijima1 V.Riabov3 Y.Tsuchimoto4 Y.Riabov3 Y.Nakamiya1
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∗2
∗3
∗4

1/(2πmT ) d2N/dmT dy

mode, e+ e− for the low pT region in a minimum-bias
event, and π 0 γ for the high pT region in three centrality values (the value used to characterize the heavy-ion
collisions), namely, 0-20%, 20-60%, and 60-92%. The
lines represent estimated yields from p+p collisions,
after scaling by the number of collisions in which there
was no a nuclear matter effect. If data points lie below
the lines for higher centrality values, we can suggest
that the invariant yield is suppressed in the high pT
region for higher centrality values; this, in turn, implies that some jets from hard collisions are quenched
when they pass through the dense and hot medium
created by heavy-ion collisions.
We are preparing a publication on this result. The
target date for submission is in summer 2010.

10

10-1

10-2
-3

10

10-4
-5

10

-6

10

10-7
-8

10

-9

10
10

-10

10-110

Fig. 1.

2

4

6

8

10
12
mT - mω (GeV/c 2)

The mT spectra corresponding to p+p (circle points) and

d+Au (triangle points) collisions. The solid line and dotted line
represent the fitted Levy function for p+p and d+Au.
6

10

Au+Au 200 GeV
ω -> e+e-, min. bias × 102
ω -> π0γ , min. bias ×4102
ω -> π0γ , 0-20% × 10
ω -> π0γ , 20-60% × 10
ω -> π0γ , 60-92%

5

10

104
3

10

102
10

1

10-1

10-2
-3

10

10-4
-5

10

-6

10

10-7
-8

10 0

Fig. 2.
Hiroshima University
Weizmann Institute, Israel
PNPI, Petersburg Nuclear Physics Institute, Russia
Center for Nuclear Study, University of Tokyo

ω → e+e- dAu, MB (run8 prelim.)
ω → π00γ +dAu,
MB (PRC 75 051902)
ω → π+π - π- dAu, MB (PRC 75 051902)
ω → e e pp, MB (run5 prelim.)
ω → π00γ pp, MB (PRC 75 051902)
ω → π γ pp,
ERT (run5 prelim.)
ω → π00π++π-- pp, MB (PRC 75 051902)
ω → π π π pp, ERT (run5 prelim.)

1

1/(2πmT ) d2N/dmT dy

The measurement of hadrons under extreme conditions created by relativistic heavy-ion collisions is part
of an interesting study being carried out as a part of
the quest to observe the QCD phase transition to quark
gluon plasma (QGP).
The ω meson that has vector properties and both
lepton and hadron decay modes serves as a useful probe
in the study of the mechanism of particle production in
the collision. We measured ω mesons in p+p, d+Au,
and A+A collisions in both leptonic and hadronic decay modes. The systematic measurement can be carried out over a wide kinematic range since low pT values can be included in the leptonic decay mode and
high pT values can be included in the hadronic decay
mode.
The dielectron decay mode, ω → e+ e− is reconstructed in a Crenkov detector that can identify electrons and positrons. In an event, the source of any
electron or positron is unknown, and therefore, all electrons and positrons are combined into pairs. This results in a large combinatorial background, especially in
central Au+Au collisions because of their high multiplicity. The background is computed by a mixed event
technique, which combines tracks from different events
with similar event topology.
The first step for both hadronic and photonic analysis based on the ω → π + π − π 0 and ω → π 0 γ is to reconstruct π 0 candidates by combining photons pairs and
applying a pT -dependent cut around the mass of the
π 0 . Candidates (included in the combinatorial background) are combined with a third photon for ω → π 0 γ
or with two unidentified charged tracks (assumed to
be π mesons) for ω → π + π − π 0 . Owing to the high
multiplicity and low S/B associated with it, cut optimization was performed in the case of A+A analysis.
For p+p and d+Au analysis, raw yields were extracted
by fitting the pT slices of the invariant mass distribution, as shown in the figures. In A+A analysis, the
background is subtracted by estimating correlated and
uncorrelated backgrounds from two combinations of a
mixed event technique.
Fig.1. shows the obtained invariant cross section
for ω production in p+p collisions and minimum bias
√
d+Au at sN N = 200 GeV as a function of pT . The
results indicate a good agreement among different decay channels. Fig.2. shows the spectra corresponding
to Au+Au collisions, as measured in the two decay
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The mT spectra corresponding to Au+Au for different cen-

trality value. The centrality increases from bottom to top. The
lines represent estimated yields from p+p collisions, after scaling
by the number of collisions.
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Measurement of J/ψ production in ultra-peripheral Au+Au
√
collisions at sN N = 200 GeV during RHIC RUN-7†
A. Takahara∗1

| FAu (p2T ) |2 =| 3

sin(RpT ) − RPT cos(RpT ) 2
|
(RpT )3 (1 + (apT ))

(1)

In this case, R = 6.7 fm and α = 0.7 fm5) . Please note
that the function is not calculated on the bias of any
prperties of the detector.
The high-mass distribution of e+ e− pairs analysed in
RHIC RUN-7 UPC . However, the exponential curve
may not be accurate. We may find differences between
†
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Fig. 1. Invariant mass distribution of e+ e− pairs fitted to
the combination of a dielectron continuum (exponential
distribution) and a J/ψ (Gaussian) signal. Exponential
curve is fixed by RUN 4 simulation.

dN/dpt(counts)

In this paper, we present the RHIC RUN-7 measurements of the photoproduction of J/ψ and of the twophoton production of high-mass e+ e− pairs in ultraperipheral nucleus-nucleus interactions of Au nuclei
√
at sN N = 200 GeV. Ultra-peripheral collision(UPC)
refers to a collision in which impact distance is greator
than the sum of the nuclear radii with no nuclear overlap. The proposed of use of UPCs to study photoproduction at hadron colliders has attracted considerable
interest in recent years1–3) . UPCs can be used for determining gluon density at low x. Similar measurements performed in RHIC RUN-4 have been reported
in4) .
UPC events are tagged by the emission of forward
neutrons sted the Coulomb excitation of one or both
Au∗ nuclei.
The event triggers have the following requirments;
1)There should be no coincident signals from the beambeam counters; 2) a 2x2 tile EMCal trigger ERT with
a trigger threshold of 0.8 GeV is needed; 3)the energy
of the beams to the ZDCs should be aminimum of 30
GeV. Futher, the offline requirments are Zvertex≤30
cm, only two charged particles , EMCal cluster with
no dead or noisy towers within 2 × 2 tile, and EMCal cluster energy of over 1 GeV/c for one member
of the pair. The UPC J/ψ measurement is based on
main purely electromagnetic process. The high-mass
e+ e− pairs distribution will be combination of exponential and Gaussian(J//ψ) distribution. In this report,
the exponential curve was plotted on the basis of the
RUN-4 simulations4) since RUN-7 simulation have not
been performed yet.
The mass distribution is shown in Fig. 1. There are
17 e+ e− pairs between 2,8 GeV/c and3.2 GeV/c. In
RUn-4 there were 12 e+ e− pairs RUN 44) . Fig. 2 is
the dN/dpT distribution of the pairs.
The squared form factor of a Au nucleus is represented as

counts

[Nuclear structure]
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Fig. 2. dN/dpT distribution of the pairs with me+ e− ≥ 2
GeV/c2 fitted to the (truncated) Au nuclear form factor

RUN-7 and RUN-4 continuum curves because a new
detector HBD was installed in RUN7.
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Neutron asymmetry measurement with s=500 GeV polarized
proton collision at RHIC-PHENIX
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Fig. 1. φ-dependent asymmetries for transverse (open circle) and longitudinal (open square) runs.
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function of RHIC beam bunch ID. Circles and squares
indicate spin down and up, respectively, as determined
by accelerator database.
A N vs. p for leading neutron

s = 62 GeV

T

AN

One of the main programs at the Relativistic Heavy
Ion Collider (RHIC) is the measurement of polarized
gluon distribution function in the proton by√using longitudinally polarized proton collisions at s = 200
GeV1) . In the RHIC ring, vertical polarization is stable. The spin rotator magnets located around the experimental area rotate the spin vector by 90◦ to enable longitudinal collisions at the PHENIX interaction
point. The PHENIX local polarimeter system is used
to conﬁrm that protons are longitudinally polarized at
the interaction point during a run, by measuring a remaining transverse neutron asymmetry2) .
The local polarimeter system consists of a ZeroDegree Calorimeter (ZDC) and a position-sensitive
Shower-Max Detector (SMD)3,4) . The ZDC and SMD
cover the forward and backward directions with a maximum angle of 2.8 mrad., including zero degree4) . In
the 2009 run at RHIC, an experiment√was carried out
using polarized proton collisions at s = 500 GeV
for the ﬁrst time. It was observed that the neutron
asymmetry remains ﬁnite at this high energy. Figure 1 shows the φ-dependent asymmetries observed in
transverse and longitudinal runs. It is clear that the
asymmetry is ﬁnite in the transverse run and almost
zero in the longitudinal run.
Thus far, the asymmetry was calculated from the
raw data recorded using the standard PHENIX DAQ
and therefore the statistical precision was limited by
the DAQ bandwidth. In this run, we implemented the
scalar mode, in which we recorded the number of hit
counts in the right and left parts of the SMD. Figure 2
shows the left-right asymmetry as a function of RHIC
beam bunch ID obtained from the counts in 5 min.
This ﬁgure demonstrates that precise bunch-by-bunch
asymmetry can be achieved within such a short time.
Presently, calculation of asymmetry using the scalar
data is carried out by the standard PHENIX online
monitor system, and the results are sent to the accelerator database. The data are used for accelerator
tuning in the 2009 run.
In such forward kinematics, information on the pT
dependence of asymmetry may be obtained from the
results at diﬀerent colliding energies, where pT is calculated using the relation of pT ∼ En sin(θ). Figure
3 shows the asymmetry as a function of neutron pT
evaluated using a full√detector simulation. The amplitude increases with s. This new data will help us
to understand the production mechanism of neutron
asymmetry.
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Fig. 3. Single transverse spin asymmetry as a function of
neutron pT , evaluated by a full simulation. The asym√
metry increases with s and possible from the pT dependence.
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Cosmic-ray background in PHENIX detector
D.S. Blau,∗1 and K. Okada
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where T0 and T1 are data-accumulation periods, and R
(Rcross ) is the rate of collisions (accelerator crossings).
With this factor, the rate of cosmic-ray (Fig. 2) and
the background rate in the collision data (Fig. 3) are
consistent.
In this report,
√ the background component in p + p
collisions at s = 200 GeV identiﬁed using ToF information is explained by cosmic-ray contribution. At a
high center-of-mass energy (e.g., 500 GeV), we need to
handle rarer signals. The ToF information is essential
to reduce cosmic-ray background.
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Fig. 2. Energy distribution of cosmic-ray data obtained
over 20,000 s. The clusters (the top histogram) are
divided into two groups by the shape cut. The bottom
histogram shows good shape clusters.

entry/0.5GeV

High-energy photons are important probes in the
ﬁeld of nuclear physics. They provide early-stage information on nuclear collisions. At PHENIX1) , photons are detected by the electromagnetic calorimeters
(EMCals). One problem is a cosmic-ray event can be
identiﬁed as a direct photon event. Fig. 1 shows two
examples of cluster shapes in EMCals made by cosmicrays. The clusters with the shape shown in Fig. 1(a)
can be easily eliminated; however, those with the shape
shown in ﬁg.1(b) are retained. Competition exists between the rates of the real signal and the cosmic event.
Since the signal rate is considerably lesser in p+p collisions, the contribution of cosmic-rays is a more serious
problem in p + p collisions than in Au + Au collisions.
In 2007, control data were obtained when there was
no activity in the accelerator for a total period of about
20,000 s. Fig. 2 shows the energy spectra of this data
set. The EMCal miscalculates the energy deposit of
cosmic-ray hits because it is calibrated for photons
coming from the collision.
Fig. 3 shows the energy spectra for√a total of 6.5 ×
1010 events triggered by p + p (at s = 200 GeV)
collisions. The thick line represents all the clusters, the
dashed line represents the clusters with |T oF | < 5 ns,
and the thin line represents the clusters with |T oF | > 5
ns. Since the beam crossing interval is about 100 ns, a
reduction in background by a factor of 10 is expected in
the case of |T oF | < 5 ns. The background is dominant
in the high-energy region.
Two plots (Figs. 2 and 3) are compared by multiplying a factor calculated using the data-accumulation
period and the probability of having collisions in coincidence. The factor is obtained using the following
formula:

104
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3

102

10

1
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Fig. 1. Cosmic ray cluster examples. Each square corresponds to a EMCal tower. The hight is proportional to
the pulse hight.
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Fig. 3. Spectra of photon-like clusters with 6.5×1010 minimum bias collision triggered data (RHIC Run5pp). The
thin-line histogram is for clusters out of collision timing
(|T oF | > 5 ns).
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Vernier Scan Method to Reduce Relative Luminosity Uncertainties†
D. Kawall,∗1,∗2
Introduction
The PHENIX experiment at the Relativistic Heavy
Ion Collider (RHIC) has measured the asymmetry,
of longiALL , in inclusive π 0 production from collisions
√
tudinally polarized protons beams at s = 200 GeV1) .
The asymmetry is defined as :
ALL =

L++
1 N++ − RN+−
(1)
, where R =
P1 P2 N++ + RN+−
L+−

and N++ is the π 0 yield from collisions of protons in helicity states ++, and N+− is for +−, P1 , P2 are beam
polarizations and L++ and L+− are the corresponding beam luminosities. The asymmetries are of great
physics interest because of their leading-order sensitivity to the contribution of gluon spin, ∆g, to the spin
of the proton2,3) .
Determining the asymmetry in cross-section requires
a measurement of the relative luminosity of the colliding beams, R = L++ /L+− , to higher precision than
the expected asymmetries in particle production. The
measurement of R has become increasingly important
for several reasons. First, a comprehensive global fit
to polarized deep-inelastic scattering data and ALL
measurementsof jets and π 0 at RHIC, indicate that
1
∆g is small ( 0 ∆g(x, Q2 )dx ≈ −0.084 at Q2 = 10
GeV2 ), and the expected asymmetries are small3) .
For instance, AπLL < 5 × 10−3 for pπT < 20 GeV at
√
s = 500 GeV3) . Reducing the uncertainty on ∆g
will thus require measurements of R at the level of a
few×10−4 . We also note that the greatest uncertainty
on ∆g comes from the low-x region, which is accessed
primarily from low pπT where the predicted asymmetries are very small. Second, at the design luminosity
of RHIC, L = 1032 cm−2 s−1 , there will be > 25%
chance of two or more collisions per bunch crossing.
Currently PHENIX measures the beam luminosity by
counting coincidences between two Beam-Beam Counters (BBCs), located on either side of the interaction
region, which detect pp collision by-products4) . They
count at most 1 event per bunch crossing, and so become nonlinear at high rates. The amount of nonlinearity can be modeled by measuring the BBC efficiency for detecting pp collisions. In this technique, the
machine luminosity, L, is measured during a vernier
scan5) , as is the peak rate Ṅ observed in the BBC. We
then extract an effective cross-section for the BBC,
σBBC from the relation Ṅ = LσBBC . Knowing the
pp inelastic cross-section allows us to extract the BBC
efficiency. The disadvantage of this approach is that
∗1
∗2
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σBBC is seldom determined to better than 10% due
to the uncertainty on some collider parameters such
as the focusing β ∗ , which is required to calculate the
machine luminosity, and which is only known to about
10%. Still, event-generator6) plus detector simulations
suggest we can determine R to ≤ 10−3 at design luminosity with these techniques.

Fig. 1. Effective BBC cross-section in millibarns versus collision rate in Hz.

Vernier Scan Approach
To do better, we note that σBBC should be a constant, dependent primarily on the BBC coverage in η
and φ, and in particular it should be independent of
the rate. Now consider what happens when we extract
σBBC = Ṅ /L from vernier scans performed at low rate
and high rate. At low rate, Ṅ is linear in the “true”
rate, and the value extracted for σBBC is reasonable.
At high rate, Ṅ under-counts. The denominator, L,
comes from measuring the transverse sizes of the colliding bunches, and is largely independent of rate effects.
Taking the ratio at high rate then leads to a smaller
value
of σBBC as seen in Fig. 1 from a vernier scan at
√
s = 500 GeV at PHENIX. The fractional difference
observed in σBBC is equal to the fractional correction
required on the rate. This method is independent of
poorly known collider parameters, which cancel when
calculating the fractional changes. The new method
should reduce the uncertainty δR by at least a factor
two compared to the approach above.
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Method For Determining Relative Luminosity From Detection
Probabilities
A. Manion,∗1 K. Boyle,∗2 and A. Deshpande∗1

1 N++ − RN+−
,
PB PY N++ + RN+−

(1)

where PB , PY are the polarizations of the beams, N ’s
represent yields in collisions with same (++) and opposite (+−) beam helicities, and R is the relative luL++
. Here L++ and L+−
minosity, deﬁned by R = L
+−
are the beam luminosities for the diﬀerent spins. R
is typically measured by counting coincidences in the
Beam-Beam Counters (BBCs), detectors that trigger
on low energy particles in a pseudo-rapidity range
∆η = (3.1−3.9) on the North and South sides of the interaction point. It is usually assumed that the number
of BBC coincidences is proportional to the number of
collisions, a convenient assumption because the BBCs
do not collect enough information to accurately count
collisions. This is justiﬁed when the number of collisions per beam crossing averages much less than 1, but
breaks down at high luminosities when multiple collisions become common, resulting in under-counting.
One possible solution to this counting problem is to
use the probability of measuring zero in the BBCs. Actually, three probabilities are required: the probability of measuring zero in the North detector, P N (0) =
e−N (λ+λN ) , the South detector, P S (0) = e−S (λ+λS ) ,
and zero in both detectors,
P
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Fig. 1. ZDC counts over BBC counts vs. a collision Rate
proxy (ZDC “N or S” triggers normalized to time).

N S λ = ln(P N,S (0)) − ln(P S (0)) − ln(P N (0)), (2)
which can be used in a new deﬁnition of R. Experimentally, the probabilities involved can be measured
∗2

0.076

S

The deﬁnitions in the above equations are as follows:
λN and λS are the true rates of events capable of triggering only the North or only the South BBC, although
they are allowed in principle to cause an accidental coincidence. λ is the true rate of events capable of causing a real coincidence, although they may not. The ’s
are the eﬃciencies of the detectors, assumed to be constant over the sample in which R is being calculated.
These equations can be solved for the quantity

∗1

0.078

Rate

(0) = [P (0)][P (0)|N = 0]
= [e−N λ e−N λN ][e−S (1−N )λ e−S λS ]
= eS N λ−S (λ+λS )−N (λ+λN ) .
N
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∈N∈SλZDC/∈N∈SλBBC

ALL =

using the ratio of events to beam crossings, for example, P S (0) = 1 − (NS /Ncrossings ).
When checking for systematic uncertainties in R, the
typical procedure is to take the ratio of coincidences
with another set of North and South detectors, the
Zero Degree Caolrimeters. These cover ∆η = ±(6, ∞)
and trigger on forward neutral particles. This means
they sample an independent class of physics, and thus
any asymmetry seen there gives an estimate of the systematic uncertainty in using the BBC to determine R.
Figures 1 and 2 show the results of the typical method
and the one outlined here applied to this procedure.
The typical method obviously suﬀers from rate eﬀects,
while the new method is relatively stable. The newmethod calculation here used only recorded data, but
in the future all live trigger data will be availible which
will signiﬁcantly reduce the uncertainty.

NZDC/NBBC

Measurement of ∆G, the gluon contribution to the
proton spin, is an important part of the spin program
at RHIC1) . In particular, it can be accessed through
measurements of double longitudinal spin asymmetries
in polarized proton collisions:
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Fig. 2. A ZDC to BBC ratio using the new deﬁnition vs.
a Rate proxy.
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Installation and Tests of the PHENIX Muon Trigger RPCs†
M. Grosse Perdekamp∗1, Anselm Vossen∗1 and R. Seidl,∗2 for the PHENIX Muon Trigger Upgrade Group.
[Proton Spin Structure, W-Boson, Muon Trigger, RPCs ]
The PHENIX collaboration at Brookhaven National Laboratory (BNL) prepares measurements of
the proton quark- and anti-quark-helicity distributions
through the observation of parity violating single spin
asymmetries between muon yields from W-production
in polarized proton-proton collisions at RHIC. The
measurements
will be carried out at a center of mass
√
energy of s = 500 GeV and p-p collisions rates reaching up to 10 MHz.

NSF and are being developed and built by a group of
PHENIX collaborators from ACU, CIAE, Columbia,
Colorado, GSU, ISU, Hanyang University, Korea University, Morgan State, Muhlenberg, PKU, RBRC,
UCR and UIUC.

Fig. 2. Pre-assembly of 16 RPC-3 half octants at UIUC.

Fig. 1. Noise and high voltage test of two RPC-3 north half
octants in the RPC assembly laboratory at BNL.

The high rates require a two-component upgrade of
the PHENIX ﬁrst level muon trigger with the goal
to increase the rejection power of the existing muon
trigger by a factor 50: (1) New front end electronics
for the existing muon tracking chambers has been developed that transfers muon tracking information to
fast FPGA based trigger processor boards. The new
front end electronics was funded through the JSPS
and was successfully developed and installed by the
Los Alamos, KEK, Kyoto, RIKEN Rikkyo and UNM
groups in PHENIX. (2) New dedicated muon trigger
Resistive Plate Chamber (RPC) stations were developed for insertion in the two existing PHENIX muon
spectrometers. The RPCs provide additional tracking
information and the timing information required for
the rejection of beam backgrounds on-line and cosmic
ray background oﬀ-line. The RPC timing information
will be also used to connect events at high rates to the
correct collision and polarization information.
The RPCs, their front end electronics and the level
one trigger processors have been funded through the
∗1
∗2

University of Illinois, Urbana Champaign, USA.
Riken BNL Research Center, Upton, USA.
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Fig. 3. Fully installed RPC-3 north detector stations seen
from the RHIC accelerator tunnel in November 2009.

The RPC technology used was developed originally
for the muon trigger detectors of the CMS experiment
at the LHC. The PHENIX trigger RPC design follows
closely the design of the endcap muon trigger RPCs in
CMS1) . The bakelite RPC gas gaps for PHENIX have
been manufactured by the CMS RPC detector laboratory at Korea University (KODEL) and delivered for
assembly to BNL. Figure (1) shows two PHENIX RPC
half octants during high voltage and noise testing in
the RPC assembly facilty at BNL and ﬁgure (2) shows
the pre-assembly of 16 RPC-3 half octant shells at the

1

nuclear physics laboratory at UIUC.
For the RHIC
√ data taking in 2009√with polarized p-p
collisions at s = 200 GeV and at s = 500 GeV two
full size RPC half octant prototypes were installed in
the south PHENIX muon spectrometer. In November
2009 the intallation of the ﬁrst full RPC-3 detector
station was completed in the north muon spectrometer.
RPC-3 north is shown in ﬁgure (3) after installation.
During detector assembly the muon trigger RPCs
are carefully tested for possible gas leaks, high voltage
stability and their performance with regards to detection eﬃciency, timing resolution and cluster size. This
tests are carried out with the help of dedicated test
stations for high voltage and gas leak testing and in
a cosmic ray test stand. The cosmic ray test stand
holds up to 10 RPC detector modules and allows a detailed evaluation of the RPC performance. Figure (4)
shows results for the detection eﬃciency versus RPC
high voltage for an RPC-3 north detector module. As
can be seen from the ﬁgure the eﬃciency reaches 95%
for a broad range of thresholds and high voltages of
9.5 kV or larger.

the south tunnel at the same z-position as the RPC3
South location. The prototypes were integrated in the
PHENIX data aquisition and slow control during the
run and their performance was found to be quite stable
and reliable.
Initially, the LV cable to the RPC2 did pick up
high frequency electronics noise, which resulted in high
noise rates in most of the RPC2 area. After installing
an additional low pass ﬁlter, the noise rates dropped
and RPC2 became useable. Apart from a few noisy
readout strips, the noise rates stayed below the target
noise rate of 10 Hz/cm2 which will allow us to use this
detector for triggering.
The readout of the data shows that the collision related particles can be nicely seen in the time distributions as shown in Fig. 5 for all non-noisy strips. Fitting
them with a Gaussian distribution shows, that these
peaks can be described well with widths of only a few
ns.
The observed timing resolution is consistent with
expected contributions from the RPC-TDC resolution
and variations in hit position and cable lengths.
In fact it was found that for trigger operation a timing window shorter than the design value of 20 ns can
be used. The timing resolution is suﬃcient to reject
beam backgrounds and to connect the triggered event
to the correct polarization information.
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Fig. 4. RPC eﬃciencies for diﬀerent discriminator thresholds versus high voltage.
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The assembly of the RPC-3 south RPC half octants
will be completed by April 2010 and RPC-3 south will
be installed during the RHIC summer shutdown 2010.
It is also expected that the assembly of the smaller upstream RPC trigger stations, RPC-1 south and north
will be completed during the summer
√ of 2010. A ﬁrst
long RHIC run for W-physics at s = 500 GeV is
scheduled for 2011.
Prototype Performance in RHIC Run 2009
During the 2009 RHIC run two full size half-octant
prototypes with similar layout and nearly identical dimensions to the ﬁnal RPC design were installed in
PHENIX. One prototype, RPC2, was located downstream of the south muon magnet in front of the MUID
gap 0, the second prototype, RPC3, was located in

2
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Fig. 5. Raw TDC distributions in the two detectors for
the three radial segments. The red distribution shows
muon candidate tracks passing in the vicinity of the
RPC prototype volumes. The muon candidate events
are ﬁt with a Gaussian whose ﬁt parameters are also
displayed.

In addition, an oﬄine time window of 20 ns or less
will also allow to reduce the cosmic muon background
by at least a factor of 5 compared to the present time
gate deﬁned by the muon identiﬁer streamer tube stations.
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Upgrade of PHENIX Muon Tracker Performance and Trigger
Capability for Sea Quark Polarization Measurement at RHIC
I. Nakagawa, T. Mibe,∗1 N. Saito,∗1 I. Ichikawa,∗2 K. Karatsu,∗2 T. Murakami,∗2 K. Nakamura,∗2
R. Sameshima,∗2 Y. Fukao, Y. Ikeda,∗3 J. Murata,∗3 N. Ogawa,∗3 K. Ninomiya,∗3 J. Onishi,∗3 and S. Hirota,∗4
[nucleon spin, W-boson, polarized parton distribution, Electronics, trigger]
Several decades have passed since the parityviolating production of the W boson was pointed out to
be the ideal probe for sea quark polarization measurement; this claim is based on almost ﬁxed ﬂavors and
fragmentation-function-free interpretation of observed
asymmetry1) . Such measurement has just begun at
RHIC using longitudinally polarized proton beams at
a collision energy of 500 GeV. The W program is the
highlight of the RHIC spin project, which will continue
over the next 5 years; thus, the following projects have
been proposed to upgrade the PHENIX muon arms in
order to carry out the rare probe measurement under
conditions in wihch the background rate is high.






 

















Fig. 1. Installation schedule of PHENIX muon arm upgrade projects. Year in solid square is the scheduled
year of installation.

New front-end electronics (MuTRG-ADTX) boards
were developed and produced to add the trigger
capability to existing PHENIX muon tracker (MuTr)
detectors. The installation in the North muon arm
was completed during the 2008 shutdown period; backend electronics (MuTRG-MRG and MuTRG-DCMIF)
boards5) that serve as an interface between MuTRGADTX and local-level-one (LL1) trigger boards and
data collection modules (DCM) were also installed.
The newly installed trigger electronics chain was commissioned during the engineering run of the ﬁrst 500
3)
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GeV polarized proton-proton collision in Run9. The
observed performance has been discussed elsewhere
6,7)
. The installation of MuTRG-ADTX boards in the
South muon arm began during the shutdown period
that followed Run09 and was completed by the end of
2009. These newly installed boards were commissioned
along with Au-Au beams in Run10.
As a result of the project being carried out to upgrade the PHENIX muon arms, the performance of
the muon detection system will be improved as shown
in Fig.1. Another project aimed at upgrading; Resistive Plate Chambers2) production is also being carried
out. The additional hadron absorbers will be installed
in Run11, where the ﬁrst production run of polarized
proton-proton collision at 500 GeV is scheduled. Thus,
trigger upgrade projects are running on schedule. Efforts to improve the performance of existing detectors
are also underway. The momentum resolution of MuTr
is a major concern since only resolutions that are lower
than its intrinsic resolution (100µm) by a factor of 2
- 3 have been demonstrated in the past. It has been
proposed that the motion of MuTr chambers on a daily
basis deteriorates the alignment precision. The relative
alignment between MuTr chambers is carried out using straight particle trajectories with magnet ﬁeld oﬀ
of MuTr. We observed chamber movement of the order
of 100 µm over the course of a few months during Run9
by using an optical alignment system (OASys) implemented in MuTr chamber frames. The OASys consists
of light sources, lenses, and CCD cameras attached to
chambers in Station1, Station2, and Station3, respectively, and it tracks the relative motion of the chambers
by continuously monitoring the light spot in the CCD
camera8) . The chamber displacement predicted by the
OASys can be veriﬁed by the zero ﬁeld data that are
obtained at intervals of months. This consistency analysis is now in progress.
References
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Performance evaluation of MuTRG
for upgrading PHENIX muon trigger
Y. Fukao for the PHENIX MuTr FEE Upgrade Group
[nucleon spin, W boson, polarized parton distribution, electronics, trigger]

a)

Sagitta is deﬁned as the distance between a hit strip in the
MuTr 2nd station and the linearly interpolated positions of
hit strips in the 1st and 3rd station. Hits are required in
a strip at the 2nd station on the linear interpolation when
∆s = 0. Hits are required in ±1 strips in the 2nd station
around the linear interpolation when ∆s ≤ 1.
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Fig. 1. Eﬃciency of MuTRG as a function of track momentum. A threshold voltage of 40 mV is applied and
clustering is not applied. The black closed circles represent the eﬃciencies when ∆s ≤ 1 and those with red
open circles represent the eﬃciencies when ∆s = 0.
MuTRG performance at 3MHz collisions

Efficiency at Plateau

The PHENIX experiment aims to directly probe the
contribution of sea quarks to proton spin by performing measurements of single helicity asymmetry in W
boson production. In order to record the W production events eﬀ ectively, we are developing a new trigger
system for the PHENIX muon arm.1) The trigger is designed to sort out events with high momentum tracks,
which are expected to be muons resulting from W decays, by performing rough momentum measurements
online. An overview of the trigger system is provided
elsewhere.2) In 2008, additional electronic component
(MuTRG) were installed in the north PHENIX muon
trackers (MuTr) to provide readouts of fast signals to
the trigger. The MuTRG was commissioned in the
2009 run with the ﬁ rst polarized pp collisions at the
center-of-mass energy of 500 GeV. This paper describes
the preliminary results of the MuTRG commissioning
tests. Related articles are provided in this reports.3,4)
The MuTRG has several optional parameters such
as the threshold of the deposit charge in MuTr, clustering, and sagitta acceptance ∆s a) that can be adjusted to ensure optimal performance. Figure 1 shows
MuTRG eﬃciency as a function of particle momentum measured by MuTr. The eﬃciency achieved at
the plateau is ∼ 0.9. The turn-on point of the trigger is improved from 2.0 GeV/c to 12.2 GeV/c when
∆s = 0 and to 8.5 GeV/c when ∆s ≤ 1. Figure 2
shows the relation between the eﬃciency at the plateau
and the trigger rejection power. The rejection power
is deﬁ ned as the number of collisions divided by the
number of events accepted by the MuTRG. Although
tight cuts improve the rejection power, they decrease
the eﬃciency.
The installation of the MuTRG in the south muon
arm was completed after the 2009 run and its commissioning is ongoing in the 2010 run with heavy-ion
beams. The signal from MuTRG is ﬁ nally combined
with the signal from resistive plate chambers (RPC)
which is another trigger detector. More improvement
in the trigger rejection power is expected with the use
of RPCs. In the polarized pp physics run to be performed in 2011, it is estimated that a trigger rejection
power of 4500 will be required with a DAQ bandwidth
of 2 kHz. A combined analysis of MuTRG and RPC is
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Fig. 2. Relation between eﬃciency and rejection power.
The black closed circles and blue closed squares represent the case when ∆s ≤ 1, while the red open circles
represent the case when ∆s = 0. Clustering of hits is
applied in each station in the case represented by the
blue closed squares. Threshold voltage of 40 mV and
100 mV is set for the points where the rejection power
is less than and greater than 5000, respectively.

being carried out to evaluate the ﬁ nal performance and
determine the parameters for optimal performance of
the MuTRG.
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Measurement of the interference fragmentation function in e+ e−
R. Seidl,∗1 A. Vossen,∗2 M. Grosse-Perdekamp,∗2 A. Ogawa,∗3, M. Leitgab,∗2 and P. Francisconi,∗2
[spin dependent fragmentation, transverse spin]
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and the publication of the ﬁnal results is in progress.
We observe large asymmetries which are rising with the
fractional energy, as can be seen in Fig. 2. Since the
product to two interference fragmentation functions is
measured, the eﬀect of each individual function rises
up to more than 30% at highest z. The asymmetries
are also rising with the invariant mass of the pion pair
which is not shown here due to space limitations. It
is important to note, that this mass behavior favors
model calculations by Radici9) over those by Jaﬀe8)
which have predicted a sign change a the ρ meson mass.

a12

The interference fragmentation function IFF is a
chiral-odd fragmentation function suggested by Collins
1)
which can act as an analyzer of transverse quark
spin. In contrast to the Collins function4) , previously also measured in e+ e− by us2,3) , the IFF does
not require a transverse momentum dependence and
collinear factorization can be applied. This allows a
model independent extraction of the quark transversity from SIDIS and pp data using the known collinear
evolution5) . Following Boer6) , the measurement relies
on extracting an azimuthal correlation of the planes
spanned by two charge ordered π + π − pairs relative
the reaction plane deﬁned by the incoming leptons and
the formed quark-antiquark pair approximated by the
thrust axis. The planes and angular deﬁnitions are
displayed in Fig. 1. The results are obtained from
a 672fb−1 data sample that contains 711 × 106 π + π −
pairs and was collected near the Υ(4S) resonance, with
the Belle detector at the KEKB asymmetric energy
e+ e− collider. In events with a clear two-jet like topology as deﬁned by a thrust value larger than 0.8 a π + π −
pair is selected in each hemisphere. The azimuthal angular yield of these pairs is then normalized by the average yield and ﬁt by several azimuthal modulations.
The cos(φ1 + φ2 ) modulation (a12 ) is proportional to
�
the product of the interference function H1 (z, m) on
the quark side times the interference function on the
antiquark side, normalized by the corresponding unpolarized functions, where z = Epair /Equark is the fractional energy of the hadron pair and m its invariant
mass. Preliminary results were ﬁrst shown this year7)
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Fig. 2. a12 modulations for the 9 × 9 z1 , z2 binning as a
function of z2 for the z1 bins, where 1, 2 stands for the
hemisphere.

The analysis for the extraction of the interference
function for other hadron combinations is ongoing.
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relative to the thrust axis.
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Precision Measurements of Charged Hadron Multiplicities in e+ e−
Annihilation at BELLE
M. Leitgab,∗1 M. Grosse Perdekamp,∗1 R. Seidl,∗2 A. Ogawa,∗3 A. Vossen,∗1 K. Boyle∗2 and P. Francisconi∗1

This paper summarizes the status of precision measurements of π +,− and K +,− (in the following, resolving all particle charges is implied) multiplicities in
e+ e− annihilation at a center of mass energy of 10.52
GeV at the BELLE experiment at KEK, Japan1) . The
hadron multiplicities are measured as a function of
z which is the hadron energy relative to half of the
center-of-mass energy in electron-positron annihilation
into quark-antiquark pairs. The measured multiplicity
distributions are corrected for particle misidentification and acceptance effects.
2

Motivation

Multiplicity measurements at Belle are motivated
by two recent studies on the extraction of unpolarized
fragmentation functions2),3) . Fragmentation functions
describe hadron production from a final-state quark or
gluon in processes such as hadron collisions, electronpositron annihilation and deep inelastic scattering of
leptons on protons or nuclei. The present measurement is intended to provide high precision datasets
as an input to the extraction of fragmentation functions, and thereby significantly lower the uncertainties
of these. Precise knowledge of fragmentation functions
is required for the extraction of the gluon helicity distribution from spin asymmetries measured in hadron
collisions at the Relativistic Heavy Ion Collider4) .
3

Measurement Status and Outlook

For charged hadrons, experimental particle yields
need to be corrected for particle misidentification. In
an analysis test-run this correction has been found to
change the measured charged particle distributions at
the order of 5 to 10% for pions and 10 to 35% for kaons.
The correction is performed through an unfolding technique based on inverse 4x4 particle identification (PID)
probability matrices. To not rely on the GEANTbased5) Monte Carlo modelling of the BELLE PID
performance, the elements of the probability matrices are obtained from reconstructing unstable particles
in experimental data with purely kinematical means,
forming samples of tracks with known ’real/physical’
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Fig. 1. Fits of experimental data invariant mass distributions on a reconstructed sample of the decay D ∗ →
π(D 0 → Kπ). Figures a) and b) show distributions
without and with an additional PID likelihood cut to
select particles of species j = π. Extracting the PID
probability p(K − →π− ) from the ratio of the hatched areas yields 0.111 ± 0.004 for negatively charged kaons
with laboratory frame momentum in [1.4; 1.6] GeV/c
and laboratory azimuthal angle θ in [77.9; 89.0] degrees.

species i = {e/µ, π, K, p}. PID probabilities p(i→j)
can be calculated by additionally applying PID likelihood cuts to select particles of species j from the
reconstructed samples and forming ratios of the yields
obtained with and without PID cuts. Decays of D∗ , Λ
and J/ψ particles are analyzed. Figure 1 shows fits of
experimental data distributions from the reconstructed
decay D∗ → π(D0 → Kπ) which allow to extract the
PID probability p(K − →π− ) .
Eventually, the measurement of hadron multiplicities against their normalized energy z will be performed from about 0.2 to close to 1.0 in z. The systematic uncertainty analysis for PID, momentum smearing
and acceptance effects will be finalized. The leading
uncertainty is expected to arise from the systematic
uncertainties connected with the PID correction. The
overall systematic uncertainties are expected to remain
below 3% (5%) for π (K) spectra for z < 0.6, and to
increase with z up to 5% (17%) for π (K) spectra,
respectively.
References
1) A. Abashian et al.; Nucl. Instrum. Methods A 479,
(2002), pp. 117-232.
2) M. Hirai, S. Kumano, T.-H. Nagai, K. Sudoh; Phys.
Rev. D 75, 114010 (2007).
3) D. de Florian, R. Sassot, M. Stratmann; Phys. Rev. D
75, 094009 (2007).
4) A. Adare et al.; Phys. Rev. Lett. 103, 012003 (2009).
5) Geant 4 Collaboration; Nucl. Instrum. Methods A 506,
(2003), pp. 250-303.

1

RIKEN
Accel. Prog.
Prog. Rep.
Rep. 43
43 (2010)
(2010)
RIKEN Accel.

Photoproduction of Λ(1405) and Σ0 (1385) on the proton at Eγ =
1.5-3.0 GeV at SPring-8/LEPS
Y. Nakatsugawa for LEPS collaboration
[photoproduction, Λ(1405)]
In a quark model, Λ(1405) is a p-wave q3 baryon.
However, it is also suggested that Λ(1405) has a nonq3 structure such as a meson-baryon molecular state.
In some theoretical studies, chiral Lagrangian and coupled unitary model were used to predict the line shape
of Λ(1405) as πΣ0 and KN.1) The two-pole structure of
Λ(1405) was also suggested.2) The contribution of the
second pole might be extracted by treating K and K∗
exchange reaction separately, and information about
exchanged particles can be obtained from photon beam
asymmetry. Therefore, it is of interest to obtain the
mass spectrum of Λ(1405) and determine the photon
beam asymmetry. On the other hand, it has been
firmly established that Σ0 (1385) is a q3 baryon. The
difference between the internal structures of Λ(1405)
and Σ0 (1385) may appear in the photoproduction cross
sections and/or photon beam asymmetries. Recently,
differential cross sections for γp → K+ Λ(1405) and γp
→ K+ Σ0 (1385) reactions were measured by LEPS collaboration.3) However, the statistics were limited. A
new experiment was carried out at SPring-8/LEPS using a liquid hydrogen target and a linearly polarized
photon beam. In order to detect the decay products of
hadrons, a time projection chamber (TPC) surrounding the target was used along with the LEPS spectrometer. Detailed information on the differential cross sections of γp → K+ Λ(1405) and γp → K+ Σ0 (1385) and
the line shapes of Λ(1405) will be obtained from new
data. The photon beam asymmetries will be also investigated.
The analysis of new data is still underway. The
present status of the analysis and very preliminary results are reported in this article.
In order to obtain the spectra of Λ(1405) and
Σ0 (1385) separately, we selected the following two reactions and imposed certain cut conditions:
(1) γp → K+ Σ0 (1385) →K+ Λπ 0 →K+ pπ − π 0
(2) γp → K+ Λ(1405) →K+ Σ± π ∓ →K+ nπ + π −
The spectrum of Σ0 (1385) was obtained by observing reaction (1) under the following cut conditions: (i)
K+ was detected in the forward spectrometer, (ii) a
proton and a π − were detected in the TPC, and (iii)
a Λ(1116) was identified on the basis of the invariant
mass of pπ − . In Fig.1(a), a bump corresponding to
Σ0 (1385) can be seen. Owing to isospin conservation,
Λ(1405) does not decay into Λπ 0 , hence the yield of
Σ0 (1385) can be estimated from its decay branching
ratios. The spectrum of Λ(1405) was obtained by observing reaction (2) under the following cut conditions:
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Fig. 1. Missing mass spectrum of γp → K+ X : (a) Selection
cuts (i), (ii), and (iii) were applied. (b) Selection cuts
(iv), (v), and (vi) were applied.

(iv) K+ was detected in the forward spectrometer, (v)
a π + and a π − were detected in the TPC, and (vi) a
neutron was identified on the basis of the missing mass
of γp → K+ π + π − X . The bump around 1.4 GeV in Fig.
1(b) corresponds to Λ(1405). Since Σ0 (1385) can decay
into Σπ, the contribution of the contamination should
be subtracted from the spectrum in order to estimate
the yield of Λ(1405). However, this has not yet been
done because the acceptance calculation is yet to be
completed. In the future, the differential cross sections
of γp → K+ Σ0 (1385) and γp → K+ Λ(1405) will be determined, and the Eγ dependence of the cross sections
and line shape of Λ(1405) will be investigated. In this
study, photon beam asymmetries were also measured
for γp → K+ Σ0 (1385) and γp → K+ Λ(1405) reactions.
The error is large because only one quarter of all data
was used for the analysis of photon beam asymmetries.
More precise results will be reported as final results.
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E906 Drell-Yan experiment at Fermilab
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assuming that x1  x2 and the uū annihilation term
is dominant; x1 and x2 are the momentum fractions
of a quark or an antiquark in the beam proton and
target proton, respectively. The Fermilab E866 exper¯ ratio
iment determined the x-dependence of the d/ū
in this way,2) as shown in Fig.1, with an 800 GeV/c
proton beam from the Fermilab Tevatron incident on
hydrogen and deuterium targets. At moderate values
of x, the data show an excess of d¯ over ū by more than
60%, but this excess disappears and the antiquark distributions appear to be symmetric at high x values.
The ratio of d¯ to ū quarks determines whether there
is competition between perturbative QCD gluon dissociation and non-perturbative contributions. Calculations have shown that perturbative processes create
flavor-symmetric antiquark distributions, while nonperturbative approaches such as the use of meson cloud
models, chiral perturbation theory, or instantons can
explain a large asymmetry, but not the return to symmetric distributions seen as x → 0.3. None of the
¯ as shown by
models predicts an excess of ū over d,
the CTEQ6 global parton distribution fit3) in Fig.1.
Many of these models relate the flavor asymmetry to
the intrinsic spin carried by the antiquark. The Fermilab E906 experiment will use a 120 GeV proton beam
extracted from the Fermilab Main Injector to study
flavor symmetry violation at high values of x > 0.45.
The E906 experiment will also measure the DrellYan yields from nuclear targets. The nuclear target
data can be used to constrain partonic energy loss in
cold nuclear matter. This is a necessary step in understanding models that also predict partonic energy
loss in the hot nuclear matter used at the RHIC. In
addition, the data will allow us to observe modifications of the antiquark distributions in nuclei relative
to the nucleon. The distribution of partons in a free
nucleon is different from that in a bound nucleon, an

effect first discovered by the European Muon Collaboration from muon DIS experiments in 1983.4) Although
many models of nuclear binding involve virtual meson
exchange, which modifies the antiquark distributions
of the nuclei, present data suggest that the antiquark
distributions are not modified.5) The E906 experiment
will either observe the modifications predicted by these
models or invalidate many of the models.
The collaboration expects to begin data collection in
the summer of 2010. Japanese groups (RIKEN, KEK,
Kyoto Univ., Tokyo Tech., and Yamagata Univ.) are
in charge of one of the drift-chamber stations. The
station is currently under construction in Japan, and
it will be shipped to Fermilab in the spring of 2010. 6)

d /u

Flavor symmetry violation of antiquark distributions
was first observed by the New Muon Collaboration in
muon deep inelastic scattering (DIS) experiments.1)
The Drell-Yan process provides a complementary way
to select only the antiquark distributions and it is an
ideal process for flavor asymmetry measurement. In
leading order, the ratio of the proton-proton to protondeuterium Drell-Yan yields can be expressed as


¯ 2) 
1
d(x
σpd 
=
1
+
,
2σpp 
2
ū(x2 )

CTEQ6
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¯ as determined in the E866 (blue
Fig. 1. The ratio d/ū
squares) and NA51 (pink triangle) experiments. The
¯ ratio and uncentral curve in the band shows the d/ū
certainty in the CTEQ6 fit, which includes the E866
data. The red circles represent the expected statistical
uncertainties in the E906 data. The expected systematic uncertainty is approximately 1%.
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A proposal to study medium mass modiﬁcation of ϕ-mesons using
ϕ-meson bound state in nucleus†
H. Ohnishi∗1 and K. Tsukada∗1
[Spontaneous breaking of Chiral symmetry, meson bound state]
A proton is composed of two ”Up” quarks and one
”Down” quark and has a mass of 938 MeV/c2 . On
the other hand, the mass of bear quark, i.e. ”Up” and
”Down” quark is known to be a few MeV/c2 . Therefore, the contribution of the constituent quarks to the
mass of a proton is very less. We must now identify a
process by which more than 90 % of the proton mass
can be generated from vacuum. This mechanism is
now known to involve spontaneous breaking of chiral
symmetry, and it generates a non-zero quark antiquark
condensate ⟨qq⟩ in vacuum. This quark-antiquark condensate ⟨qq⟩ is the major contributor to the mass of
low-lying hadrons such as protons, neutrons and pions.
In the theoretical framework, the quark-antiquark condensate ⟨qq⟩ (chiral order parameter) is a function of
temperature and chemical potential (density).
In this study we focus on the ϕ-mesons in a nucleus.
According to an experimental study of the invariant
mass spectra of ϕ-mesons in the pA reaction, the ϕmeson mass shift in medium heavy nuclei (Cu) is approximately about 3.4% and the natural width broadening of Γϕ /Γϕfree is ≈ 3.61) . We are attending to understand the meaning of the mass reduction of 3.4%
(= 35 MeV/c2 ) observed for the ϕ-mesons in a nucleus. A possible clue can be obtained from the kaon
sin nucleus. Reference2) shows that the mass of the
K− will be reduced in nuclear matter owing to the
strong attractive potential between the K− and the
nucleon. This theoretical prediction indicates that the
mass reduction of ϕ-mesons in a nucleus is directly
related to the possible existence of an attractive potential between the ϕ meson and the nucleus. The
depth of the potential well is expected to be on the
same order as measured mass reduction. Therefore,
we adopted an experimental approach to measure the
ϕ-meson properties in nuclear media, by studying formation of a ϕ-meson bound state. The most interesting ϕ-meson formation channel that could be ideal
for the formation of a ϕ-meson bound state is the
p + p → ϕ + ϕ channel. One striking outcome of this
reaction is the rather large ϕϕ production cross section
near the production threshold (∼0.9 GeV/c), namely,
an incident p momentum of 1.3 ∼ 1.4 GeV/c. The
most distinguishable feature of this reaction channel is
its fully background-free nature. The yield of the processes, ϕK + K − and K + K − K + K − , are considerably
†
∗1
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smaller than those of the double ϕ production channel when the incident p momentum is selected below
1.4 GeV/c3) . Another unique feature of this reaction
is that all the particles we observe, including those
emitted in the forward ϕ → K + K − decay, are labeled
with strangeness so that they be clearly distinguish
from the particles formed in other processes. This ensures that the process is free process of any accidental background. In addition to strangeness tagging by
forward-going kaons, the background can be considerably reduced in missing-mass spectra by using a combination of (p, ϕ) spectroscopy together measurements
and K + Λ tagging for this reaction; this ensures that
strange quarks are actually embedded in the nucleus.
From the missing mass and invariant mass study of the
sub-threshold energy region, one can independently deduce the mass-shift information. A systematic study of
several nuclear targets will help in the unique, deﬁnitive, and precise determination of the in-medium mass
modiﬁcation of the vector meson ϕ(ss). Despite of the
low cross section of the p(p, ϕ)ϕ reaction, we can expect an excellent ground-state-formation rate of 240
per month when using a p beam with an intensity of
2 × 106 particles per spill on a carbon target. The conceptual design for the spectrometer be used in (p, ϕ)
spectroscopy is shown in Figure 1.

Fig. 1. conceptual design for the spectrometer.

The experimental proposal has been submitted to
the J-PARC Program Advisory Committee, and detail
status and R&D activities for the detector are currently underway.
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Simulation study for the multiplicity Measurement in the
Proton-Proton Collisions at the LHC†
S. Sano,∗1 H. Hamagaki,∗1 T. Gunji,∗1 C. Garabatos2 M. Ivanov2 and J. Wiechula2
[Multiplicity, Color Glass Condensate (CGC), LHC]

×Cp T cut (η  )

(1)

where the integration is executed for the available region of pT . C(η  , pT ) is the correction factor obtained
N
(η,pT )
. Nacc (η, pT ) and Ngen (η, pT )
as C(η, pT ) = Ngen
acc (η,pT )
are the numbers of charged particles accepted and generated, respectively. Cp T cut (η  ) is the correction factor due to the pT cutoff. In this analysis, particles of
pT < 0.3 GeV are cut.
Figure 1 shows the projections of 1/C(η, pT ) to η and
pT , which corresponds to the reconstruction efficiency
of the TPC for charged particles, where any feed-down
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Parton density grows rapidly with decrease of fractional momentum x, but eventually tends to saturate,
as a consequence of self-interaction of gluons, which
is an intrinsic property of non-Abelian gauge theory.
Such saturated state may be described with a classical
field theory such as Color Glass Condensate (CGC)1,2) .
An investigation of gluon saturation is important to decide the initial condition for high-energy heavy-ion collisions. CGC effects may be seen even at mid-rapidity
through the measurement of pseudo-rapidity distribu√
tion of charged particles dN/dη in sN N = 10 TeV
√
p + p collisions and sN N = 5.5 TeV Pb+Pb collisions at LHC3) . This report describes the status of a
preparation for the measurement of dN/dη.
Simulation study for dN/dη was done, and the correction factor was evaluated. dN/dη can be measured
using the ALICE Time Projection Chamber (TPC),
which is the main detector for tracking in the central
barrel4) . AliRoot, the ALICE software package, can
provide event generation, simulation of the detector response, and reconstruction. The reconstructed tracks
are recorded as ESD (Event Summary Data) tracks
which have labels corresponding to the ID number of
generated particles. Therefore, the reconstruction efficiency can be evaluated from the comparison between
generated particles (MC particles) and ESD tracks using labels. PYTHIA 6 event generator was adopted,
and
√ 277,500 events of minimum-bias p + p collisions at
s = 10 TeV were used.
The detection efficiency is assumed to depend on
pseudo-rapidity, and transverse momentum. Therefore, dN/dη is calculated as
 pT 2
 dN 
dN
|η=η =
C(η  , pT )
dpT
dη
dpT dη ESD
pT 1

−1 −0.5

0

0.5

1
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1
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Fig. 1. The reconstruction efficiencies for charged particles
as a function of η and pT . These are the projections of
1/C(η, pT ) to η and pT .

Fig. 2. Comparison of dN/dη between MC prediction and
ESD. Circles show the result of ESD analysis and
squares show the plots for only primary particles passed
the cut of ESD analysis.

correction is not applied.
Figure 2 shows the comparison of dN/dη between
MC prediction (lines) and this analysis with the correction according to Eq. 1. (circles). The result of
this analysis (circles) includes both primary particles
and secondary particles which passed the cut of this
analysis. Squares in Fig. 2 show the plots for only
primary particles. The ratio of the true primary particles to ESD plots (circles) of Fig. 2 is about 82±2%
at |η| < 0.5.
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Nuclear Force from String Theory†
K. Hashimoto,∗1 T. Sakai,∗2 and S. Sugimoto∗3
[Nuclear force, Superstring theory]
We compute nuclear force in a holographic model of
QCD on the basis of a D4-D8 brane conﬁguration in
type IIA string theory. Repulsive core of nucleons is
quite important in nuclear physics, but its origin has
not been well-understood in strongly-coupled QCD.
We ﬁnd that string theory via gauge/string duality
deduces this repulsive core at short distance between
nucleons. Since baryons in the model are realized as
solitons given by Yang-Mills instanton conﬁguration on
ﬂavor D8-branes, ADHM construction of two instantons probes well the nucleon interaction at short scale,
which provides the nuclear force quantitatively. We
obtain, as well as a tensor force, a central force which
is strongly repulsive as suggested in experiments and
lattice results. In particular, the nucleon-nucleon potential V (r) (as a function of the distance) scales as
r−2 , which is peculiar to the holographic model. We
compare our results with one-boson exchange model
using the nucleon-nucleon-meson coupling obtained in
our previous paper2) .
Nuclear force, the force between nucleons, exhibits
a repulsive core of nucleons at short distances. This
repulsive core is quite important for large varieties of
physics of nuclei and nuclear matter. For example, the
well-known presence of nuclear saturation density is essentially due to this repulsive core. However, from the
viewpoint of strongly coupled QCD, the physical origin
of this repulsive core has not been well-understood. In
spite of the long history of the problem, it was rather
recent that lattice QCD could reach the problem, and
of course any understanding of it based on analytic
computations is quite helpful for revealing basic nature of nuclear and hadron physics.
Recent rapid progress in applying gauge/string duality to QCD, holographic QCD, is really surprising. Now it has been made possible to compute various observables in hadron physics such as spectra
of mesons/baryons/glueballs and interactions among
them. Although most of the works rely on the supergravity approximation that works for large Nc and
large ’t Hooft coupling λ, it turned out that the holographic QCD reproduces quite well the properties of
hadrons not only qualitatively but also quantitatively.
We apply this gauge/string duality to the problem of
nuclear force. In our previous paper2) , we computed
†
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nucleon-nucleon-meson couplings, by using the holographic QCD based on a D4-D8 brane conﬁguration
in type IIA string theory1) , which incorporates chiral
quark dynamics. This amounts in principle to computing the large distance behavior of nuclear force, as
the potential between two nucleons can be understood
as exchange of mesons among them. In this paper,
we make one step further: by directly solving the twonucleon system in the D4-D8 model of the holographic
QCD, we ﬁnd shorter distance scale of the nuclear
force.
In fact, we ﬁnd the repulsive core of nucleons. Our
computation shows the following result for the central
and tensor forces,


27 32 a a b b Nc 1
+ (I1 I2 )(J1 J2 )
, (1)
VC (|r|) = π
2
5
λ |r|2
8π a a Nc 1
I I
.
(2)
VT (|r|) =
5 1 2 λ |r|2
This is, ﬁrst of all, repulsive, and second, has 1/r2
dependence. The r-dependence is peculiar to the fourdimensional space, not the three-dimensional harmonic
potential. The appearance of the 1/r2 potential is
due to the extra holographic dimension, thus typical
in holographic description. Physically speaking, the
Kaluza-Klein summation of all the meson states in the
tower produces this new behavior.
The main reason why the force is repulsive is as follows. In holographic QCD, global symmetries of QCD
are upgraded to local ones via the correspondence, and
so baryon number carried by the baryon is coupled to
local gauge ﬁelds in higher dimensions. This produces
the repulsive force. The Kaluza-Klein decomposition
of the higher-dimensional gauge ﬁelds provides a mass
tower starting with ω meson as the lightest vector meson1) , and so, our computation shows that the repulsive force is partly due to the ω meson exchange. Not
only the ω meson but also the whole massive mesons
participate in the nuclear force, and resultantly, the
nucleon-nucleon potential becomes 1/r2 .
It would be very interesting if our results can be
consistently compared with lattice results or empirically known potentials used in “ab-initio” calculations
of nuclear spectra.
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Quark fragmentation functions in the NJL-jet model†
W. Bentz,∗1 T. Ito,∗1 I. C. Cloët,∗2 A. W. Thomas,∗3 and K. Yazaki∗4
�

�
QUARK FRAGMENTATION FUNCTIONS, Semi-inclusive pion production, Deep inelastic
scattering

Quark distribution and fragmentation functions are
the basic nonperturbative ingredients for a QCD-based
analysis of hard scattering processes. In this paper we
show the results of recent calculations of fragmentation
functions in the NJL-jet model1) .
The spin-independent fragmentation function for the
process q → h is deﬁned by
�
dω − ip− ω− /z �
z
ˆ
Dqh (z) =
e
n
12
2π
× �p(h), pn |ψ(0)|0� γ + �0|ψ(ω − )|p(h), pn �.

z Duπ

+

rules, it is necessary to take into account the possibility that the fragmenting quark produces a cascade of
mesons. In order to describe these multi-fragmentation
processes, we use the ideas of the quark jet model of
Field and Feynman2) . Assuming that the fragmenting
quark can produce a maximum of N mesons, we make
a product ansatz to express the total fragmentation
function as a product of N elementary splitting functions. Because only in the limit N → ∞ it becomes
possible to transfer 100% of the initial quark momentum and isospin to the mesons, we take this limit in
the ﬁnal results. The details of this product ansatz can
The ﬁeld operators refer to a quark of ﬂavour q, the
be found in Ref.1) .
symbol p(h) refers to a hadron h with momentum p,
In the numerical calculations we take into account
and pn labels the spectator state. The light-cone comthe
fragmentation to pions only. The results for the
ponents of√a 4-vector aµ are deﬁned by a± = a∓ =
“favored”
fragmentation process u → π + are shown in
(a0 ± a3 )/ 2. From this deﬁnition one can derive the
Fig. 1. This ﬁgure demonstrates the tremendous enexpression
hancement of the fragmentation function arising from
�
†
� �k(α)|a (p)ah (p)|k(α)� the cascade-type multi-fragmentation processes. In or1
h
Dqh (z) dz = dp− d2 p⊥
, der to improve the agreement with the empirical frag6
�k(α)|k(α)�
α
mentation function, one should perform the Q2 evolution in next-to-leading order, and include the eﬀects of
where the creation and annihilation operators refer to
fragmentation processes to other hadrons, mainly the
the hadron h, k(α) labels a quark state of ﬂavour q with
nucleons, antinucleons and kaons.
momentum k and spin-color α, and p− = zk− for some
ﬁxed k− > 0. The above result can be interpreted as
NJL-elementary
1.2
NJL-jet (Q20 = 0.18 GeV2 )
the light-cone momentum distribution of the hadron h
NJL-jet (Q2 = 4 GeV2 )
1.0
in the quark q.
Empirical (Q2 = 4 GeV2 )
The momentum and isospin sum rules obtained from
0.8
the above formula are
0.6
�� 1
�� 1
0.4
dz z Dqh (z) = 1 ,
dz th Dqh (z) = tq .
LO
h

0

h

0

0.2

The condition which lies at the basis of these sum rules
is that the initial quark state is an eigenstate of the
momentum and isospin operators, expressed solely in
terms of hadrons. Their physical content is that 100%
of the initial quark light-cone momentum (k− ) and
isospin (tq ) are transferred to the hadrons. (Note that
the deﬁnition of the fragmentation function implies an
average over the isospin of the soft quark remainder of
a fragmentation chain.)
In order to satisfy the momentum and isospin sum
†
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Fig. 1. Fragmentation function zDuπ (z). The dash-dotted
line is the elementary fragmentation function, and the
dotted line is the full fragmentation function in the
NJL-jet model. The solid line is the result after LO evolution to Q2 = 4 GeV2 , and the dashed line is the empirical NLO result of Ref.3) , evolved to Q2 = 4 GeV2 .
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Nucleon structure functions in 2+1-ﬂavor dynamical DWF QCD†
S. Ohta,∗1∗2∗3 for RBC and UKQCD Collaborations
[Quantum Chromodynamics, Hadron Physics, Nucleon Structure]
Nucleon structure functions were ﬁrst measured by
lepton deep-inelastic scattering oﬀ nucleon1) . The
RHIC Spin experiments2) , of which RIKEN Nishina
Center is a major participant through RIKEN-BNL
Reseach Center, plan to measure some new types of the
structure functions such as transverse-polarized spin
structure function, as well as more conventional unpolarized or longtudinaly polarized ones.
RIKEN-BNL-Columbia (RBC) collaboration worked
on numerical lattice-QCD theoretical calculations of
moments of these structure functions3,4) , as well as
nucleon elastic form factors4,5) . More recently the
UKQCD collaboration joined the eﬀort: Based on
our realistic 2+1-ﬂavor dynamical domain-wall quark
lattice-QCD numerical ensembles6) , we reported an
unexpectedly huge ﬁnite-size eﬀect on axialvectorcurrent form factors of nucleon7,8) . It appears a lattice
3
3
spatial volume larger than (∼ 7 × m−1
π ) , or (∼ 10fm)
at the physics point, would be necessary to accurately
calculating these form factors to within 1% accuracy,
3
3
in contrast the volumes of (∼ 4 × m−1
π ) , or (∼ 3fm)
at unphysical mπ ∼ 300MeV, presently used in our
state-of-the-art calculations.
A question thus arises whether such small volumes
presently used are suﬃcient for the structure function
calculations. Small volumes may indeed be suﬃcient as
the structure functions are measured in deeply inelastic processes, in contrast to the elastic form factors.
During the past year the RBC and UKQCD collaborations tested if our present volumes are suﬃcient
by comparing the calculations on two volumes, the
smaller (∼ 1.8fm)3 and the larger (∼ 2.7fm)3 , of the
lowest moments, the isovector quark momentum fracation, xu−d , the ﬁrst moment of the unpolarized structure function, and the isovector quark helicity fraction,
x∆u−∆d , the ﬁrst moment of the polarized9) .
The ratio, xu−d /x∆u−∆d , of these two moments
is summarized in Fig. 1: no descernible volume nor
mass dependence can be observed while agreement
with experiment is excellent. This is in clear contrast
to a similarly naturally renormalized ratio of isovector axial and vector charges, gA /gV , which deviates
away from experiment because of the huge ﬁnite-size
eﬀect7,8) that becomes severe in the region where a parameter mπ L, the product of pion mass mπ and lattice
lnear extent L, is below 7. The absolute values of the
quark momentum and helicity fractions also do not
show any volume dependence, but show encouraging
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Fig. 1. Ratio of the quark momentum and helicity fractions, plotted against pion mass squared, m2π , in GeV2 :
×’s denote results from larger (2.7fm)3 volume, +’s
from the smaller (1.8fm)3 , and  the experiment.

trending toward experiments at low quark mass. These
results suggest low moments of nucleon structure functions in general can be calculated on a relatively small
3
3
lattice volume, as small as (∼ 3 × m−1
π ) , or (∼ 5fm)
at the physical pion mass, in contrast to axialvector
form factors that require much larger volume7,8) .
I thank the RBC and UKQCD Collaborations.
RIKEN, Brookhaven National Laboratory and the US
DOE, Edinburgh University and the UK PPARC provided the facilities essential for this work.
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A ﬁrst principles calculation of proton decay matrix elements
Y. Aoki∗1 [RBC and UKQCD collaborations]
[Lattice QCD, grand uniﬁed theories]
Proton decay, once observed, is a smoking gun evidence of the physics beyond the standard model. It
naturally happens under (SUSY) GUT. On-going deep
mine experiments, though yet to observe an event,
are pushing up the lower bound of of the proton lifetime, excluding GUT models which allow protons decay more frequently. Hadronic matrix elements, especially the relevant form factor W0 of the proton decay
are essential ingredients in estimating lifetime of proton. Lattice QCD provides the most reliable estimate
for such low energy hadronic quantities.
A partial decay width, e. g. for p → π 0 + e+ , reads
Γ(p → π 0 + e+ ) ∝ |C · W0 (p → π 0 )|2 ,
where C depends mass spectrum of underlying (SUSY)
GUT theory (X boson mass, sfermion masses · · ·).
W0 (p → meson is the relevant form factor of the proton to meson transition with a certain three-quark
baryon number violating operator. The partial lifetime is given by τ = 1/Γ.
The form factor W0 of one body decay (p → meson),
which are process and operator dependent, can be directly calculated through a combination of three- and
two-point functions on the lattice. There is also a
method to calculate the matrix element by using an approximation through chiral perturbation theory reduction, where two low-energy constants need to be calculated on the lattice. Since the former (direct method)
requires many types of quark correlation functions, it
is more demanding (typically factor 10 computer time)
than latter (indirect method).
In our ﬁrst attempt1) to calculate the matrix elements, we have used the domain-wall lattice fermion
formulation, which preserves the chiral symmetry in
a precision suﬃcient to protect the operator mixing
due to lattice artifact. The direct calculation was performed using the quenched approximation where all
the sea quark eﬀects were neglected by hand. We
also performed the indirect calculation, where we have
checked that 1) the systematic error on the low energy constants from the ﬁnite lattice spacing is negligible, and 2) those from the quenching appeared to
be small by comparing quench (dynamical number of
ﬂavor nf = 0) and nf = 2 computations. We also
have developed the non-perturbative renormalization
(NPR) scheme for the baryon number violating three
quark operators, which helped to reduce the systematic error compared to the perturbative renormalization scheme employed in all lattice calculations performed by then. An important outcome of this pilot
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study is that the indirect approximation always underestimates the magnitude of the matrix elements,
thus, is unjustiﬁably generous for any (SUSY) GUTs.
Although the indirect method is good to an order-ofmagnitude precision, the more demanding, direct calculation must be performed for more accuracy.
We now can perform a ﬁrst principles calculation
of the proton decay form factors, using the nf = 3
domain-wall fermion simulation to take into account
all the light sea quark eﬀects. As the pilot study indicate, the use of chiral fermion formulation with our
NPR help keep the systematic error under control.
First we have looked at the the low energy constants
α and β 2) . They appeared to be consistent with the
nf = 0 and 2. We are now calculating the all possible
p → pseudoscalar meson form factors. The preliminary result is given in Fig. 1.
0
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0
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0
<K |(us)RuL|p>
0
<K |(us)LuL|p>
+
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+
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+
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+
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2
W0 [GeV ]
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Fig. 1. Preliminary result of relevant form factors W0 of
the proton decay matrix elements in the full dynamical
domain-wall quark calculation. Operators have been
matched to MS, NDR at µ = 2 GeV, using NPR.

For the current precision the results are consistent
with the quenched ones1) . Results from the proper
direct calculation pose more stringent constraint to
(SUSY) GUTs than the indirect calculation. They are
closer to the lower bound of the various phenomenological estimates, which had been used for the conservative estimate of the proton lifetime. Improvement
of this result is underway by increasing the statistics.
and through more elaborate analysis.
This project is supported in part by US DOE
through USQCD collaboration, Japanese MEXT grant
Kakenhi No. 21540289.
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Quark masses from lattice QCD and QED†
T. Izubuchi∗1∗2 and T. Ishikawa,∗2∗3 for RBC and UKQCD Collaborations
3

16 x32x16, β=2.13, mud=0.01, ms=0.04, 48 hits

†
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log ( w )

Lattice QCD+QED determination of the most basic parameter, the masses of up, down, and strange
quarks, is presented. We take into account the
isopin (and SU (3)F ) breaking eﬀect due to diﬀerent masses and electric charges among up,down and
strange quarks based on dynamical lattice QCD simulation including electromagnetic (QED) eﬀects, which
are needed for accurate hadron mass analysis. This is
the the world ﬁrst determination of quark masses directly addressing the two sources of isospin breaking
using lattice chiral quarks with NF = 2 + 1 dynamical
quark eﬀects.
We perform the lattice QCD with photon coupled
to electromagnetic (EM) charge of quarks following
the pioneering work1) . The photon ﬁeld, Aem,µ (x), in
its non-compact implementation, is generated in the
Feynman gauge with eliminating the diverging zero
modes. The gluon ﬁeld ensembles are generated by
RBC and UKQCD collaborations2) using the domainwall fermions (DWF) as lattice quarks. The detail settings and parameters of the simulation are in 3). Since
the photon ﬁeld is not conﬁned, it propagates for longer
distances than the gluon ﬁeld. Results from two lattice
volumes, V = (16a = 1.84fm)3 and (24a = 2.75fm)3 ,
are compared to each other to check the ﬁnite volume
eﬀects. We found that averaging over meson propagators of positive (+e) and negative QED charges (−e)
is very useful to reduce the statistical noise4) since its
O(e) contribution to the noise is explicitly cancelled in
the average keeping the physical signal, which is O(e2 ).
We ﬁt the psuedosclar mass MPS (m1 , q1 , m3 , q3 ; ml ),
made of quark pairs ψ1 (x) and ψ3 (x), each pair of
whose charge and mass is (mi , qi ) with i = 1, 3 using
both of SU (3) + γ chiral perturbation theory (ChPT)
and SU (2) + Kaon + γ ChPT. The latter is derived by
ourselves for the ﬁrst time and is preliminary. From the
ﬁt, we obtained the physical quark masses by solving
the three equations of ChPT meson mass formula for
π ± (139.57018(35) MeV), K ± (493.677(13) MeV), and
K 0 (497.614(24)M eV ) treating the three quark masses
mup , mdown , mstrange as unknown variables, The preliminary resultsare shown in Table 1. The disconnected
quark loops, needed for π 0 , is not calculated in our simulation, so we refrain from using π 0 mass in this work.
We will reduce the discretization error using ﬁner
lattice ensemble, and the chiral extrapolation error us-
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mcut
40
70
70
40
70

mup
2.76(26)
2.55(23)
2.93(19)
2.52(24)
2.24(16)

mdown
4.80(46)
4.78(46)
4.85(29)
4.74(45)
4.62(24)

mstrange
95(9)
95(9)
95(5)
95(9)
101(5)

Table 1. Preliminary determinations of quark masses in
MeV in MS(NDR) at µ = 2 GeV using SU(3) ChPT+γ
ﬁt. Errors are only statistical. The last two rows are
the ﬁt results with an alternative treatment for residual chiral symmetry breaking and the the results from
SU(2) ﬁt.

ing lighter quark mass simulations. Other sources of
systematic error include the dynamical EM charge effects. The correction for the missing EM charge of
sea quark in the above results can be calculated by the
reweighting factor, which is the ratio of the sea quark’s
Dirac determinants between with and without the EM
charges:
w = det D(mud , ms , e)/ det D(mud , ms , e = 0)
In Figure 1, log(w) for a few QCD vacuum is plotted.
We found ﬂuctuation among vacuum is under control:
typical ﬂuctuation for log(w) is less than three for this
volume, which is an encouraging result for eliminating
the error of the sea quark charges omission.
In Reference 3), we also presented preliminary results for the mass diﬀerence between Nucleon and Proton, which is an important necessary condition for the
stability of the proton in this nature, as well as the
break-up of the charge splitting of Kaon mass into the
part coming from up, down quark mass diﬀerence and
that from electromagnetic eﬀects.
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QCD phase structure in three-ﬂavor random matrix theory†
R. Arai∗1 and N. Yoshinaga∗1
[QCD, phase transition]
In hadron physics, the study of quantum chromodynamics (QCD) at ﬁnite temperatures and nonzero
baryon densities is fascinating. Therefore, experimental studies on heavy ion collisions have been actively
performed.
At zero temperature, for high isospin chemical potential µI ≥ mπ /2, pion condensation occurs. This
is also predicted by chiral perturbation theories1) and
has been observed in lattice QCD simulations2) . The
extension of two-ﬂavor analyses to the three-ﬂavor case
indicates that kaon condensation occurs in the region
of high strangeness chemical potential µS ≥ mK 3,4) .
The kaon condensation is also expected to occur in
high density nuclear matter such as neutron stars5) .
In a previous study, we constructed a three-ﬂavor
random matrix model with nonzero quark chemical
potentials at a ﬁnite temperature6) . We found that
QCD phase structure in the three-ﬂavor random matrix model qualitatively agrees with that in chiral perturbation theory3) and the three-ﬂavor Nambu-JonaLasinio (NJL) model4) at zero temperature.
In this report, we study the QCD phase diagram at
a ﬁnite temperature and for a nonzero baryon number,
nonzero isospin, and nonzero strangeness chemical potentials using the three-ﬂavor random matrix model.
In the case of zero baryon number chemical potential
(µB = 0), our model qualitatively agrees with QCD
phase diagrams of the three-ﬂavor NJL model4) .
A phase diagram in the (µB , T ) plane for light quark
masses mu and md with mu = md = 0.01 and the
s quark mass ms = 0.25 at ﬁnite isospin and ﬁnite
strangeness chemical potentials is shown in Fig.1. Below the threshold values of pion and kaon condensation, the nonzero µI breaks the ﬂavor symmetry for
the light quarks and separates out the lines of ﬁrstorder phase transitions which coincide with each other
for u and d quarks for µI = 0. This observation agrees
with the two-ﬂavor random matrix model7) . Regarding
the phase transition for s quarks, the line of ﬁrst-order
phase transition is in the regime of large baryon number chemical potential even if µS = 0. The nonzero
value of µS shifts the phase transition line toward
larger baryon number chemical potentials. However,
the critical temperature is not aﬀected at all by the
isospin and strangeness chemical potentials.
Our analysis gives very important results relating to
actual instances where µB , µI , and µS are nonzero,
such as the interior of neutron stars or relativistic
†
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heavy ion collisions. An increase in µI results in the
critical end point for u quarks being shifted toward
smaller values of µB , as described for the two-ﬂavor
random matrix model7) . Consequently, reaching the
critical end point for u quarks might become easier
through relativistic heavy ion collision experiments.
Similarly, an increase in µS results in the critical end
point for s quarks being shifted toward larger values of
µB . Thus, the critical phenomenon for s quarks is not
expected to occur in heavy ion collision experiments,
but only in the central interior region of neutron stars.
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Fig. 1. Phase diagram in the (µB , T ) plane with mu =
md = 0.01 and ms = 0.25 for µI = µS = 0.1. The
solid lines indicate lines of ﬁrst-order phase transition
for each ﬂavor. The dotted lines indicate lines of ﬁrstorder phase transition for µI = µS = 0. σu , σd , and
σs represent chiral condensates for u, d, and s quarks,
respectively.
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Imaginary part of the real-time static potential at strong coupling†
A. Dumitru∗1
[QCD, AdS/CFT correspondence, Quarkonium, Quark-Gluon Plasma]
Consider the potential at ﬁnite temperature between
static sources in a color singlet state deﬁned via the
expectation value of a Wilson loop
exp [−itV(r, T )] ≡ �W (C)� .

(1)

The rectangular contour C extends over a spatial distance r and over a time t → ∞. The expectation
value �W (C)� could also be calculated as a function
of Euclidean time τ but then requires analytic continuation, τ → it, before the limit t → ∞ is taken1) .
This makes it rather diﬃcult to evaluate V(r, T ) within
non-perturbative lattice-QCD approaches.
At weak coupling the potential V(r, T ) can be obtained directly from the Fourier transform of the physical “11” component of the resummed propagator for
static gluons in the real-time (Schwinger-Keldysh) formalism of thermal ﬁeld theory2) . Due to Landau
damping of the exchanged gluon the resulting potential exhibits an imaginary part: for rT � 1, in the
leading-logarithmic approximation it is proportional to
Im V ∼ −αs2 CF Nc T (rT )2 log (rT )−1 . This translates
into a width of the Υ state which is on the order of tens
of MeV (at T = 300 MeV) and may lead to signiﬁcant
suppression of the Υ → �+ �− process in heavy-ion collisions at RHIC and LHC3) . We emphasize that this is
not due to Debye screening of the real part of V(r, T )
which indeed is weak at rT < 1.
The expectation value of W (C) can also be calculated for N = 4 SYM at large t’Hooft coupling,
λ = g 2 Nc � 1, which at Nc → ∞ admits a weakly
coupled dual gravity description on AdS5 ×S5 . The
conformal N = 4 SYM theory is used here as a toy
model for the deconﬁned phase of QCD. An inﬁnitely
massive excitation in the fundamental representation
of SU (Nc ) in the CFT is dual to a classical string in
the bulk hanging down from a probe brane4) . The conﬁguration which minimizes the action of a static QQ̄
pair is a U-shaped curve that connects the string endpoints at the boundary and has a minimum at some U∗
in AdS5 . At ﬁnite temperature, the dual description of
the gauge theory involves a near-extremal black brane
in the bulk. The horizon is located at Uh = πR2 T ,
where R denotes the radius of AdS5 .
In the gravity description the imaginary part of
the static potential is due to ﬂuctuations about
the extremal solution Uc (x)3) . When the bottom
of the string is suﬃciently close to the horizon,
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classical worldsheet ﬂuctuations δU (x) can generate
� imaginary contribution to the action SNG ∼
� an
dx U � 2 + V (U ) when both Uc� 2 and V (Uc ) are
small; i.e. near the bottom of the extremal string. This
gives3)
�
3ζ 4 − 1 �
π √
Θ ζ − 3−1/4 (2)
λT
Im VQQ̄ = − √
ζ
24 2
where ζ ≡ Uh /U∗ < 1. At small LT it follows from
the zero-temperature
solution4) that LT = b ζ with
√
b = 2Γ(3/4)/ π Γ(1/4).
The imaginary part of the potential shifts the Bohr
energy level obtained from the Coulomb-like vacuum
potential,
E0 → E0 − iΓ. For the ground state of the
√
∼ λ/r potential, this shift amounts to
� �
�
√
�4
π λ b
a0 T
45
−2 ,
(3)
ΓQQ̄ = √
b
48 2 a0
√
where a0 = Γ(1/4)4 /2π 2 λ mQ is the Bohr radius.
The width decreases with the quark mass and with the
t’ Hooft coupling, approximately as ΓQQ̄ ∼ 1/λ m3Q ; it
increases rapidly with the temperature,
∼ T 4 . For
√
mQ = 4.7 GeV, T = 0.3 GeV, λ = 3 we obtain
ΓΥ � 48 MeV. This thermal width is small compared
to the binding energy of the Υ but large compared to
its electromagnetic decay width. Thus, a suppression
of Υ → �+ �− decays in heavy-ion collisions is expected,
RAA (Υ → �+ �− ) � e−Γ̄t < 1 .

(4)

Here, Γ̄ denotes an average of the decay rate over the
life time t of the high-temperature phase. The experimental analysis of this process in heavy-ion collisions
at RHIC is currently in progress5) .
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Tenth-order QED contributions to lepton g −2
T. Aoyama,∗1 K. Asano,∗2 M. Hayakawa,∗2 T. Kinoshita,∗3 M. Nio, and N. Watanabe∗2
[QED, anomalous magnetic moment, electron, muon]
The anomalous magnetic moment of electron, called
g−2, plays a central role in testing the validity of quantum electrodynamics (QED). A Harvard team recently
reported an astonishing result regarding a newly measured value of the electron anomaly ae = (g−2)/21)
ae = 1 159 652 180.73 (0.28) × 10−12 (0.24 ppb).(1)
To match the experimental precision, the theory
should take into consideration the QED contributions
up to the tenth order of the perturbation theory. The
largest uncertainty in the current theoretical value
comes from the yet-uncalculated tenth-order contribution. There are 12672 vertex Feynman diagrams
that contribute to the tenth-order g−2. They are further divided into 32 gauge-invariant sets, as shown in
Fig. 1. The contributions from 17 sets, sets I(a–f),
II(a,b), II(f), VI(a–c), VI(e,f), and VI(i–k), were previously determined by us.2) In this article, we report
our progress on the evaluation of the remaining 15 sets.
The first automation system we developed is gencodeN, which deals with Feynman diagrams without
fermion loops.3) Given one-line information specifying
a diagram, gencodeN generates a set of FORTRAN
programs that can be used for numerical evaluation.
With the help of gencodeN, we generated programs
for sets III(a,b), IV, and V. The numerical evaluation
of the sets III(a,b) and IV was relatively easy and we
determined anomaly contributions from these sets. Set
V consists of 6354 diagrams; its numerical evaluation
is very difficult and requires large computational resources. For several years, RIKEN’s Super-Combined
Cluster System(RICC) had been used for the evaluation of set V. Since fall 2009, a new computer RIKEN’s
Integrated Cluster of Clusters(RICC) is being used for
the numerical evaluation of set V. The evaluation is
still in progress.
The second automation system, gencodevpN,
deals with vacuum-polarization diagrams consisting of
single lepton loops. This enables us to rapidly evaluate
sets I(g,h), I(i), and II(c,d).4)
The last automation system, gencodeLBLN, deals
with diagrams that include light-by-light scattering
subdiagrams. The anomaly contributions from Sets
IV(d,g,h) were then determined.
Sets II(e) and III(c) also include light-by-light scattering subdiagrams, but unlike in sets IV(d,g,h), none
∗1
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Fig. 1. Feynman diagrams contributing to the tenth-order
lepton g−2. Typical diagrams from 32 gauge-invariant
sets are shown. An external photon vertex is omitted
for simplicity. There are 12672 vertex diagrams in total.

of the photon legs of a light-by-light scattering loop is
an external magnetic field. Such a diagram requires a
delicate treatment because a light-by-light scattering
loop causes ultraviolet divergence. Nagoya group of
the present authors investigated these diagrams, and
the results they obtained were confirmed by an independent check by the rest of us.5)
The investigation of set I(j), which has a very different structure from other diagrams, was also dominated
by the Nagoya Group. The result has been published.6)
At present, all the 32 gauge-invariant sets of the
tenth-order diagrams has been investigated. Furthermore, we have computed the contributions to the muon
g−2 from the diagrams involving fermion loops. We will
soon determine the entire contributions of the tenthorder term to both electron and muon.
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Color Magnetic Flux Tubes in Dense QCD†
M. Eto, E. Nakano,∗1 and M. Nitta∗2
[High density QCD, Color superconductivity, Topological soliton]
Theoretical studies suggests that a color superconducting phase exists in the high-density, lowtemperature region of the QCD phase diagram1). Such
a state of matter is considered to occur in the core
of compact stars. To capture their signatures, it is
necessary to determine the various properties of color
superconductivity.
In the three-ﬂavor case, which we are interested in,
and in higher-density regions where the eﬀects of quark
masses can be ignored and the three-ﬂavor symmetry
eﬀectively holds, the color-ﬂavor locking (CFL) phase
would be generated with the order parameter
L(R)

Φkγ

L(R)

= ǫijk ǫαβγ �qiα

L(R)

Cqjβ

� ∝ δkγ ,

where i, j, and k and α, β, and γ are ﬂavor and color
indices, respectively. This diagonal conﬁguration that
locks ﬂavor and color minimizes the free energy2). In
the CFL phase, the symmetry G ≃ SU (3)C ×SU (3)L ×
SU (3)R ×U (1)B breaks down to the diagonal symmetry
H ≃ SU (3)C+L+R ≡ SU (3)C+F ; here we consider the
case where all the quarks are massless, and the leftand right-handed quarks are separated.
When a symmetry of a system is spontaneously broken in the ground state, various kinds of topological defects occur; these defects correspond to a nontrivial topology of the order parameter space. In this
study, we investigate the vortices in the CFL phase4) –
8)
. One might expect that stable vortices associated
with breaking of the U (1)B symmetry, but this is only
true for the conﬁning phase such as a hadronic matter.
Each of the vortices is unstable and decays into three
non-Abelian vortices3), which are found in color magnetic ﬂux tubes7) . In the core of rotating stars, the
generated non-Abelian vortices might form a vortex
lattice, similar to the case of superﬂuid vortices in a
helium superﬂuid or a Bose-Einstein condensate. The
lattice structure of vortices can be determined from
the details on vortex-vortex interaction.
The most signiﬁcant features of the non-Abelian
vortices are the additional NG zero modes associated
with the additional breaking of symmetry that appear
around the vortex string beause of the creation of the
vortex: H = SU (3)C+F → K = [U (1) × SU (2)]C+F .
These modes parametrize the complex projective space
H/K = CP 23) , and they are called orientational zero
modes. Points in CP 2 have a one-to-one correspon†
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dence with the color degrees of freedom of the vortex.
In the study8) , we have obtained full numerical solutions for the semi-superﬂuid non-Abelian vortices for a
wide range of parameters. We have analytically shown
that both the scalar and gauge ﬁelds asymptotically
behave as e−mr , where m = min(mG , mχ ) and mG
and mχ are the masses of the gluons and the traceless part of the scalar ﬁelds, respectively. We have also
numerically evaluated the width of the color ﬂux and
found that it is not always equal to the penetration
depth, which is the Compton wave length m−1
G . When
the gluon mass is smaller than the scalar masses, the
width cannot exceed certain values that are determined
on the basis of the masses of other ﬁelds; hence, we
found that the color ﬂux is conﬁned to the scalar core.
In the study10) , we have explicitly shown the normalizability of the orientational zero modes and derived
the low-energy eﬀective world-sheet theory of a nonAbelian semi-superﬂuid vortex. To this end, we have
generalized the derivation of the eﬀective action of the
BPS non-Abelian vortex string; the derivation was presented by Gorsky, Shifman and Yung9) . They found
the decay constant (overall constant) in the CP N −1
model to be 4π/gs2 where gs is a gauge coupling constant. In the present case of a non-Abelian vortex in
the CFL phase, we have found that the decay constant
in the CP 2 model is not equal to 4π/gs2 as in the BPS
case. The decay constant can be greater or smaller depending on the parameter regions. Our study will be
the ﬁrst step in the investigation of the dynamics of
semi-superﬂuid non-Abelian vortex strings, which will
be relevant, for instance, in neutron star physics.
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Scattering of Giant Magnons in CP3 †
Y. Hatsuda and H. Tanaka∗1
[AdS/CFT correspondence, Integrability, Solitons]
The gauge/gravity duality helps us to understand
strongly coupled dynamics in gauge theory. The
AdS/CFT correspondence1) is a useful tool to study
this duality. Recently, Aharony, Bergman, Jafferis,
and Maldacena (ABJM) proposed a three-dimensional
N = 6 superconformal Chern-Simons theory with the
U (N )×U (N ) gauge group.2) This theory is used to describe the low-energy effective theory of multiple M2branes. The ABJM model has another interesting feature. It provides a new example of the AdS/CFT correspondence. The dual string theory is the type IIA
superstring theory on the AdS4 × CP3 background.
Hereafter, we refer to this duality as the AdS4 /CFT3
duality.
In the well-known duality between the fourdimensional N = 4 super Yang-Mills and the type IIB
superstrings on AdS5 × S5 , both theories have the integrable structures that play a key role in understanding
the spectrum on both sides. The AdS4 /CFT3 duality
also has a similar integrable structure. The spectral
problem for the ABJM model is converted to that for
an alternating spin-chain model. Once the vacuum of
the model is determined, the excitations over the vacuum, which are called magnons, are classified on the
basis of the residual SU (2|2) global symmetry. Each
magnon bound-state has the following dispersion relation:

 
Q2
P
+ 4h2 (λ) sin2
,
(1)
Q (P ) =
4
2
where P is the total momentum, and the integer Q is
the number of magnons. The function h(λ) of the ’t
Hooft coupling λ behaves under weak or strong coupling as follows:

3
(λ  1) ,
λ
+ O(λ )
(2)
h(λ) =
λ/2 + O(1) (λ  1) .

The string duals of such magnon bound-states are
known as dyonic giant magnons; these were originally discovered by Hofman and Maldacena.3) In the
AdS4 /CFT3 duality, there are two kinds of dyonic giant magnons: one exists in the CP2 subspace of CP3 ,
and the other in RP3 .
The purpose of this study is to investigate the
scattering of two CP2 dyonic giant magnons. The
scattering matrix is a fundamental tool to study the
AdS/CFT spectrum in the large R-charge/spin sector.
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The S-matrix is also important for studying the finitesize effects by applying the Lüscher corrections in both
string and gauge theories. The exact S-matrix of the
AdS4 /CFT3 duality has already been conjectured by
Ahn and Nepomechie.4) Since the CP2 dyonic giant
magnons are new solutions, which do not exist in the
case of AdS5 × S5 , it is important to investigate their
scattering. This will be useful for understanding the
spectral problem in the AdS4 /CFT3 duality.
We computed the classical phase shift for the scattering of two CP2 dyonic magnons, and compared it
with the conjectured S-matrix of two magnon boundstates in the large ’t Hooft coupling limit. To compute the classical phase shift, we first constructed the
general two-soliton solutions in the CP3 sigma-model.
We used the dressing method, which is a useful technique to obtain multi-soliton solutions, for developing
the SU (4)/U (3) coset model. Next we evaluated the
classical time delay from these two-soliton solutions.
The phase shift was finally obtained by integrating the
time delay with respect to the energy of one of two
solitons.
Our computation shows that the classical scattering phase of CP2 dyonic giant magnons agrees with
that of magnon bound-states in the ABJM model up
to the gauge-dependent term. In the ABJM model,
there are two types of excitations, that is, the oddsite excitations and even-site excitations. Our result
shows two polarizations of dyonic giant magnons that
correspond to these two kinds of excitations in the alternating spin-chain.
In this work, we focused on the classical aspects of
the scattering phase. It is interesting to consider quantum (α ) corrections of the scattering phase in the future work.
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Gravitational Dual of Tachyon Condensation†
G. W. Gibbons,∗1 K. Hashimoto,∗2 and S. Hirano∗3
[Superstring theory, D-brane, Tachyon Condensation]
There has been considerable progress in understanding non-perturbative aspects of string theory with or
without supersymmetries. These developments culminated in the gauge/string duality primarily in supersymmetric cases1) , which would deﬁne string theory itself non-perturbatively, using conventional gauge
theories in 4 spacetime dimensions. Meanwhile, in
non-supersymmetric cases one of the most remarkable
progress is the open string tachyon condensation2) .
This describes pair-annihilation of D-branes and antiD-branes, and should be incorpolated in any kind of
non-perturbative deﬁnition of string theory.
However, these two developments have been rather
orthogonal to each other, except for two-dimensional
string theories. In this note we study an open string
tachyon condensation in the gauge/string duality and
provide an example in which these two connect at the
quantitative level.
In formulating tachyon condensations in the
gauge/string duality, one immediate obstacle is that
the mass squared of open string tachyons is of order
O(1/α ) which may not be visible in the ﬁeld theory
limit α → 0. However, there exist systems in which
the open string tachyon mass remains of order O(1)
(in an appropriate unit) in the limit α → 0. One such
example is a system of intersecting branes at angles.
The mass squared of open string tachyons stretched between intersecting branes is proportional to θ/α where
θ is an angle. In this case we can take the α → 0 limit,
keeping θ/α ﬁxed ﬁnite. This type of open string
tachyons manifest themselves as unstable modes in the
gauge theory in the low energy α → 0 limit of intersecting D-branes3) . In the present paper we consider
a T-dual version of the system studied in3) in the ’t
Hooft limit, N → ∞ and gY M → 0 with λ = gY2 M N
ﬁxed ﬁnite.
One of the most important aspects of open string
tachyon condensation is that unstable D-branes which
support open string tachyons disappear after the
tachyons are condensed. Accordingly, Sen’s conjecture
states that the height of the tachyon potential equals
the tension (energy density) of unstable D-branes2) .
Hence the height of the tachyon potential is one of
the most important and unambiguous quantities in the
open string tachyon condensation. The main objective
†
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of this paper is to compute the height of the tachyon
potential both in the gauge theory and the dual AdS
gravity for a large N D3-brane conﬁguration and to see
if they agree. We indeed ﬁnd an exact agreement in
the large N limit, thus providing an example of gravitational duals of open string tachyon condensation.
We consider a brane conﬁguration of a D3-D1 bound
state parallel to coincident N D3-branes at some distance. The low energy description of this system is
given by N = 4 U (N + 1) super Yang-Mills (SYM)
theory. A D1-brane on D3-branes is represented by
a magnetic ﬂux. Our brane conﬁguration is thus described by the following gauge and adjoint scalar ﬁelds
F23 = diag(B, 0, 0, · · ·) , Φ = diag(φ, 0, 0, · · ·) , (1)

There appears a tachyonic instability in this background, and the endpoint of the tachyon condensation
is a bound state of N + 1 D3-branes and D1-branes.
The ﬁeld conﬁguration of the end point is


(2)
F23 = diag NB+1 , NB+1 , · · · , NB+1 , Φ = 0.

If we compute the energy diﬀerence of these two conﬁgurations by using the classical SYM hamiltonian, at
large N , the diﬀerence of the energy yields


N B2
+ O(1) .
(3)
E φ=∞ −E φ=0 =
2λ
This is the height of the tachyon potential at weak
coupling.
At the strong coupling, if we use the AdS/CFT, we
obtain an eﬀective action



4
2(2π)2 λB 2
−1
4 U
d x
− 1 .(4)
1+
S=
(2π)3 gs
2λ
U4

where U directly corresponds to φ. Using this action,
we can show that the energy diﬀerence between U = ∞
and U = 0 is precisely given by (3). We thus ﬁnd an
exact agreement.
In this note we provide an example of open string
tachyon condensations in the gauge/string duality.
The idea is to consider a brane conﬁguration in which
open string tachyons survive in the ﬁeld theory α → 0
limit. One can explore various similar brane set-ups
by generalising the example we presented.
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Eschenburg space as gravity dual of ﬂavored N=4
Chern-Simons-matter theory†
M. Fujita∗1 and T. -S. Tai∗2
[String theory, Gravity/gauge correspondence]
The program towards studying gauge/gravity correspondence in the context of AdS4 /CFT3 1) becomes
concrete owing to the pioneering work2) by Aharony,
Bergman, Jaﬀeris and Maldacena last year. They
found that constructing a much higher supersymmetric conformal ﬁeld theory (SCFT) of Chern-Simonsmatter (CSM) type is possible due to an elliptic brane
setup in Type IIB string theory. Through T-duality
and M-theory lift, one obtains N M2-branes ﬁlling
(012) transverse to a 8D cone: Cone(B7 ) (B7 = S 7 /Zk )
along (345678910). The corresponding gravity dual is
thus a solution of 11D supergravity AdS4 × B7 after N
M2-branes backreact.
Later on, generalizing their idea to yield elliptic
N ≥ 3 SCFTs is done by attaching various kinds
of (1, ki )5-branes on a stack of circular D3-branes.
The resulting ﬁeld theory at infra-red (IR) ﬁxed point
is still of quiver CSM type with product
(gY M → ∞) 
gauge group I U (N )I . Its Lagrangian is so rigid, i.e.
CS level kI w.r.t. I-th gauge factor is determined by
two adjacent D5-brane charges kI = ki − ki−1 , while
the superpotential is obtained by integrating out nondynamical massive adjoint ΦI (⊂ vector multiplet) coupled to hypermultiplets in a typical manner.
Among many kinds of elliptic N ≥ 3 SCFTs, we
will focus on a speciﬁc type of N =4 SCFT which is
constructed via IIB N circular D3- (0126), p NS5(012345) and q (1, k)5- (012[3, 7]θ [4, 8]θ [5, 9]θ ) branes.
Note that θ (twisted angle) and gY2 M k/4π (adjoint
mass) are related to each other by (L: segment length
on x6 )
tan θ
= gY2 M k,
L

1
gY2 M

L
= .
gs

Taking IR limit implies naturally a strongly coupled
M-theory picture. Its 11D gravity dual AdS4 × M7
parameterized by (k, p, q) is explicitly known3) and this
is the main reason why we study this kind of SCFT
here.
In this note, motivated by works on the ﬂavored
N =6 ABJM theory, we construct a new N =3 SCFT
by adding NF massless fundamental ﬂavors and study
its gravity dual. From Type IIB picture, adding ﬂavor corresponds to further attaching NF D5-branes
(012789) on the circle x6 and results in a less supersymmetric N =3 SCFT. This construction is by deﬁnition
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an elliptic one, so in M-theory to have N M2-branes
probing a 8D cone may thus be expected due to conformality.
We ﬁnd that this turns out to be true and the dual
geometry is now AdS4 × M̃7 parameterized by three
natural numbers (t1 , t2 , t3 ) = (qNF , pNF , kpq) without any common factor. In fact, many properties
of M̃7 (t1 , t2 , t3 ) (modulo common factor) known as
Eschenburg space have been explored by mathematicians. For example, Cone(M̃7 ) is Ricci-ﬂat with special Sp(2) holonomy. Namely, it is hyperKähler and
the base M̃7 must be tri-Sasakian (which preserves
a fraction 3/16 of 32 SUSY). Moreover, the cone is
available through applying a hyperKähler quotient to
a 3D (ﬂat) quaternionic space. The equivalence between two descriptions seems
3straightforward because
three moment maps µQ = i=1 ti µi , pµ1 + qµ2 and
kqµ2 + NF µ3 are linearly independent.
On the geometry side, we are led to compute the volume of 7-cycle of Eschenburg space by taking advantage of a formula given in5) . Also, the on-shell action
of IIA probe D6-branes is taken care of. The correct
embedding of D6-branes can be found by performing a
further hyperKähler quotient to Cone(M7 ). One obtains a 4D Taub-NUT space thereof over which ﬂavor
probes should wrap after doing KK reduction to IIA
theory. In addition, we consider 5-cycles among M̃7
because M5-branes wrapped over them correspond to
baryonic operators in the ﬁeld theory.
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Genus-one correction to asymptotically free Seiberg-Witten
prepotential from Dijkgraaf-Vafa matrix model†
M. Fujita∗1 , Y. Hatsuda∗2 and T. -S. Tai∗2
[Seiberg-Witten theory, Matrix model]
Recently, owing to a milestone discovery made by Alday, Gaiotto and Tachikawa,1) there have been lots of
publications and research related to their work. In particular, Dijkgraaf and Vafa2) proposed a Penner type
matrix model whose classical spectral curve can reproduce the so-called Gaiotto curve G.3) Note that G consists of a punctured Riemann surface Cg,n whose moduli space Mg,n (g: genus, n: puncture) is referred to as
a Teichmuller space. Surprisingly, Mg,n boils down to
the space of exactly marginal gauge couplings of a large
family of 4D N = 2 superconformal gauge theories
whose weakly-coupled cusps correspond to various patterns of colliding punctures on Cg,n . In addition, when
(g, n) = (0, 6) there appear generalized quiver SCFTs
in contrast to known linear quiver SCFTs. Because G
is a rewritten Seiberg-Witten curve which emerges by
taking a thermodynamic limit of Nekrasov’s partition
function ZNekrasov = Zclassical Z1-loop Zinst , attempts towards proving an equivalence between both sides are
naturally expected.
At the level of F0 (tree-level free energy), Eguchi and
Maruyoshi4) showed that F0 (including asymptotically
free cases) coincides with the original Seiberg-Witten
prepotential. Moreover, all-genus proofs in certain restricted cases are presented by executing exact matrix
integrals and comparing them with ZNekrasov .5,6)
Motivated by these works, in this work we showed
agreements between matrix model and ﬁeld theoretical
results on the genus-one free energy F1 of N = 2 SU (2)
Seiberg-Witten theory with Nf = 2, 3.
On ﬁeld theory side, the genus-one free energy is
computed by the following formula:
2
F1 = b(u) − c(u),
3
with
1
b(u) = log
2

(

du
da

)

(1)

,

c(u) =

1
log(∆SW ).
8

(2)

Here u stands for the gauge- and monodromy-invariant
coordinate of the complex one-dimensional Coulomb
branch, a is the electric period integral of the corresponding Seiberg-Witten curve, and ∆SW denotes its
discriminant. We evaluated b(u) in terms of a large-u
expansion (weak coupling expansion) for the Nf = 2
and 3 cases. For Nf = 2, we obtain
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b(u) =

1
3
log 2 − log ζ
4
4
3Λ2 2
−
(Λ + 6m1 m2 )ζ 2 + O(ζ 3 ),
2048

(3)

and for Nf = 3,
1
Λ2
1
log 2 − log ζ −
ζ
2
4
2048
(
Λ
−
7Λ3 + 12288(m21 + m22 + m23 )Λ
8388608
)
+786432m1 m2 m3 ζ 2 + O(ζ 3 ),

b(u) =

(4)

where ζ = 1/u, and we have denoted ﬂavor bare masses
and the dynamical scale by mi ’s and Λ respectively.
On matrix model side, if we consider two-cut solutions, the genus-one free energy is given by a universal
form
4

F1 = −

1
1 ∑
1
log ∆ − log |K(�)|
log Mi −
24 i=1
12
2

1
+ log |(x1 − x3 )(x2 − x4 )|,
4

(5)

where xi (i = 1, . . . , 4) are four branch points of two
cuts, ∏�2 = (x1 − x4 )(x2 − x3 )/(x1 − x3 )(x2 − x4 ),
∆ = i<j (xi − xj )2 , and K(�) is the complete elliptic
integral of the ﬁrst kind. The ﬁrst term of the right
hand side in Eq. (5) is an irrelevant term and can be
omitted. We conﬁrmed that the second term is equal
to −2c(u)/3 while the last two terms just agree with
b(u) in the ﬁeld theoretical computation.
In summary, we provided further evidence on the
equivalence between a recently proposed DijkgraafVafa matrix model and low-energy dynamics of N =
2 asymptotically free SU (2) Yang-Mills theory with
Nf = 2, 3 at the level of F1 . Showing perfect agreements with the ﬁeld theoretical result, we thus extended the equivalence of ZDV and ZNekrasov at nextto-leading order non-trivially.
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New Gauged Linear Sigma Models for 8D HyperKahler Manifolds
and Calabi-Yau Crystals†
Y. Baba∗1 and T. -S. Tai∗1
[String theory, 2D Sigma model]
A gauged linear sigma model (GLSM) in two dimensions1) is capable of describing a curved geometry (typically a sympletic or Kähler quotient space) through gauge
theory language. More precisely, the isometry of the transverse internal space gets partially gauged and chiral multiplets on the worldsheet are coupled to corresponding gauge
fields. Then, the curved geometry Cn //G arises as the supersymmetric vacuum (moduli space) of the 2D gauge theory. Note that G = Cr stands for r complexified U (1)’s
with moment maps
µ : Cn → Rr ,

µa =

n

i=1

Qai |φi |2 − ρa ,

i



a

a
Qa
iλ

,

+

λa ∈ R

is exactly the vacuum manifold denoted as Cn //G or
µ−1 (0)/U (1)r .
Similarly, a hyperKähler quotient space is defined by
Hn ///G (Hn ∼
= R4n ) where G(⊂ triholomorphic isometry)
is generated by vector fields K’s with LK g = 0 (g: metric) and LK I α = 0. The 2-form complex structure I α
(α = 1, 2, 3) is associated with each H described by ds2 =
|dq|2 + |dq̃|2 (q, q̃ ∈ C) and transforms as a triplet under
SU (2). A quaternion y + y ∈ H with a pure imaginary
y = ui + vj + wk (y, u, v, w ∈ R) consists of two complex numbers: q + q̃j. For n quaternions, r moment maps
associated with G under a charge matrix Qai will read
n

i=1



Qai |qi |2 − |q̃i |2



= ξ 3a ,

n

i=1

Qai 2qi q̃i = ξ 1a − iξ 2a .
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i

LF =
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 1 †
√
1
Σ a Σa
(P † + P + k · g 2 2V )2 −
2
2g
e2a
r

d4 θ

a=1

Hi† e2Vh(i) Hi e−2Vt(i) +



r


Φ†a e2Va Φa ,

a=1

dθ+ dθ− W + c.c.,

k = (k1 , · · · , kr ).

Note that W denotes some generic superpotential. Taking
(e2a , g 2 ) → ∞, what we are left with are (bosonic part only)
1. Kinetic terms of (hi , φa ) (bosonic component of (Hi , Φa )
2. A remnant:
−g 2 (∂γ + k · A)2
3. A potential:
Vpot =
+


a

where
VD =
=




i

h(i)

|hi |2 |Qi

t(i)

σh(i) − Qi

σt(i) |2 +


a

2|σa |2 |φa |2

  ∂W 2   ∂W 2
g |ka σa | +
 +

 + VD ,

2

2

i

 e2  

a

n

Here, triplets ‰’s are given level sets. By definition H ///G
has real 4(n − r) dimensions.
In this note, we propose two kinds of GLSMs which
have, respectively, 8D hyperKähler manifolds and CalabiYau (CY) 4-folds as their moduli spaces. Moreover, taking an infra-red (IR) limit leads to frozen kinetic terms
of vector-multiplets. By integrating them out, a nonlinear
sigma model (NLσM) can be realized in the Higgs branch
where its kinetic term pulls back the quotient space metric. The latter case is an N =(2,2) model whose Higgs
branch realizes instead a CY 4-fold at IR. It is not Witten’s
one1) executing a sympletic quotient because it possesses
key features of newly found 3D N =2 Chern-Simons-matter
theories on M2-branes probing toric CY 4-folds. That is,
†

LD =

a = 1, . . . , r

under the charge assignment Qai . {φi } parameterizing Cn
represents the lowest component of N =(2,2) chiral superfield {Φi }. µa ’s are called Fayet-Iliopoulos (FI) parameters
and correspond to bringing in r Kähler classes. Eq. (1)
modulo the following gauge symmetry
φi ∼ φi e

usually F-term conditions (defining a master space) and Dterm ones as a whole give a CY 3-fold just as the story in
4D N =1 SCFT. However, because of one dualized photon
appearing in the theory, the D-term associated with it becomes redundant due to dynamical Fayet-Iliopoulos (FI)
parameters, then a 4-fold emerges thereof. Remarkably, we
find these properties definitely show up in our model. The
Lagrangian under consideration is L = LD + LF where

a

a
e2a

2

2

i

∂hi

a

∂φa

2

a
a
(δh(i)
Qai − δt(i)
Qai )|hi |2 + |φa |2 − ka x

Da2

The vacuum manifold M is determined by σa = φa =
0, Da = 0, dW = 0. We have only (r − 2) linearly independent D-term conditions:



a Da = 0,

a

‘ ∈ Ker(k),

‘ = (1, · · · , 1).

This fact is consistent with that we have a dualized A and
leads naturally to a CY 4-fold by definition emerging from
a 3-fold. Namely, M = {dW = 0}//C r−1 is a CY 3-fold
because its derivation is just the same with that of 4D =1
SCFTs on a bunch of D3-branes probing CY3 cones.
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Light-cone gauge string ﬁeld theory in noncritical dimensions†
Y. Baba, N. Ishibashi,∗1 and K. Murakami
[String ﬁeld theory, Conformal ﬁeld theory, BRST symmetry]
Light-cone gauge string ﬁeld theory is useful for
deﬁning string theories. From the action, it is possible to deﬁne the amplitudes and calculate them perturbatively, although we should check if they are well
deﬁned. Since it is a gauge-ﬁxed theory, a light-cone
gauge string theory can be considered in noncritical
space-time dimensions. As it is noncritical, it does not
possess the space-time Lorentz invariance and corresponds to a string theory in a Lorentz noninvariant
background. In other words, we should be able to ﬁnd
a BRST invariant worldsheet theory containing a nonstandard X ± part.
In this paper, we study the theory for X ± variables,
since it can be used to regularize the string ﬁeld theory.
Dimensional regularization is one of the most powerful regularizations in quantum ﬁeld theory of particles.
It may also be useful in string theory. In particular,
in the light-cone gauge superstring ﬁeld theory, unwanted divergences occur even at the tree level because
of the transverse supercurrent inserted at the interaction points of the vertices. In order to deal with these
divergences, in a previous paper1) , we have proposed
a dimensional regularization scheme, in which we consider the number of space-time dimensions d to be a
large negative value. We have checked that the results
of the ﬁrst quantized formalism are reproduced without any counterterms in the four-point case. In order
to proceed further, we need to show that dimensional
regularization preserves the important symmetries of
the theory. If the light-cone gauge string ﬁeld theory
corresponds to a BRST invariant formulation even in
noncritical dimensions, it means that the dimensional
regularization preserves the BRST symmetry.
This study is conﬁned to the case of closed bosonic
string ﬁeld theory in order to avoid technical diﬃculties
involved in the superstring theory and focus on the
tree-level amplitudes.
The theory for X ± variables that we propose is a
CFT with the action
∫
(
)
1
¯ + ∂X −
¯ − + ∂X
SX ± = −
d2 z ∂X + ∂X
2π
)]
d − 26 [ (
¯ + ,
Γ ln −4∂X + ∂X
+
24∫
24
¯ .
d2 z ∂ϕ∂ϕ
Γ[ϕ] = −
(1)
24π
The energy-momentum tensor TX ± (z) obtained from
the action in eq.(1) is
†

∗1

d − 26
{X + , z} ,
(2)
12
( 2 +) 2
3
+
denotes the
where {X + , z} ≡ ∂∂XX+ − 32 ∂∂XX+
TX ± (z) = ∂X + ∂X − −

Schwarzian derivative. Since the action in eq.(1) contains the terms proportional to 1/∂X + , ∂X + should
have a nonvanishing expectation value in order that
the theory be well deﬁned. For this purpose, we always
consider this theory in the presence of the insertions of
+
−
the vertex operators e−ipr X (Zr , Z̄r ) (r = 1, . . . , N )
∑N +
+
with
r=1 pr = 0. For functionals F [X ] that do
−
not depend on X , it is possible to perform the path
integral which gives
⟨
⟩
N
∏
+
−ip+
X−
r
F [X ]
e
(Zr , Z̄r )
r=1

]
(
)
]
d − 26 [
i
¯
Γ ln(∂ρ∂ ρ̄) ,(3)
∼ F − (ρ + ρ̄) exp −
2
24
∑N
where ρ(z) = r=1 2p+
r ln(z − Zr ) is the Mandelstam
mapping. Roughly speaking, by diﬀerentiating this
+
equation with respect to p+
N and then setting pN = 0,
we obtain
⟨
⟩
N
−1
∏
−
+
−
−ip+
X
F [X ]X (ZN , Z̄N )
e r
(Zr , Z̄r ) . (4)
[

r=1

In this way, we can, in principle, obtain arbitrary correlation functions by considering the right hand side of
eq.(3) to be a generating functional, although the momentum conservation condition somewhat complicates
this procedure.
From the correlation functions thus obtained, we
can obtain the OPEs for the CFT for X ± variables
and ﬁnd that TX ± satisﬁes the OPE for the Virasoro algebra with a central charge of 28 − d. This
implies that by combining the theories for the d − 2
transverse coordinates X i and the bc-ghosts with this
system, we can construct a nilpotent BRST charge.
Thus, we formulate a BRST invariant worldsheet theory that corresponds to the light-cone gauge string theory in d (d ̸= 26) space-time dimensions. We can also
show that the tree amplitudes of the light-cone gauge
bosonic string ﬁeld theory can be recast into a BRST
invariant form by using the CFT for X ± variables formulated here.
We shall report the supersymmetric generalization
of the present analyses in a separate paper.
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Light-cone gauge NSR strings in noncritical dimensions†
Y. Baba, N. Ishibashi,∗1 and K. Murakami
[Conformal ﬁeld theory, String ﬁeld theory, Superstring theory]
In the light-cone gauge formulation of string theory, the theory can be considered in noncritical spacetime dimensions. Since the Lorentz invariance is broken in such dimensions, this theory describes a string
in a Lorentz noninvariant background. In a previous
paper1) , we considered the bosonic string theory and
identiﬁed the worldsheet CFT for the longitudinal variables x± that corresponds to such a background.
In this paper, we carry out the supersymmetrization
of the results of Ref. 1). We propose a superconformal
ﬁeld theory for the longitudinal variables x± , ψ ± and
ψ̃ ± , which correspond to the longitudinal part of the
light-cone gauge NSR string in d (d ̸= 10) dimensions.
We show that the Virasoro central charge of the superconformal ﬁeld theory is ĉ = 12 − d and that we can
therefore construct a nilpotent BRST charge with the
transverse variables and ghosts combined.
In order to supersymmetrize the results of Ref. 1),
it is convenient to use the superﬁeld formalism on
the worldsheet. We introduce the supercoordinate
z ≡ (z, θ) and the superﬁelds X ± (z, z̄) which can be
expanded as
X ± (z, z̄) = x± + iθψ ± + iθ̄ψ̃ ± + iθθ̄F ± .

(1)

We propose that the supersymmetric generalization of
the action for the x± CFT1) takes the form
∫
(
)
1
d2 z D̄X + D− + D̄X − DX +
SX ± = −
2π
d − 10
Γsuper [Φ] ,
+
8∫
8
d2 z D̄ΦDΦ ,
Γsuper [Φ] = −
(2)
16π
where D and D̄ denote the supercovariant derivatives,
and the superﬁeld Φ(z, z̄) is deﬁned as
(
)
Φ = ln −4(DΘ+ )2 (D̄Θ̄+ )2 ,

Θ+ =

DX +
1

(∂X + ) 2

.(3)

The super energy-momentum tensor derived from the
action SX ± in eq.(2) becomes
TX ± (z) =

)
1(
DX + ∂X − + DX − ∂X +
2
d − 10
S(z, X +
−
L) .
4
4

+

3

+

2

(4)

+

D Θ
D Θ D Θ
Here S(z, X +
denotes the suL ) ≡ DΘ+ − 2 (DΘ+ )2
per Schwarzian derivative for the superconformal map+
+
ping z = (z, θ) �→ X +
L = (XL (z), Θ (z)), where
†

∗1

Condensed from the article in JHEP 01 (2010) 119
Institute of Physics, University of Tsukuba

- 99 -

XL+ (z) denotes the holomorphic part of the superﬁeld
X + (z, z̄).
In order to make the theory well-deﬁned, eΦ should
have a non zero expectation value. As in the bosonic
case1) , we always consider the theory in the presence
+
−
of the insertion e−ipr X (Zr , Z̄r ) (r = 1, . . . , N ), with
∑N +
+
r=1 pr = 0. For the functionals F [X ] which are
−
independent of X , one can obtain
⟨
⟩
N
∏
−ip+
X−
+
r
F [X ]
e
(Zr , Z̄r )
r=1

]
d−10
2
2
i
∼ F − (ρ + ρ̄) e− 8 Γsuper [ln((Dξ) (D̄ ξ̄))] , (5)
2
[

where
ρ(z) =

N
∑
r=1

2p+
r ln(z − Zr ) ,

ξ(z) =

Dρ
1

(∂ρ) 2

(z) . (6)

Roughly speaking, we obtain
⟨
⟩
N
−1
∏
−
+
−
−ip+
X
F [X ]X (ZN , Z̄N )
e r
(Zr , Z̄r )

(7)

r=1

by diﬀerentiating eq.(5) with respect to p+
N and then
setting p+
=
0.
More
precisely,
we
have
to
take into
N
account the momentum conservation condition. In this
way, we can, in principle, derive all the correlation
functions by considering the right hand side of eq.(5) as
a generating functional. From the correlation functions
thus obtained, we can deduce the OPEs of the superconformal ﬁeld theory for X ± variables. Using them,
we ﬁnd that TX ± (z) satisﬁes the OPE for the super
Virasoro algebra with central charge ĉ = 12 − d. By
taking into account the transverse variables X i (z, z̄)
(i = 1, . . . , d − 2), the total central charge of the system becomes ĉ = 10. This implies that it is possible to
construct a nilpotent BRST charge, with the ghost superﬁelds B(z) = β(z) + θb(z) and C(z) = c(z) + θγ(z).
Thus, we formulate a BRST invariant superconformal ﬁeld theory that corresponds to the light-cone
gauge NSR superstring theory in d (d ̸= 10) space-time
dimensions. We will report the application of this theory to the dimensional regularization of the light-cone
gauge string ﬁeld theory2,3) in a separate paper.
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Light-cone gauge superstring ﬁeld theory and dimensional
regularization†
Y. Baba, N. Ishibashi,∗1 and K. Murakami
[String ﬁeld theory, Superstring, Conformal symmetry]
In the light-cone gauge NSR superstring ﬁeld theory1,2) , perturbative expansion of amplitudes involves
divergences even at the tree level. Transverse supercurrents TFLC are inserted at the interaction points zI of
the joining-splitting interaction, and divergences arise
when these supercurrents are close to each other. Similar divergences exist in other superstring ﬁeld theories.
In a previous paper3) , we proposed a dimensional
regularization scheme to deal with these divergences.
In the light-cone gauge, one can deﬁne the theory in
d (d ̸= 10) dimensions. By considering d to be largely
negative, we can make the tree-level amplitudes ﬁnite.
By deﬁning the amplitudes for such d, one can obtain
the amplitudes for d = 10 by analytic continuation.
Since what matters is the Virasoro central charge on
the worldsheet, d can also be eﬀectively changed by
adding a superconformal ﬁeld theory to that for the
transverse variables X i , ψ i and ψ̃ i . In Ref. 3), we
proposed one such scheme and showed that the results
of the ﬁrst quantized formulation can be reproduced by
such a procedure in the case of four-string amplitudes.
In order for the dimensional regularization scheme to
be eﬀective, it should preserve as many symmetries of
the theory as possible. In Refs. 4) and 5), we showed
that the light-cone gauge string ﬁeld theory in noncritical spacetime dimensions corresponds to a BRST
invariant worldsheet theory with the longitudinal variables and the ghosts. Since the BRST symmetry on
the worldsheet is supposed to be related to the gauge
symmetry of the string ﬁeld theory, these results imply
that the dimensional regularization can be carried out
with the gauge symmetry preserved.
In this paper, we would like to propose a dimensional
regularization scheme for the light-cone gauge NSR superstring ﬁeld theory, in which the results of Ref. 5)
can be used. We just formulate the theory in d dimensions and deﬁne the amplitudes as analytic functions
of d. In this paper, we deal with closed string ﬁeld theory and restrict ourselves to amplitudes with only the
(NS,NS) external lines. We show that the tree amplitudes can be recast into a BRST invariant form using
the superconformal ﬁeld theory proposed in Ref. 5).
The light-cone gauge superstring ﬁeld theory can be
deﬁned even for d ̸= 10. Starting with the deﬁnition,
the N -string tree amplitudes can be calculated perturbatively. The results can be expressed by using the
worldsheet ﬁeld theory for the transverse variables on
†

∗1

the complex z-plane. Using the superconformal ﬁeld
theory for the longitudinal variables, we can recast the
amplitude into the form
∫ [
]
AN ∼
dXdψdψ̃d(ghost) e−S
(N −3 [�
]
�
∫ N∏
−3
∏
dz b
dz̄ b̃
2
(z)
×
d TI
¯ (z̄)
CI 2πi ∂ρ
CI 2πi ∂ ρ̄
I=1
I=1
×
×

N [
∏

cc̃e

−ϕ−ϕ̃

Vr′DDF

r=1

N �
∏

r=1

(r)
zI

×e

dz
DΦ(z)
2πi
d−10 i
16 p+
r

X+

(

Zr , Z̄r

�

−2 [
)] N∏
I=1

(r)
z̄I

]

X(zI )X̃(z̄I )

dz̄
D̄Φ(z̄)
2πi

)
(z, z̄) .

(1)

Here S denotes the action of the total system. ρ(z) =
∑N
r=1 αr ln(z − Zr ) is the Mandelstam mapping for
the light-cone string diagram. The integration contour CI lies around the propagator between the consecutive interaction points ρ(zI+1 ) and ρ(zI ), and TI =
ρ(zI+1 ) − ρ(zI ) denote the N − 3 complex moduli parameters of the light-cone string diagram. Vr′DDF is
the DDF vertex operator for string r. X(z) denotes
the picture-changing operator, and Φ(z) is a superﬁeld
deﬁned in Ref. 5).
We can show that the amplitude (1) is BRST invariant when d is considered to have a suﬃciently large
negative value. By following the standard procedure,
we can change the positions of the picture-changing
operators to the insertion points of the vertex operators. The resultant amplitudes reproduce the results of
the ﬁrst quantized formulation in the analytic continuation d → 10 without adding any contact interaction
terms as couterterms.
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Vacuum structure around identity-based solutions†
I. Kishimoto and T. Takahashi∗1
[Nonperturbative techniques, string ﬁeld theory, D branes]

where the new BRST operator Q′ = QB + adΨa can
be computed explicitly. Let us consider the equation
of motion for Sa [Φ], namely, Q′ Φ + Φ ∗ Φ = 0. We
solve it under the Siegel gauge condition b0 Φ = 0. By
multiplying the equation of motion by b0 , we have
(3)

where L(a) = {b0 , Q′ }, and we construct numerical
solutions to this equation by an iterative approach with
the level (L, 3L) truncation approximation.
We have constructed two types of solutions. One,
denoted as Φ1 , is obtained by smoothly varying a from
a = 0. The other, denoted as Φ2 , is obtained by
smoothly varying a from a = −1/2. At a = 0, Φ1
is the conventional tachyon vacuum solution because
Q′ = QB . At a = −1/2, Φ2 can be constructed by iteration, beginning with the initial conﬁguration, which
is given by the nontrivial solution for the lowest truncation. For the obtained conﬁgurations, we have computed the potential height fa (Φ) (≡ −2πg 2 Sa [Φ]/V26 )
and the gauge invariant overlap.
For Φ1 , the result of our numerical calculations is
plotted in Fig. 1. For L → ∞, the ﬁgure suggests
that fa=−1/2 (Φ1 ) = 0 and fa>−1/2 (Φ1 ) = −1. This
implies that there exists a nonperturbative stable vacuum where a D-brane vanishes, except for a = −1/2.
On the other hand, for Φ2 , our result is depicted as
†
∗1
a)
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It is diﬃcult to evaluate gauge invariants for this type of
“identity-based” solutions directly. Therefore, we investigated the theory around the TT solution.
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where I is the identity state and h is a function with
the parameter a (≥ −1/2). Expanding around Ψa , we
have the action
)
(
1
1 1
⟨Φ, Q′ Φ⟩ + ⟨Φ, Φ ∗ Φ⟩ ,
(2)
Sa [Φ] = − 2
g
2
3
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Fig. 1. Plots of the potential height fa (Φ1 ) for a ≥ −1/2.
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00

(Φ1))
ffaa(Φ
1

We construct numerical solutions of the theory
around Takahashi-Tanimoto’s analytic solution1) (TT
solution) with a parameter a (≥ −1/2) in open bosonic
string ﬁeld theory and evaluate gauge invariants, the
potential height and the gauge invariant overlap, for
the numerical solutions. Our result provides further
quantitative evidence that for a > −1/2, the TT solution is pure gauge and that for a = −1/2, it represents
a nonperturbative vacuum where a D-brane vanishes.2)
The TT solution Ψa is of the forma)

11

00
-0.5
-0.5

-0.49
-0.49
aa

-0.48
-0.48

Fig. 2. Plots of the potential height fa (Φ2 ) for a ≥ −1/2.
Note that the range of a is much narrower than that of
Fig. 1.

in Fig. 2. For L → ∞, the ﬁgure suggests that
fa=−1/2 (Φ2 ) = 1 and fa>−1/2 (Φ2 ) = 0, which implies that there exists a nonperturbative unstable vacuum corresponding to the perturbative vacuum only
for a = −1/2. The behavior of the gauge invariant
overlap is similar to that of the potential height. These
results are consistent with the expectation that the TT
solution for a = −1/2 represents the nonperturbative
vacuum where a D-brane vanishes.
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Lattice formulation of 2D N = (2, 2) SQCD based on B-model twist†
D. Kadoh, F. Sugino,∗1 and H. Suzuki
[Supersymmetry, lattice gauge theory]
After a seminal study by Kaplan et al.,1,2) various
lattice formulations of extended supersymmetric gauge
theories have recently been proposed (see Ref. 3 for a
review). A common feature of these lattice formulations is that at least one fermionic symmetry Q, which
is a linear combination of supersymmetry charges, is
manifestly preserved even in the case of ﬁnite lattice spacings. This could be possible if Q is nilpotent, Q2 = 0, and the continuum action S is Q-exact
as S = QX. Thus, such a Q is naturally identiﬁed
with a BRST supercharge of topological ﬁeld theory.
4)
In lower-dimensional models, because of this exact
fermionic symmetry Q, one may expect that full supersymmetry is restored in the continuum limit without
(or with a little) ﬁne tuning. Recently, the occurrence
of expected supersymmetry restoration in a lattice formulation5) of two-dimensional (2D) N = (2, 2) supersymmetric Yang–Mills theory (SYM) was clearly conﬁrmed6) by means of a Monte Carlo simulation.
From an extended supersymmetric theory, one can
construct a topological ﬁeld theory by a procedure
called topological twist; this procedure involves deﬁning a new rotational group (twisted rotation) by considering a particular combination of the original spacetime rotation and an internal R-symmetry. The above
BRST charge Q transforms as a scalar under the
twisted rotation. However, if one does not regard the
twisted rotation as a real spacetime rotation, which is
the standpoint we adopt here, the topological twist is
merely the simple relabeling of dynamical variables in
the original supersymmetric action in a ﬂat spacetime.
Nevertheless this procedure is useful to determine the
above Q transformation and a Q-exact form of the action in the continuum theory.
In this paper, we present a new lattice formulation
of 2D N = (2, 2) U (k) supersymmetric QCD (SQCD)
with N matter multiplets in the fundamental representation (and no antifundamental multiplet). In 2D
N = (2, 2) theories, a topological twist can be performed in two ways.7) One is the so-called A-model
twist, in which the twisted rotation is deﬁned as a diagonal U (1) subgroup of the product of the original
2D rotation, SO(2) � U (1), and the internal U (1)V
symmetry. The other is the B-model twist, in which
one considers the diagonal U (1) part of the product
of the 2D rotation U (1) and the internal U (1)A symmetry. Here, our objective is to construct a simple
lattice formulation. For this purpose, we adopt the B-

model twist picture in which, under Q, left- and righthanded components of the fundamental fermions are
symmetrically transformed. This property of the Bmodel twist helps to obtain a lattice action that is relatively simple compared with the action in the existing
lattice formulations8,9) of 2D N = (2, 2) U (k) SQCD,
which are based on the A-model twist.a)
It has been discussed that a 2D N = (2, 2) U (k)
SQCD with N fundamental matter multiplets possesses rich physical contents. The low-energy eﬀective
theory would be given by the Grassmannian G(k, N )
supersymmetric nonlinear sigma model, in which one
expects the spontaneous chiral symmetry breaking
Z2N → Z2 (the U (1)A symmetry is anomalous and
broken to Z2N ) and the dynamical generation of a mass
gap. In the near future, we hope to use the present lattice formulation to investigate the physical behavior of
in 2D N = (2, 2) U (k) SQCD with N fundamental
multiplets, as has been done for 2D N = (2, 2) SYM
in Refs. 10–13.
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SUSY WT identity in a lattice formulation of 2D N = (2, 2) SYM†
D. Kadoh and H. Suzuki
[Supersymmetry, lattice gauge theory]
In this study, we clarify some issues related to supersymmetric (SUSY) Ward–Takahashi (WT) identities
in Sugino’s lattice formulation of two-dimensional (2D)
N = (2, 2) SU (k) supersymmetric Yang–Mills theory
(SYM).1,2) This study is important, because determining whether SUSY is restored in the continuum limit
is the most fundamental issue in non-perturbative lattice formulation of SUSY theories and the best way to
observe the SUSY restoration in the continuum limit
would be to conﬁrm SUSY WT identities.
In this study, we ﬁrst clarify how to derive lattice
identities in Sugino’s formulation that would become
SUSY WT identities in the target 2D N = (2, 2) SYM
in the continuum limit. For this purpose, we devise
an ingenious method to deﬁne a lattice counterpart
of the supercurrent—the Noether current associated
with SUSY—such that its covariance under the global
U (1)A -symmetry can be manifested. Then, on the basis of the formal perturbation theory, we address the
renormalization and mixing of composite operators appearing in the identities. The study of the composite operators is quite similar in principle to the standard analysis of the chiral symmetry on the lattice.3)
We can in fact argue that the lattice identities reproduce the SUSY WT identities of the continuum target
theory in the continuum limit without any operator
renormalization/mixing and tuning of lattice parameters. This conclusion is consistent with the expected
SUSY restoration in the eﬀective action of elementary
ﬁelds without any ﬁne-tuning, which has been discussed within the perturbation theory in Ref. 1. That
consideration on the SUSY restoration in Ref. 1 implies the restoration of the SUSY WT identities in the
continuum limit was claimed in Ref. 4 only intuitively.
The present analysis remedies this gap.
Our argumentation up to this stage is standard but
formal to some extent. To partially substantiate our
formal argument, we carried out a one-loop calculation that conﬁrmed the SUSY WT identities in the
ﬁrst nontrivial order of a semi-perturbative expansion
(that is similar to the expansion proposed in Ref. 5)
which was justiﬁed for small volume lattices. This result is also complementary with the non-perturbative
numerical conﬁrmation of the SUSY WT identities reported in Ref. 4.
As an interesting application of the lattice SUSY
WT identities, we show that a prescription for the
hamiltonian density in this lattice formulation, advocated by Kanamori, Sugino, and Suzuki6,7) in the con†

Condensed from the article in Phys. Lett. B 682, 466 (2010)

text of spontaneous SUSY breaking, can be justiﬁed
by using “current algebra” involving supercurrents and
the hamiltonian density. We have
�
�
1
∂µ∗ (sµ )i=4 (x) (s�0 )i=1 (y) = i 2 δx,y �Q (s�0 )i=1 (x)� ,
a
(1)
where ∂µ∗ denotes the lattice backward diﬀerence, sµ (x)
is the lattice supercurrent deﬁned above, s�µ (y) is another appropriately-chosen supercurrent, and a is the
lattice spacing. The subscript i refers to the spinor
index, and the (i = 4) component of the supercurrent corresponds to a fermionic transformation Q and
(i = 1) to a fermionic transformation Q(0) . In the
target continuum theory, the Q transformation of the
time component of the Noether current associated with
the Q(0) transformation is the hamiltonian density,
Q(s�0 )i=1 (x) = 2H(x), as is consistent with the SUSY
algebra, {Q, Q(0) } = −2i∂0 + (gauge transf.). Therefore, it is quite natural to regard the right-hand side
of Eq. (1) as the expectation value of the hamiltonian
density in quantum theory:
�Q (s�0 )i=1 (x)� ≡ 2 �H(x)� .

(2)

This is precisely the prescription advocated in Refs. 6
and 7 for the hamiltonian density in the present lattice formulation. Note that Eqs. (2) and (1) show
that �H(x)� is precisely the order parameter of SUSY
breaking; this means that its non-zero (positive) value
implies the massless Nambu–Goldstone fermion in the
channel of the left-hand side of Eq. (1). In Ref. 8, the
vacuum energy density of 2D N = (2, 2) SYM has numerically been studied on the basis of this prescription,
indicating no SUSY breaking in this system, contrary
to theoretical conjecture.
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Conversion of RFQ linac for new RIBF injector
K. Yamada, S. Arai, H. Fujisawa, E. Ikezawa, M. Kase, H. Okuno, N. Sakamoto, K. Suda, Y. Watanabe,
and O. Kamigaito
A new injector (RILAC2)1) has been constructed
at RIKEN Nishina Center for performing independent
RIBF experiments and super-heavy-element synthesis.
RILAC2 consists of a 28-GHz superconducting ECR
ion source2) , a low-energy beam transport with a prebuncher, a four-rod RFQ linac, three drift-tube linac
tanks (DTL1-3)3,4) , a rebuncher between the RFQ and
DTL1, and strong quadrupole magnets between the rf
resonators for transverse focusing. Very heavy ions
with an m/q of 7, such as 136 Xe20+ and 238 U35+ , can
be accelerated up to 680 keV/u in the cw mode and
injected to the RIKEN Ring Cyclotron without charge
stripping. To save construction costs, the RFQ linac
provided by Kyoto University is modiﬁed and used for
RILAC2.
The original RFQ linac was developed by Nissin
Electric Co., Ltd. in 1993 for ion implantation5) . Since
the termination of its acceleration tests in the company, the system has been maintained by the Advanced
Research Center for Beam Science, Kyoto University,
for several years. The RFQ linac can accelerate heavy
ions with an m/q of 16 up to 84 keV/u in the cw mode
with an rf frequency of 33.3 MHz. The maximum rf input power was adjusted to be 50 kW(cw). If the RFQ
resonator is so modiﬁed to have a resonant frequency of
36.5 MHz, ions with an m/q of 7 can be accelerated to
100 keV/u for RILAC2 without changing the vane electrodes. The intervane voltage required for RILAC2 is
42 kV, which is less than the originally designed value
of 55 kV. The basic parameters corresponding to the
RFQ linac after the conversion are listed in Table 1; the
parameter values were obtained by scaling the original
values.
Table 1. Basic parameters corresponding to RFQ linac
Frequency (MHz)
Duty (%)
m/q ratio
Input energy (keV/u)
Output energy (keV/u)
Input emittance (mm·mrad)
Vane length (cm)
Intervane voltage (kV)
Mean aperture (r0 :mm)
Max. modulation (m)
Focusing strength (B)
Final synchronous phase (deg.)
Unloaded Q
Shunt impedance (kΩ)
Required rf power (kW)

Fig. 1. A 3D model of MWS calculation for RFQ with block
tuner.

serted a block tuner into the gaps between the posts
supporting the vane electrodes. The block reduces
magnetic ﬂux, and consequently, the resonant frequency increases. The size of the block tuner was optimized by 3D electromagnetic calculations using the
computer code Microwave Studio 2009 (MWS) and rf
measurements using cold-model test pieces made of
aluminum. Figure 1 shows a 3D model of the MWS
calculation. The block dimensions were determined to
be 240 mm × 260 mm × 114 mm. The rf power required to excite the intervane voltage of 42 kV was
evaluated to be 17.5 kW by taking into account 80%
derating of the shunt impedance (63 kΩ) determined
by the MWS calculation. The maximum output power
(40 kW) of the ﬁnal ampliﬁer was suﬃcient for operating the modiﬁed RFQ resonator. Note that the shunt
impedance and unloaded quality factor of the original

36.5
100
7
3.28
100.3
200π
225.6
42.0
8.0
2.35
6.785
-29.6
4500 (MWS)
63 (MWS)
17.5 (80%-Q)

For modiﬁcation of the resonant frequency, we in-

Fig. 2. Distribution of heat load at an input power of
17.5 kW.
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RFQ linac were 77.9 kΩ6) and 5300, respectively.
The heat load distribution was also evaluated by
MWS calculations to decide the cooling conditions.
Figure 2 shows the distribution scaled to an rf input of
17.5 kW. The maximum current density in the block
was 32 A/cm, which was very small. The total heat
load estimated for the ﬁve blocks was approximately
2.1 kW. The size of the cooling water channel was so
chosen that the ﬂow rate of water was approximately
16 L/min; at this ﬂow rate, the water temperature increases only by 2 o C. The cooling capacity was found to
be suﬃciently high if the value of the shunt impedance
degraded to 70%.

an rf contact provided by coil springs (bal seal). The
water channels in the blocks were connected in series
by copper pipes. Figure 6 shows the internal structure of the RFQ linac after mounting the block tuner
and water pipe. Although the equipments were successfully assembled, apparent leaks were found in the
water channels in some of the blocks, by using a leak
hunt. The leak points were repaired in a factory.

Fig. 5. Bottom view of the block tuner.

Fig. 3. 3D view of block tuner.

Fig. 6. Internal structure of RFQ after mounting the block
tuner.

Fig. 4. 3D view of a part of the water inlet for the block
tuner.

The block tuner was made of oxygen-free copper;
three types of blocks were required by the mounting
position. Intricate cutting was carried out on the block
in order to reduce the weight of block to half the original value. The caps of the water channel was sealed by
electron beam welding. Figures 3 and 4 show the 3D
view of the block tuner and water inlet, respectively.
The bottom view of the corresponding block is shown
in Fig. 5. The blocks were mounted on a base with

2

After the repair, all the equipments were reassembled in February 2010. A low-power test was performed to evaluate the rf characteristics, and the resonant frequency was found to be changed to 36.5 MHz
successfully. Rf ampliﬁers, low-level circuits, and a
control system for RILAC2 were installed at the appropriate positions in February 2010. The main body
of the RFQ has been moved to the AVF cyclotron vault
in May 2010. Immediately after preparing the cooling
water, vacuum pumps, and electric cables on the RFQ
resonator, a high-power test will be performed.
References
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Design and construction of drift-tube linac no.1 for RILAC2
K. Yamada, K. Suda, N. Sakamoto, S. Arai, E. Ikezawa, M. Kase, H. Okuno, and O. Kamigaito
A new additional injector (RILAC2)1) has been
constructed at the RIKEN Nishina Center so that
RIBF experiments and synthesis of super-heavy element can be carried out independently. The RILAC2 consists of a 28-GHz superconducting electroncyclotron-resonance ion source (ECRIS)2) , a lowenergy beam transport (LEBT) with a pre-buncher, a
four-rod radio-frequency quadrupole (RFQ) linac3,4) ,
three drift-tube linac tanks (DTL1-3), a rebuncher between the RFQ and DTL1, and strong quadrupole
magnets that were placed between the rf resonators for
the transverse focusing. Very heavy ions with mass-tocharge ratio (m/q) of 7, such as 136 Xe20+ and 238 U35+ ,
are accelerated up to an energy of 680 keV/u in the
cw mode and injected into the RIKEN Ring Cyclotron
without charge stripping. This report describes the
design and construction of DTL1.
The DTL1 consists of a quarter-wavelength coaxialcavity resonator, which has nine drift tubes with stems
and two drift tubes at the end (10 gaps). The aperture of the drift tube has a radius of 17.5 mm, and
the gap length is 20 mm. The DTL1 is operated at
a gap voltage of 110 kV with a radio frequency of
36.5 MHz and it can accelerate ions from 100 keV/u
to 220 keV/u. In order to optimize the rf characteristics and to determine the cavity dimensions, 3D electromagnetic calculation was performed using the computer code Microwave Studio 2009 (MWS). Figure 1
shows a DTL1 model used in the 3D electromagnetic
calculation. The length of the stem was optimized to
reduce the asymmetry of the electric field distribution
between the gaps. The distribution of rf-power dissipation in the cavity was also evaluated by the MWS calculation to determine the amount of cooling required.
The basic properties of DTL1 are listed in Table 1.

Fig. 1. A DTL1 model used in the 3D electromagnetic calculation; the model includes a tuner and coupler.

In order to reduce the construction cost and the
space occupied by the equipments, a direct coupling

Table 1. Basic properties of DTL1

Frequency (MHz)
Duty (%)
m/q ratio
Input energy (keV/u)
Output energy (keV/u)
Cavity diameter (m)
Cavity height (m)
Gap number
Gap length (mm)
Gap voltage (kV)
Drift-tube aperture radius (mm)
Peak surface field (MV/m)
Synchronous phase (deg.)
Max. power of amp. (kW)

DTL1
36.5
100
7
100
220
0.8
1.32
10
20
110
17.5
8.2
-25
25

scheme was adopted for the rf amplifier. A plate electrode of a 4CW50000E vacuum tube was directly connected to the capacitive coupler, which was mounted
on the cavity. The load impedance of the vacuum tube
can be adjusted by changing the position of the coupler electrode. When the coupler and vacuum tube
were mounted on the cavity, the resonant frequency
decreased because of their series/parallel capacitance.
Thus, we had to set the target frequency of the cavity
such that this decrease in the resonant frequency was
compensated. The decrease in the resonant frequency
was estimated by comparing the result of MWS calculation with the measurement results obtained using
DTL35) with a 50-Ω coupler. Since the DTL3 was obtained by modifying a decelerator resonator that was
developed for a Charge-State-Multiplier system6) , we
were able to use it for the comparison. Finally, the
cavity length of DTL1 was determined to actualize the
target frequency of 36.725 MHz.

Fig. 2. Capacitive coupler for DTL1. φ 170 mm electrode
is attached.
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The coupler of DTL1 was designed such that the

1

load impedance could be adjusted to approximately
1000 + j0 Ω with using vacuum tube. The default
position and radius of the coupler electrode were determined by the MWS calculation using a frequencydomain solver. The coupler for DTL1 is shown in
Fig. 2.

1300 Ω by moving the coupler electrode over a distance
of 40-mm.

Fig. 5. Electric-field distribution of DTL1 along the beam
axis.

The electric-field distribution along the beam axis
was measured using a φ 12 mm TiO2 bead by the perturbation method. The results of phase variations are
plotted in Fig. 5. The shunt impedance was evaluated from the integral of the result, and the required rf
power was determined. The rf characteristics of DTL1
are listed in Table 2.
A high-power test was performed with a load
impedance setting of 1000 Ω. After one day of conditioning, the rated voltage of 110 kV was successfully
achieved.
The DTL1 was installed in the AVF cyclotron vault
in February 2010. Further conditioning and tests is
now in progress.

Fig. 3. Exterior of DTL1

Table 2. Rf characteristics of DTL1

Frequency (MHz)
Unloaded Q
Shunt impedance (MΩ)
Effective shunt imp. (MΩ/m)
Required rf power (kW)
Fig. 4. Frequency response of DTL1 as a function of trimmer position.

The construction of the DTL1 was completed in January 2010, and low-power and high-power tests were
performed immediately. Figure 3 shows the exterior of
DTL1 used in test measurements. The results of the
low-power test measurements carried out using a network analyzer are indicated in Fig. 4. The frequency
response as a function of trimmer position is plotted in
the upper panel of Fig. 4. The lower panel presents the
quality factors. As shown in the figure, an operation
frequency of 36.5 MHz was achieved at the trimmer
position of 68 mm by using a φ 170 mm direct coupler. The load impedance can be adjusted from 600 to

2
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Calculated
35.83–37.13
17500
1.13
163
5.3

Measured
35.64–36.87
13000
0.94
135
6.5
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Design and Construction of Drift Tube Linac Caivties No. 2 and 3
for RILAC2
K. Suda, S. Arai, Y. Chiba, O. Kamigaito, M. Kase, N. Sakamoto, and K. Yamada
A new injector RILAC2 for RIKEN RI-Beam Factory is under construction1) (Fig. 1). The injector is

tubes, a non-50 Ω capacitive coupler, and a trimmer
(fine frequency tuner). The modification of CSM-D1
to DTL3 was performed as follows. Firstly, the original
drift tubes and stems were replaced with those specifically designed for DTL3. The frequency of CSM-D1

Fig. 1. Schematic view of the new injector RILAC2.

designed to accelerate very heavy ions such as 238 U35+
and 136 Xe20+ up to 680 keV/u for injection to the
RIKEN Ring Cyclotron. The injector consists of an
superconducting ECR ion source, a low-energy beam
transport line, an RFQ linac, three drift tube linac
(DTL) tanks, and a high-energy beam transport line.
The structure of the DTL tanks is based on that of
a quarter-wavelength resonator. The inner diameter
ranges from 0.8 to 1.3 m. The DTL tanks are designed
to be operated at a fixed RF frequency of 36.5 MHz.
The design parameters are shown in Table 1. The
Table 1. Design parameters for DTL2 and DTL3.
Resonator
Frequency (MHz)
Duty (%)
Mass-to-charge ratio
Input energy (keV/u)
Output energy (keV/u)
Diameter (m)
Height (m)
Gap number
Gap length (mm)
Gap Voltage (kV)
Drift tube aperture (mm)
Peak surface field (MV/m)
Synchronous phase (◦ )
Input power (100% Q: kW)
Power amp. (Maximum: kW)

DTL2
36.5
100
7
220
450
1.1
1.429
10
50
210
17.5
9.4
-25
13.4
40

DTL3
36.5
100
7
450
680
1.3
1.890
8
65
260
17.5
9.7
-25
15.4
40

first two tanks (DTL1 and DTL2) have been newly
constructed while the decelerator tank developed for
Charge-State-Multiplier system2) (CSM-D1) is modified to obtain the third tank DTL3. For the purpose to
simplify and minimize the size of an final RF amplifier
and to reduce construction cost, the amplifier was directly coupled to the tank. In this report, we describe
the design and construction of DTL2 and DTL3. The
schematic view of DTL3 is shown in Fig. 2.
First, DTL3 was designed. DTL3 has eleven drift

Fig. 2. Schematic view of DTL3. It has eleven drift tubes,
a non-50 Ω capacitive coupler, and a trimmer.

can be varied from 36 to 76.4 MHz by changing the
position of a movable shorting plate. In order to install the modified tank in the AVF hall, it was necessary to reduce the tank height by removing the shorting plate as well as its drive mechanism, cutting the
inner and outer cylinders, and attaching a new fixed
top plate with a flange which supports inner cylinder.
Therefore, low-power tests were performed in order to
estimate the decrease in the resonant frequency due
to the directly coupled amplifier and to determine the
tank height. The 50-Ω coupler originally attached to
CSM-D1 was used for this measurement. The length
of the coaxial line was 1700 mm. Coupler plate of
two sizes (φ 115 and 210 mm) were used. The optimum input impedance to the tank was estimated to
be 700 Ω on the basis of the analysis of the operation of the tetrode 4CW50000E, which was used in
the final power amplifier. This impedance needs to
be matched when the tetrode is connected in parallel, the capacitance of which is approximately 55 pF.
In the case of the coupler plate of φ 115 mm, the input impedance was matched to 50 Ω when the coupler
was at a position of 456.2 mm from the center of the
tank. When the coupler plate of φ 210 mm was used,
matching condition for 50 Ω was not found within the
stroke of the coupler. The coupling condition for direct coupler was estimated by transforming the measured data using f-matrix calculations to the case of a
shorter 50 Ω coaxial line (529.8 mm), which matches
the geometry of the direct coupler. According to the
estimation, the impedance will be matched to 700 Ω at
the coupler position of around 300 mm from the cen-
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1

Fig. 3. Electric field distribution of DTL3. The data are
plotted as solid circles. A calculation result by MWS is
shown as a solid line.

ter of the tank, and the decrease in frequency is within
a range of 175 kHz and 275 kHz (average 225 kHz).
On the other hand, the flange below the top plate increases the frequency by +125 kHz from the calculation
of the Eigenmode solver of the CST Microwave Studio (MWS). Therefore, the target frequency was fixed
at 36.6 MHz (= 36.5 + 0.225 − 0.125). Then, the tank
height was determined to be 1.890 m. Figure 3 shows
the measured electric-field distribution of DTL3. The
deduced shunt impedance is 1.72 MΩ, which is 80%
of the value calculated using MWS. An average gap
voltage of 260 kV can be obtained if an input power of
19.6 kW is fed.
After the tank height was determined, a capacitive
coupler was designed. This coupler consists of a non50 Ω coaxial cylinder and a plate at the end of an inner
cylinder. The position of the inner cylinder can be adjusted manually to ±20 mm in order to tune the input
impedance. The maximum diameter of the coupler
plate has to be less than 213 mm because of the size
of the flange. In order to be able to adjust the input
impedance by changing the diameter of the plate, the
coupler position was set to be 250 mm from the center
of the tank (50 mm lesser than previous position). The
diameter of the coupler plate was then determined to
be 130 mm from calculations using MWS. However,
when the coupler and tetrode were attached, the input impedance was found to be lower than expected.
Therefore, the actual diameter of plate was increased
to 135 mm. The frequency of the tank was decreased
by 288 kHz (Fig. 4). The cooling powers needed for the
tank and coupler were determined by taking into consideration the calculated thermal distribution on the
condition of the maximum output of the amplifier.
Based on the experience of designing DTL3, DTL2
was designed by only calculations. Figure 5 shows a
schematic view of DTL2. The length of stems was
changed from 200 mm (original) to 150 mm in order
to improve the deviation of gap voltages3) . The deviation was reduced from 6.4% to 4.6%. The tank height
was determined, as in the case of DTL3, by taking into
account the change in frequency, but without that due

2
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Fig. 4. Resonant frequency of DTL3. The measured values
without and with coupler are denoted by closed and
open circles, respectively. The decrease in the frequency
was 288 kHz.

Fig. 5. Schematic view of DTL2. It has nine drift tubes,
a non-50 Ω capacitive coupler, and a trimmer. The
shorting end is placed in the vertically down direction,
which is the opposite of the case of DTL3, owing to a
shorter height of cavity and a deeper (+40 cm) floor
level.

to the flange. This is because the flange was taken
into account in the calculations using MWS. Therefore, the target frequency was set to be 36.725 MHz
(= 36.5 + 0.225), and the tank height was determined
to be 1.429 m. The coupler position was determined
as follows. At first, the coupler position which results
in an impedance of 50 Ω was determined. When a
plate of φ 115 mm was used, and the actual Q-value
was assumed to be 70% of that obtained by calculations, the position was estimated to be 420 mm from
the center of the tank. Then, as in the case of DTL3,
this position was changed to obtain an impedance of
700 Ω. The diameter of the plate was determined to
be 140 mm by a low-power test.
A high-power test of DTL3 and DTL2 were performed in December 2009 and January 2010, respectively, and the desired gap voltages were successfully
obtained. These tanks as well as DTL1 will be installed
in the AVF hall in February 2010.
References
1) O. Kamigaito et al.: Proc. PASJ6 (2009), p. 38.
2) O. Kamigaito et al.: Proc. LINAC’98 (1998), p. 603; O.
Kamigaito et al.: Rev. Sci. Instrum. 76, 013306 (2005).
3) K. Yamada et al.: In this report.

RIKEN
Accel. Prog.
Prog. Rep.
Rep. 43
43 (2010)
(2010)
RIKEN Accel.

Construction of a new cavity for the double-rebuncher system for
RRC
N. Sakamoto, K. Suda, K. Yamada, M. Kase, and O. Kamigaito
A new cavity has been designed and built to replace
one of the cavities of the double rebuncher system for
RRC (RIKEN Ring Cyclotron). The present S6 cavity
1)
, which is located close to RRC, was originally used
as the third harmonic rebuncher for the harmonic 5
operation (i.e. the rf frequency of the RRC is the fifth
harmonic of beam revolution freauency) in the case of
AVF injection. Therefor its frequency band of 60 to
90 MHz does not match to the beams form rilac whose
freqency is 18 to 38 MHz.
The specifications of the new cavity are summarized
in Table.1. The range of frequencies from 36.5 to 76.4
MHz is the second harmonic of the beam frequency
from the injector RILAC. A peak voltage of 20 kV
at 36.5 MHz is set in order to achieve point-to-point
conversion from the exit of the RILAC to the injection point of the RRC in the operation of 238 U35+
beam acceleration with anfinal energy of 345 MeV/u.
Table 1. Specifications of new rebuncher.
frequency
β · λ/2
gap
no. of gap
cavity
voltage
amplifier
trimmer

36.5∼76.4 MHz
156 mm
20 mm
4
λ/2
20 kV/gap(36.5 MHz)
1 kW
∆f
= ±0.5%
f

Fig. 2. Resonant frequency as a function of the position of
the shorting plate is plotted for two tuner positions.

onant frequency can be varied by moving a shorting
plate. In order to achieve wide frequency range, for a
low frequencies between 36.5 and 40 MHz, a pair of capacitive tuners is used to make the resonant frequency
lower as shown in Fig. 2. The rf power is fed to the
cavity by a 50 Ω coaxial waveguide of WX39D. The
coupling is a capacitive one and the coupling β can be
varied by changing the position so as to the impedance
is matched to 50 Ω. A capacitive trimmer installed at
the opposite side of the coupler changes the resonant
frequency by ±0.5%. The parallel shunt impedance

The structure of the cavity (Fig.1) has been optimized
by using a 3D electromagnetic-field-calculation codes
MWS. The present cavity is a λ/2 cavity whose resFig. 3. Results of low-power tests. The open and closed
circles represent the results obtained when the tuner
was 220 mm from the drift tube support, respectively.

(Rs) was measured by using a perturbation method.
The perturbation bead was a ceramic ball (K-140 Kyocera, r = 138) with a diameter of 12 mm, which gives
a maximum phase shift of 74◦ . The measured Q, Rs,
and wall loss of the cavity are plotted in Fig.3. The Q
values are 60∼80% of the calculated values.
A Power test is underway and the installation of the
cavity is planned in February 2010.
References
1) A. Goto et al.:RIKEN Accel. Prog. Rep. 23(1989).
Fig. 1. Schematic of new rebuncher cavity.The scale is presented in the unit of mm.
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Production of highly charged U and Au ions from new RIKEN
superconducting ECR ion source with sputtering method
Y. Higurashi, J. Ohnishi, T. Nakagawa, T. Aihara*, M. Tamura*

In the autumn of 2009, it was required to produce few ten
of microamperes of U35+ beam from the new
superconducting ECR ion source in order to increase the U
beam intensity for producing radioisotope beams. To meet
this requirement, we performed a test experiment before the
production of the U beam from the new RIKEN
superconducting ECR ion source1,2) with sputtering method.
Figure 1 shows a photograph of the RF injection side of the
ion source used in the sputtering method. As shown in this
figure, we set a metal rod at the tip of a support rod. The
position of the metal rod was remotely controlled with an
accuracy of 0.5 mm. For sputtering, the metal rod was
supplied with high negative voltage (~several kV) . Oxygen
gas was used as the ionized gas.

Fig. 2. Charge-state distribution of Au ions. Ion source was
tuned to produce Au30+ ions.

Fig.1. Photograph of RF injection side of the ion source
used in sputtering method.
Before producing the U beam, we performed a test
experiment in which highly charged Au ions were produced
from a Au rod. Figure 2 shows the charge-state distribution
of the Au ions. The ion source was tuned to produce Au30+
ions. The maximum magnetic field strength at the RF
injection side (Binj), the minimum strength of mirror the
magnetic field (Bmin), the maximum magnetic field strength
at the beam extraction side (Bext), the radial magnetic field
strength at the inner surface of the plasma chamber wall
(Br), gas pressure, RF power (18 GHz), and extraction
voltage(Vext) are listed in the figure. Figures 3a) and 3b)
show beam intensity as a function of the rod position and
bias disc voltage, Rod position is defined as the distance
between the metal rod and the wall of the RF injection side
(see Fig.1). Using this sputtering method, we produced
Au30+ ion beam with beam intensity ~30eµA .
＊

SHI Accelerator Service Ltd.

Fig. 3. Beam intensity as a function of a) rod position and b)
bias disc voltage.
After successful Au beam production, we tried to produce
highly charged U ions by using the same method. Figure 4
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shows the charge-state distribution of the U ions. The
ion-source conditions are listed in Fig. 4. The ion source
was tuned to produce U35+ ion beam. The maximum beam
intensity of 15 eµA was obtained on the RF power of 850
W(18 GHz). Using this method, we provided a continuous
supply of U35+ beam (average beam intensity; 12 eµA) for
the experiments for one month.

Fig. 4. Charge-state distribution of U ions.
References
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Status of the new superconducting ECR ion source for RIKEN RIBF

Y. Higurashi, J. Ohnishi, T. Nakagawa, T. Aihara*, M. Tamura*, A. Uchiyama*, H. Okuno, K. Kusaka, M. Kidera, E. Ikezawa,
M. Fujimaki, Y. Sato, Y. Watanabe, M. Komiyama, M. Kase, A. Goto, O. Kamigaito, and Y. Yano
Since the middle1990s, RIKEN has undertaken the
construction of a new accelerator facility called the Radio
Isotope Beam Factory (RIBF)1) and successfully produced
345 MeV/u U beam (~0.4 pnA on target) in 2007.2) For the
RIBF, a primary beam intensity of 1pµA on target is
required; hence, we have to increase the beam intensity.
Hence, in the summer of 2007, we started the construction
of a new superconducting ECR ion source (SC-ECRIS)
with the optimum magnetic field strength to achieve an
operational microwave frequency of 28 GHz. In the end of
2008, we achieved a magnetic field strength value that was
102% of the designed value.3) In the spring of 2009, the
SC-ECRIS produced the first beam with 18 GHz
microwaves. After obtaining the first beam from the ion
source, we performed various test experiments using 18
GHz microwaves, the experiments were aimed at increasing
the beam intensity of highly charged heavy ions

Fig. 1. Beam intensity of Ar11+ and Ar12+ beam as a function
of RF power
The detailed structure of the ion source is described in
ref.4. Figure 1 shows the beam intensity of Ar11+ and Ar12+
beams as a function of RF power. The maximum magnetic
field strength at RF injection side (Binj) and beam-extraction
side (Bext) and the minimum strength of the mirror magnetic
field (Bmin) are listed in this figure. The magnetic field
strength at the surface of the plasma chamber (Br) is also
shown. We obtained ~300 eµA of Ar11+ beam and 180 eµA
of Ar12+ beam at an RF power of ~800 W.
The unique feature of this ion source compared to the
other superconducting ECR ion sources is that it has six
solenoids that are used to produce the axial mirror magnetic
field. Using the six solenoids system, we can change the
magnetic field gradient in the resonance zone and the ECR
surface size independently. From model calculations5) , it is
predicted that the magnetic field gradient in the resonance
＊

zone and ECR surface size strongly affect the beam
intensity of highly charged heavy ions; however, the effect
of the field gradient and ECR surface size on beam intensity
has not yet been verified experimentally. To clarify the
effect of these two factors on beam intensity, we measured
the beam intensity of highly charged heavy ions as a
function of the magnetic field gradient for several ECR
surface sizes. Figure 2 shows the beam intensity of Xe24+
beam as a function of the average magnetic field gradient in
the ECR zone for several ECR surface sizes. The average
field gradients were calculated by using the OPERA 3D
code . The extraction voltage and RF power were fixed at
15 kV and 600 W, respectively. The main magnetic feild
parameters are listed in Fig. 2. It is apparent that the beam
intensity increases as the field gradient decreases and the
ECR surface size increases. A detailed analysis is in
progress

Fig. 2. Beam intensity of Xe24+ beam as a function of
average magnetic field gradient in the resonance zone for
several ECR surface sizes
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Installation of new superconducting ECR ion source in the Cockcroft-Walton
high-voltage terminal
J. Ohnishi, Y. Higurashi, T. Nakagawa, T. Aihara,＊1 M. Tamura,＊1 and O. Kamigaito

A 28-GHz ECR ion source is currently being constructed
at the RIBF in order to obtain high-intensity beams of
highly charged ions like U35+.1) One of the most important
elements of the ECR ion source is its superconducting
magnet. This magnet consists of six solenoids and a set of
sextupole coils. Its design and construction was difficult
because of its complex structure and high magnetic fields.
Its construction began in October 2007 and was completed
successfully in December 2008.2) It was planned that an ion
source that uses this superconducting magnet will be
assembled and tested by using two existing 18-GHz
microwave sources because a 28-GHz source had not been
constructed in 2009. Nevertheless, the new source was
expected to generate currents that would be ten times-higher
than the current generated by the existing 18-GHz ECR ion
source because of its strong magnetic field and large plasma
volume. Therefore, it was decided that the new ECR ion
source will be installed as a RILAC source and uranium
beams will be supplied to the RIBF.3)
For this purpose, we planned to install the new ion source
onto the Cockcroft-Walton high voltage terminal that was
used previously and inject the uranium beams into the

RILAC at the energy of 127 kV per charge but not via the
RFQ linac. The main reason for this was that the extraction
voltage of the ion source needs to be increased from the
present considerably low value of 5.6 kV in order to be
injected into the RFQ.
We built an additional stage for the high-voltage terminal
in order to increase its area from 16 m2 to 31 m2. On the
other hand, the insulation distance to the wall was decreased
from 2.5 m to 0.5 m because the new terminal voltage is
lower than the previous value which was 450 kV. Although
the old terminal was supported on nine double-layer
porcelain insulators with a length of 1150 mm, for the new
terminal, the support structure was altered such that it
consisted of 17 single-layer insulators; this was done
because the total load on the terminal exceeds 15 t when the
terminal voltage is low. Further, we constructed a simple
room in the terminal in order to limit the area where
uranium may scatter.
Figure 1 shows the plan view of the high-voltage
terminal. The magnetic elements in the low energy beam
transport (LEBT) on the terminal4) include a solenoid, an
analyzing bending magnet (BM), and two steering magnets
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(ST) for horizontal and vertical directions. The analyzing
magnet, whose design is the same as that in the 28-GHz
superconducting ion source VENUS at LBL, has sextupole
field components to reduce the abbreviation generated by
that the magnet has a large aperture.5) The beam optics is a
double-focus system and the focus point is 1.0 m
downstream of the exit point of the BM. A horizontal slit is
located at the focus point and beam profile monitors are
located 0.1 m and 0.3 m downstream of the slit. A Faraday
cup is placed immediately before an accelerating tube.
Electric power and cooling water for the devices on the
high-voltage terminal are listed in Table 1. The electric
power is supplied only through a 100-KVA insulated
transformer. The total power shown in the table exceeds the
capacity of the transformer because each value is given by
the full power. Cooling water at 100 L/min is supplied
through rubber hoses with a size of 32A for electric
insulation from the existing cooling water system.
After the superconducting magnet was installed in the
high-voltage terminal in December 2008, the construction
of the simple room, alignment of the beam line, cabling and
piping were carried out in January and February 2009. The
application test of the high-voltage terminal was performed
on February 18. Initially, some arcs were observed; this was
because an iron plate placed temporary on the ceiling and
AC lines floated electrically from the terminal floor. The
arcs disappeared as soon as the plate and AC lines were
grounded to the floor. Further, some coronas were observed
at some corners of the building; these were ignored since
they did not seem to affect the beam operation. The leakage
current was 1.7~2.0 mA at 110 kV and its major cause was
presumed to be the electric conduction through the water
hoses.
Precooling of the superconducting coils and filling of
liquid helium in the cryostat was carried out in March.
During precooling, the magnet was cooled using evaporated
nitrogen gas at a low temperature before liquid nitrogen was
poured over it; this was done to reduce the thermal stresses
due to the large difference between the temperature of the
magnet and that of liquid nitrogen. This precooling was
carried out for four days (no operation were performed at
night), and 1200 L of liquid nitrogen were used. After the
precooling, 700 L of liquid helium was poured and its 330 L
was stored. The stored liquid helium is maintained by three
helium GM refrigerators.6) Two of these can cool up to 10 K
(SUMITOMO RDK408S), while the other can cool up to 4
K (RDK408D2). Further GM-JT refrigerator (V316SLCR,
4 W @ 4 K) is equipped to cool the heat load due to
bremsstrahlung
from
ion-source
plasma.
The
superconducting magnet was excited successfully at 90% of
the design current on March 17. This current level is
sufficient for an 18-GHz operation. Subsequently, the
chambers, a vacuum system, an rf system and beam
monitors were assembled, and the first beam of oxygen was
extracted from the ion source on May 11. Then, the aging
and the investigation of the ion source began. The operation
of the ion source is described in another report.7) The first
acceleration test in the RILAC was performed using Xe20+

Table 1. Summary of electric power and cooling water
required for the devices in the high-voltage terminal.
Number
18GHz RF source
Superconducting magnet
Analyzing magnet
Solenoid coil
Steering magnet
He refregerator/compressor
Ion source body
Vaccum system
Beam Diagnostic
Cryostat controller
Total

2
1
1
4
4

Electric
Power
(kW)
30
12
20
15
2
40
1
3
1
1

Cooling
Water
(L/min)

125

90

15
15
40
15
5

beam on July 26.
The ion source generated much stronger bremsstrahlung
when compared to that generated by the old one. This
reason seems to be because the electron temperature of the
plasma is higher than that in the old one. We had to
decrease the X-ray leakage to the outside of the RILAC
building. The distances from the ion source are
approximately 5 m to the east and west wall, 7.5 m to the
north wall, and 5 m to the roof. In order to maintain the
leakage within the allowed limit (2.5 μSV/h), 36 lead
blocks each with a thickness of 100 mm were laid on the
axis and two layers of lead plates each with a thickness of 5
mm were fixed on the north side of the yoke. The total
weight was approximately 1.5 t. Further, the roof area was
set to a controlled area.
In October, a production test of Au ions was carried
out after preparation for the sputtering method. We received
approval for handling nuclear fuels on October 30, and
uranium beams were produced successfully on November 2.
The U35+ beam current was approximately 10 μA. The U35+
beams were accelerated in the RILAC on November 13 and
supplied to RIBF experimenters from November 26. The
beam current from the new ion source was approximately
five-times higher than that from the old one.
The construction of the 28-GHz microwave source was
completed in March 2010. Furthermore, a new injector
called RILAC II which consists of an RFQ linac and DTLs
is also under construction. Therefore, we are planning to
move the ion source to a newly constructing building and
provide it upon completion of its construction as the
28-GHz ECR ion source for the RILAC II in 2010.
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Design of Low Energy Beam Transport in New RIKEN Injector
Y. Sato,∗1 M. Fujimaki, N. Fukunishi, A. Goto, Y. Higurashi, E. Ikezawa, O. Kamigaito, M. Kase, T. Nakagawa,
J. Ohnishi, H. Okuno, H. Watanabe, Y. Watanabe, and S. Yokouchi
The RIBF project needs high-intensity uranium-ion
beams. We are constructing a new injector RILAC2,
which would provide beams with several hundred times
higher intensity1) . The RILAC2 consists of an electron cyclotron resonance ion source (ECRIS), an analyzing bending magnet (BM), a buncher, a radio frequency quadrupole (RFQ), a re-buncher, and 3 DTLs2)
(Fig. 1). The 28 GHz superconducting ECRIS3) and
the DTLs have been newly developed4) .Improvements
were made to the RFQ, which was originally being operated at the Kyoto University. The buncher will be
operated at the ﬁrst harmonic, 18.25 MHz. The RFQ,
the re-buncher, and the 3 DTLs will be operated at
the second harmonic, 36.5 MHz. The RILAC2 will be
operational in winter 2010.
As a part of the RILAC2, we designed a low energy beam transport (LEBT) from the ECRIS to the
RFQ entrance (Fig. 2). In this paper, we present the
requirements of the LEBT and the challenges faced
in its design, and also our ﬁnal design to overcome
these challenges. The LEBT is now under construction
based on this design. We assumed the beam properties since we had to design the LEBT before testing
the newly developed ECRIS. The main requirements
of the LEBT are summarized in Table 1.
Table 1. The main requirements of RILAC2 LEBT.
Total length (ECRIS to RFQ)
Beam
Acceleration voltage
Estimated emittance
Bρ
Energy per nucleon
90◦ analyzing bending magnet
Bending radius
Resolution
RFQ Acceptance
ϵx , ϵy
xmax , ymax
′
x′max , ymax
r12 , r34

6.8 m
U35+
22.3 kV
∼ 150 π mm·mrad
0.056 Tm
3.28 keV
238

510 mm
100
150 π mm·mrad
4.47 mm
49.0 mrad
-0.410

Table 2. Assumptions in the design of RILAC2 LEBT.

The U35+ beam emittance in the region beyond
the analyzing bending magnet was estimated from the
results of experiments performed using the Versatile
ECRIS for Nuclear Science (VENUS) at the Lawrence
Berkeley National Laboratory5) . The design of the
analyzing bending magnet is the same as that of the
VENUS system in which sextupole compensation has
been achieved on its yoke.
The beam condition strongly depends on the degree
∗1
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of space-charge (SC) compensation. The maximum expected U35+ current would be 0.5 emA. However, since
oxygen is used as a supporting gas at the ECRIS, the
ECRIS produces not only U35+ but also U ions with
other charge states and O ions. Therefore, the total
produced ion current may be over 10 emA. The SC effect of the ions increases the beam emittance and inﬂuences the beam properties of U35+ in the low energy region. In order to compensate the SC eﬀect of the ions,
we keep and use the electrons within the LEBT. The
electrons are originally produced due to residual-gas
ionization or beam scratching on beam chamber. We
installed a double-layered extraction system at ECRIS.
This system produces a mirror electric ﬁeld to keep the
electrons within the LEBT. Only magnetic lenses are
used as the lens elements in the LEBT so that the electrons within the LEBT are not absorbed. The compensation ratio was estimated to be 80∼99%5)6) . In our
design, we consider that the LEBT consists of three
sections described as follows. Section 1 is around the
extraction electrode of the ECRIS. Section 2 is from
the ECRIS to the analyzing bending magnet. Section
3 is downstream of the analyzing bending magnet. The
assumptions adopted in the simulation for each section
are listed in Table 2. We performed cylindrical simulations of multiple-ion beams in section 1 using IGUN.
We compared two diﬀerent simulations in section 2.
One was the simulation of multiple-ion beams using
KOBRA, and the other was the simulation of singleion beams using TRANSPORT. The emittance ﬁgures
of U35+ ions in both simulations are similar. However,
the KOBRA simulation showed non-normalized emittance of around 600 π mm·mrad, which was four times
larger than the emittance estimated using VENUS. In
section 3, by taking into consideration the RFQ acceptance, we adopt an initial condition based on the results at the end of the section 2 in phase space obtained
using KOBRA, and an emittance of 200 π mm·mrad.

Section
1
2
2

SC ratio
100%
10%
10%

2

0∼100%

3

0∼100%

Current
Ions
Code
10 emA
O, U IGUN7)
0.1∼1 emA O, U KOBRA8)
0.1∼1 emA U35+ TRANSPORT9)
upstream of the analyzing BM
0∼0.5 emA U35+ TRANSPORT
inside the analyzing BM
0∼0.5 emA U35+ TRANSPORT

The transverse real space distribution of ions had
not been clearly understood. Therefore, the simula-

- 119 -

tions in section 3 were performed by adopting several
initial conditions with diﬀerent horizontal and vertical
waist positions. The LEBT was designed for as many
diﬀerent beam conditions as possible. We required lens
elements having large acceptance and an accurate diagnostics system in the LEBT.
The RFQ is a four-rod RFQ having four vanes whose
planes are inclined both horizontally and vertically at
an angle of 45◦ 10) . It will be operated at a frequency of
36.5 MHz. It requires 22.3 kV for 238 U35+ and cylindrical strong-focus acceptance. We need a minimum
degree of freedom of four for the LEBT lens elements
for good matching. A buncher of 18.25 MHz is required
upstream of the RFQ. The buncher is a two-gap system
having 64.5 mm gaps, 150 mm total length, and 40 mm
inner diameter. The buncher should be located within
1 m of the RFQ in order to ensure that the required
voltage is obtained. The beam diameter through the
buncher should be less than 25 mm in order to obtain
the required electric-ﬁeld distribution. These requirements are necessary to ensure a transmission of over
75% through the RFQ11) .
There are two diagnostic systems. The ﬁrst diagnostic system is located downstream of the analyzing
bending magnet. It includes an analyzing slit, a vertical slit, emittance slits, two proﬁle monitors, a viewing
target monitor, a Faraday cup, and a vacuum pump.
Its emittance monitor is expected to have 10% accuracy. The chamber length of the ﬁrst diagnostics system is about 1 m. If we install a quadrupole lens immediately following the chamber, the beam diameter
would be over 100 mm. The second diagnostic system
is located upstream of the RFQ. It has an emittance
monitor, two proﬁle monitors, a viewing target monitor, and a vacuum pump. Its emittance monitor should
measure emittances inclined at 45◦ to operate skewed
quadrupoles between the RFQ and the DTLs. In each
diagnostic system, the two proﬁle monitors will be used
to adjust the beam axis using steerers.
The ﬁnal RILAC2 LEBT design is shown in Fig.
2. Figure 3 is the U35+ beam proﬁle in LEBT simulated using TRANSPORT. The transverse lens elements are a single solenoid that is placed right after the ECRIS extraction, the 90◦ analyzing bending
magnet, a pair of solenoids, four quadrupoles, and another pair of solenoids. The bending magnet is between
two steerers. The buncher is between two steerers.
The quadrupoles have 100 mm diameter. The paired
solenoids are identical but will be operated to generate
magnetic ﬁelds in directions opposite to each other12) .
This operation of the paired solenoids prevents the rotation of a solenoid if only one is used. The paired
solenoids can be used as decoupled isotropic focusing
elements. A diagnostic chamber is present in front of
each pair of solenoids. The paired solenoids enabled
us to reduce the beam size in the lens elements following the solenoids, to decouple horizontal and vertical

- 120 -

emittances, and to ensure that a long drift space exists
before the diagnostic chambers.
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Fig. 1. The layout of the RILAC2.

Fig. 2. The RILAC2 LEBT design. The abbreviations BM,
PS, ST, 4Q, BUN represent the analyzing bending magnet, a set of paired solenoids, a steering magnet, a series
of four quadrupoles, and a buncher.

Fig. 3. The beam proﬁles in the RILAC2 LEBT simulated
using TRANSPORT. The abbreviations Sol and Dg
represent a single solenoid and a diagnostics chamber.
The upper half shows vertical beam envelopes and the
lower half shows horizontal beam envelopes. The larger
and smaller envelopes are for ions with a current of 1
mA and of 0.1 mA, respectively, in section 2. The ions
in section 3 have a current of 0.5 mA.
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Design of Medium Energy Beam Transport for 127 kV U35+
Y. Sato,∗1 M. Fujimaki, N. Fukunishi, A. Goto, Y. Higurashi, E. Ikezawa, O. Kamigaito, M. Kase, T. Nakagawa,
J. Ohnishi, H. Okuno, H. Watanabe, Y. Watanabe, and S. Yokouchi
As a part of the RI beam factory (RIBF) project, we
developed a new preinjector line, namely, the medium
energy beam transport (MEBT) line for 127 kV uranium U35+ beams in order to produce intense uraniumion beams. This MEBT line is intended for temporary
operation from 2009 to 2010. It will be dismantled for
the construction of RIKEN’s future linac (RILAC2).
A newly developed superconducting ECR ion source
(ECRIS), which was originally developed for RILAC2,
was set on a high-voltage Cockcroft terminal. The
MEBT line extends from the terminal to the entrance
of the RIKEN linac (RILAC) (Fig. 1).
U35+ beams were extracted from the ECRIS, whose
voltage was higher than that of the Cockcroft terminal by 15∼17 kV. The beams were transported from
the terminal to the MEBT line through an acceleration tube. The voltage of the Cockcroft terminal was
controlled to obtain a beam energy of 127 kV in the
MEBT line. After passing through the 13.6 m long
MEBT line, the 127 kV U35+ beams were directly
injected, without using a radio-frequency quadrupole
(RFQ), into the RILAC at RIKEN. In this paper, we
present the design of the MEBT line and the results
obtained using this line.
The MEBT optics are set in the following order: the
acceleration tube, triplet quadrupoles (TQ), doublet
quadrupoles (DQ), buncher, DQ, 60◦ bending dipole
(BM), 2 DQs, -60◦ BM, and DQ. The MEBT line was
designed by performing simulations of the acceleration
tube and the optics downstream of the tube. We had to
design the MEBT before testing the newly developed
ECRIS. Therefore, we needed to assume the beam
properties for low energy beam transport (LEBT)1)
using the Cockcroft terminal. We assumed that the
U35+ beam had upright emittance of 150 π mm·mrad
and a circular beam spot of 10∼20 mm diameter at
the LEBT slit position that is 0.5 m upstream of the
acceleration tube entrance. The beam state greatly
depends on the extent of space-charge compensation.
The MEBT line was designed to operate under as many
diﬀerent beam conditions of the LEBT as possible.
The acceleration tube was originally designed for an
acceleration voltage of 100 kV, but it can be used for
up to a voltage of 120 kV. In fact, the acceleration tube
was operated at 110∼112 kV in 2009. To model the
acceleration tube, we used KOBRA simulation code2) .
The diameter of the acceleration tube was chosen so
as to avoid aberration, and the chosen value was 100
mm. The longitudinal distance between the 100 kV
electrode and ground electrode is 260 mm. By per∗1
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forming the simulation, we chose the acceleration tube
geometry such that the beam emittance and the ionspreed ratio were decreased appropriately during acceleration (Figs. 2, 3). In our model, the U35+ beam
induced a space-charge eﬀect of 200 eµA around the
acceleration tube.
TRANSPORT code3) was used to design the MEBT
that extended from the acceleration tube exit to the
RILAC entrance. A H-H’ emittance diagram as the
initial conditions for the TRANSPORT simulation was
chosen to be similar ﬁgure obtained using the results
of KOBRA simulation at the accelerator tube exit The
initial conditions corresponded to circular beam spots
of 10 mm, 12 mm, 15mm, and 20 mm diameter at
the slit in the LEBT and emittance value of 65. 6 π
mm·mrad downstream of the acceleration tube (Table
1).
Table 1. Initial conditions of simulations at accelerator
tube exit for diﬀerent beam diameter at LEBT slit.
at LEBT slit
Diameter
10
12
15
20

mm
mm
mm
mm

At acceleration tube exit
xmax
x′max
r12
Emittance = 65.6 π mm·mrad
14.9 mm 5.27 mrad
0.553
13.0 mm 5.46 mrad
0.384
10.9 mm 6.06 mrad 0.0859
9.13 mm 7.55 mrad
-0.304

The beam-matching conditions at the surface of the
connection ﬂange of the RILAC entrance were based
on the E014 data that was previously obtained at
RIKEN4) : xmax = 7.13 mm, x′max = 14.2 mrad, r12
′
= -0.761, ymax = 12.5 mm, ymax
= 5.30 mrad, r34 =
-0.134, ϵx = ϵy = 65.6 π mm◦mrad.
The MEBT line was designed to be achromatic.
Tbe beam diameter was set to be ¡ 30 mm at the
buncher and ¡ 50 mm for the entire beam line. Further,
the MEBT line was designed to be stable even if the
quadrupoles were misaligned or some adjustments that
could aﬀect achromaticity were performed. The results
of the TRANSPORT simulations show that ∆p/p ≤
0.03% has to be achieved at the acceleration tube exit.
This restriction is based on the longitudinal acceptance
of the RILAC and it determines the LEBT speciﬁcations. The MEBT line was aligned to satisfy these
conditions, a variety of initial conditions, and a spacecharge eﬀect of 0∼500 eµA (Figs. 4, 5).
On the basis of this design, the MEBT line was
constructed, and the line was ready for operation in
July 20095) . The commissioning of the MEBT was
performed from July to September 2009. Beams of
136
Xe20+ ions, which have the same mass-to-charge
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ratio as 238 U35+ ions, were used in this commissioning. 238 U35+ beams were used in the operation of the
MEBT line from November to December 2009. The
currents measured in these operations are listed in Table 2. Here, FC represents a Faraday cup. FCH0 is
downstream of the analyzing bending magnet in the
LEBT, FCe014 is the exit of the MEBT, and FCe11 is
downstream of the analyzing bending magnet right after the RILAC. The MEBT magnets were optimized to
improve the RILAC transmission rather than to maximize the FCe014 current.

3) U. Rohrer:
In Graphic Transport Framework
(http://pc532.psi.ch/trans.htm).
4) O. Kamigaito, A. Goto et al.: RIKEN Accel. Prog.
Rep. 30, 191 (1997). M. Tonuma et al.: RIKEN IPCR
51, 53 (1975). A. Goto et al.: Unpublished.
5) Y. Watanabe et al.: in this report.

Table 2. The currents measured at LEBT, MEBT, and RILAC.
Date
2009/9/11
2009/11/13
2009/11/16

Beam
136
Xe20+
238 35+
U
238 35+
U

FCH0
24 eµA
10.3 eµA
10.0 eµA

FCe014
17 eµA
8.0 eµA
6.2 eµA

FCe11
8.4 eµA
N/A
2.7 eµA

For 238 U35+ , the value of emittance that includes
only current greater than 1/3 of the peak current in
MEBT may be ϵx ∼
= ϵy ∼
= 30 ∼ 40 mm·mrad at 127 kV;
this emittance value was estimated from the data obtained using a proﬁle monitor by tuning a quadrupole.

Fig. 3. The H-H’ diagrams of U35+ for the acceleration
tube exit. Emittance at the accelerate tube entrance is
150 π mm◦mrad.
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Fig. 4. The MEBT beam proﬁles of the 127 kV U35+ beams
with zero-current space charge. The upper line is the
vertical proﬁle; the lowerd line, the horizontal proﬁle;
and the dashed line, R16. The transverse proﬁle is in
cm; the longitudinal, in m; and R16, in cm/percent.

Fig. 1. The MEBT line. The transverse lens elements between the acceleration tube and the RILAC entrance
are two 60◦ bending magnets and 13 quadrupoles.

Fig. 2. Potential distribution in the 100 kV acceleration
tube.
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Fig. 5. The MEBT beam proﬁles of the 127 kV U35+ beams
with 500 eµA space charge. The upper line is the vertical proﬁle; the lowerd line, the horizontal proﬁle; and
the dashed line, R16. The transverse proﬁle is in cm;
the longitudinal, in m; and R16, in cm/percent.
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Fabrication of thicker carbon foils with longer lifetime

H. Hasebe, H. Okuno, H. Kuboki, N. Fukunishi, O. Kamigaito A. Goto, M. Kase, and Y. Yano

A carbon foil (C-foil) is commonly used as a charge
stripper in a heavy-ion accelerator such as RIKEN RIBF.
However, the decrease in their lifetime when they are
exposed to high-intensity heavy-ion beams is a serious
disadvantage. Since 19991), we have been developing
C-foils that would have a long life even when exposed to
the high-intensity and high-energy beams of the RIBF. The
RIBF is continuously improved and the beam intensity is
increased day by day. Since 2005, we have been fabricating
polymer-coated carbon foils (PCC-foils) using a magnetron
sputtering source by a polymer-coating technique with the
aim of fabricating larger and thicker C-foils.2,3). However,
C-foils with adequately high quality and long lifetime have
not been fabricated yet using this method.
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
Fig.1. High-vacuum evaporation system (SH-350 by
ULVAC).

Fig.2. A state of the evaporation.

We installed a high-vacuum evaporation system (SH-350
by ULVAC4)) at the RILAC building in August 2009 (Fig.
1). The system has a vacuum chamber with a diameter of
500 mm and a height of 300 mm. It also has a oil-sealed
pump and a 1800 L/s turbomolecular pump. A magnetron
sputtering source is installed in the upper part of the
evaporation chamber. The target of the magnetron
sputtering source is a graphite plate with 6 inches diameter.
A substrate is placed in the lower part of the evaporation
chamber and is rotated during evaporation to ensure that the
film thickness remains uniform. The substrate is 5 inches in
diameter. A silicon wafer or glass material is used as the
substrate. The substrate can be heated up to 250 ˚C. The
distance between the substrate and a magnetron sputtering
source can be adjusted from 35 mm to 85 mm. Figure 2
shows a photograph taken during the evaporation. The
plasma is produced by the input of DC or RF (radio
frequency) power into the evaporation chamber. Argon gas
is circulated in the chamber and the flow rate of the gas is
regulated using a mass flow meter. A vacuum of about 0.6
kPa exists during the evaporation. The relationship between
thickness of carbon evaporated in one hour and the DC
power of the magnetron sputtering source is shown in Fig. 3.
The thickness of the C-foil was determined by dividing the
measured mass of the C-foil (g) by the area (cm2). The
deviation in the C-foil thickness was within 10%. The glass
substrate on which the evaporated carbon was deposited
looked like a mirror surface, as shown in Fig. 4. The C-foil
removed from the substrate also appeared like a mirror.
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
Fig.3. Thickness of carbon evaporated in one hour as a
function of the DC power of the magnetron sputtering
source.
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was irradiated by a beam with low intensity. The C-foil was
irradiated with strobe light6) to remove mechanical stress on
the foil and to produce a wrinkle on the foil. After that, we
did not observe the immediate cracking of the C-foils and
they were used for about 5~9 hours. A beam irradiation test
using a C-foil with a large area attached on a rotating
cylindrical stripper device7) will be performed in the near
future.
References

Fig.4. The glass substrate on which evaporated carbon
was deposited.
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(a)
(b)
Fig.5. (a) is the C-foil surface on the side of the substrate,
and (b) is C-foil surface on the side of the magnetron
sputtering source (AFM images).
Figure 5 shows the images of the C-foil surfaces obtained
using an atomic force microscope (AFM5)). The surface
area shown in the image is 5 µm x 5 µm. Figure 5 (a) shows
the surface on the side of the substrate, while Fig. 5 (b)
shows that on the side of the magnetron sputtering source.
As seen in Fig. 5 (a), the surface is almost smooth. The
other surface is slightly rough, as shown in Fig. 5 (b).
However, the deviation in the thickness is about several
nanometers, which is considerably lesser than that in case of
PCC-foils or commercially available C-foils. We succeeded
in fabricating C-foils with thickness from 0.2 to 1.5 mg/cm2
by this method. Previously, 0.5 mg/cm2 was the maximum
thickness obtained. Carbon foils with a thickness of 0.3
mg/cm2 were attached to a fixed holder having a hole of
size 14 mm x 23 mm and were used as a practical charge
stripper during the beam time in December 2009. The
carbon foils were irradiated with a 11-MeV/u 238U35+ beam
having an intensity of about 2~3 eµA which was obtained
from the RIKEN ring cyclotron (RRC). The beam spot size
was approximately 5 mm in diameter. At first, the C-foil
broke immediately within a short time even when the foil
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Renovation of the central region of RIKEN AVF cyclotron and
results of beam acceleration test
A. Goto, S. B. Vorozhtsov,1 E. E. Perepelkin,1 A. S. Vorozhtsov,1 S. Watanabe,2 S. Kubono,2 and M. Kase

In order to increase the maximum available energies of
O7+ and 6Li3+ ion beams to 12 MeV/nucleon (see Fig. 1),
we renovated the central region of the AVF cyclotron in
August 2009 on the basis of beam simulations. We then
performed an acceleration test in September 2009 by using
the 4He2+ ion beam, which is equivalent to a 6Li3+ ion beam,
with the new central region geometry.
Fig. 1 shows the performance of the AVF cyclotron. The
shaded pentagon-shaped region indicates the region where
ion beams are designed to be available. The inclined line
16

Fig. 1. Acceleration performance of the AVF cyclotron. See
the text for details.

shows the limit determined for the original design on the
basis of the central region geometry (see Fig. 2) and the
frequency characteristics of the available dee voltage. If the
beam is allowed to pass through (not necessarily along the
center of) the aperture of the channel at the inner tip of the
first dee electrode, Dee1, the maximum beam energy may
increase to some extent even with this geometry. In addition,
beam simulations performed using the 3D electric
fields1,2,3,4) calculated for the central region revealed that the
original design underestimated the limit. Actually, a 11
MeV/nucleon 16O7+ ion beam and a 11.2 MeV/nucleon 6Li3+
ion beam were accelerated successfully in December 2008.
To further increase the beam energies, however, the
geometry of the central region had to be modified.
The renovation process involved the following steps: 1)
replacement of the RF shield accommodating the spiral
inflector as well as the inner tips of Dee1 and Dee2 with
new ones (see Fig. 3) and 2) elongation of the inflector
electrode by attaching 2-mm-thick copper plates to the end
surfaces of the inflector entrance and exit (see Fig. 4). The
aim of the first step was to bring the side walls of the
dee-electrodes and the wall of the RF shield as close to the
cyclotron center as possible, as shown by the white curves
in Fig. 3. 3D beam simulations performed with the new
geometry confirmed that the beam energy can be increased
to 12 MeV/nucleon while ensuring the beam quality is as
good as that with the old geometry. The second step was
necessary since previous 3D beam simulations showed that
reduction of the inflector-electrode length by cutting off a
4-mm (half of the electrode gap) pieces from each end
contributed to overcorrection.

Spiral inflector
Dee1

Main probe
Dee2
Phase slit

Fig. 2. Original geometry of the central region of the AVF
cyclotron.
1
2

Joint Institute for Nuclear Research, Russia
Center for Nuclear Study, University of Tokyo

Fig. 3. Renovation of the central region. White line: old
geometry; shaded part: new geometry.
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Fig. 4. Renovation of the spiral inflector. The inflector
electrode was elongated by attaching 2-mm-thick copper
plates to the end surfaces of the inflector entrance and exit.
In the beam test performed in September 2009, we
focused on the injection, acceleration, and extraction of a
11.2 MeV/nucleon 4He2+ ion beam. The acceleration to 12
MeV/nucleon, which had been previously planned, had to
be canceled owing to machine trouble. Fig. 5 shows the
beam transmission through the AVF cyclotron along with
that observed in December 2008. The injection efficiency
(the ratio of the beam intensity at I36 and R = 74 mm) for
the new geometry was approximately 50 %, which was five
times that obtained for the old geometry. This high
efficiency was obtained when the Dee1 voltage was 37 kV,
which was lower than that applied in the previous test
(41 kV). The extraction efficiency, on the other hand, was
very poor, because of which there was no notable
improvement in the total transmission efficiency
(approximately 10 %). From the performance achieved thus
far, we speculated that the operational parameters for the
extraction system, including those for the harmonic coils,
were not optimal. The performance can be improved with
careful tuning of the aforementioned parameters for future
extractions.
The 3D beam simulation results show that the dee
voltage required for the 12 MeV/nucleon 16O7+ ion beam is

Fig. 5. Comparison of beam currents (relative values)
obtained with the old and new central-region geometries.
I36 and C01 denote Faraday cups placed immediately
before and after the AVF cyclotron, respectively. The
numbers with mm units denote the radial positions of the
main probe: 825 mm denotes the position after the
extraction system. The beam current is staggered at 500
mm-700 mm because the main probe fails to detect the
entire beam current when the beam is not aligned
appropriately with the probe; this is because of off-centered
beam oscillations.
49 kV, which is close to the presently available maximum
voltage. Furthermore, it has been found in the present test
that the experimentally optimized dee voltage for Dee1 is
slightly lower than the required voltage determined by the
3D beam simulation. Therefore, it can be concluded that
acceleration of the 12 MeV/nucleon 16O7+ ion beam (as well
as the 6Li3+ ion beam) is possible with the new central
region geometry.
References
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Possibility of formation of round beams in RIBF cyclotrons
H. Okuno, A. Adelman,∗1 and J.J. Yang∗2
[Cyclotron, Space charge]
The increase in the intensity of uranium beam in
the RIBF accelerator complex motivated us to study
the vortex motions in cyclotrons. Longitudinal spacecharge force causes an increase in the acceleration of
head particles and deceleration of tail particles. The
accelerated or decelerated particles move to higher or
lower radii because of the isochronous condition in cyclotron, which causes a rotation of the ion bunch. The
nonlinearity of the space-charge force leads to a spiralshaped halo of the bunch, which finally turns into a rotating sphere. These vortex-motion phenomena were
theoretically studied as shown in the reference1) and
experimentally verified at the PSI Injector II.
In his thesis2) , Pozdeyev described that the effects of
the space-charge force on the bunches of similar lengths
approximately scale as
qI
,
γ 5 mhω 3

(1)

where I is the total beam current, h is the harmonic
number, and the momentum is mγRω. Table 1 lists
the values of the parameter described above in the case
of Injector II, RRC, fRC, IRC, and SRC, indicating
that the effects of the space-charge force observed in
RRC is approximately same as that observed in the Injector II, while the effects observed in the other three
cyclotrons are small. Therefore, our beam dynamics
study focused on the RRC, which is a low-energy cyclotron.
OPAL-cycl3) is one of the flavours of the Object Oriented Parallel Accelerator Library (OPAL) framework.
It is a new 3D PIC-based self-consistent numerical simulation code that takes into account neighboring bunch
effects. The self-consistency of the code is clarified in
electrostatic approximation. A more detailed description of the OPAL framework and OPAL-cycl code can
be found in the User’s Reference Guide4) .
The RRC consists of four sector magnets and two
double-gap rf resonators. Simulations performed using
OPAL-cycl require an accurate isochronous field map
and radial distribution of rf voltage at the gaps. A
highly accurate field map of the isochronous field was
calculated using ANSYS5) . Radial distribution of rf
voltage was assumed to be constant since radial distribution of the resonator of the RRC remains constant
at 18.25 MHz.
Single-particle tracking using OPAL-cycl is necessary to check the isochronism of the field map, the validity of the initial condition, and the matching phase
∗1

∗2

Fig. 1. Top view of single-particle tracking of the reference
particle up to the final turn in RRC.

ellipse before multi-particle tracking including spacecharge forces. Figure 1 shows the single-particle tracking of a reference particle accelerated up to its final
turn. It took about 296 turns for the particle to attain
a final energy of the cyclotron.
The phase slip at
the rf-gap crossing, which is shown in Fig. 2, indicating that the used field map is sufficiently isochronous.
Single-particle tracking was carried out with initial offsets of r (z) = 5.0 mm and pr (pz) = 0.0 mrad from
the static equilibrium orbit at injection energy in order to obtain eigen ellipses in the radial and vertical
directions. The results (Fig. 3) show that the ratios
of the semi-major axis to semi-minor axis are 5.0/4.2
and 5.0/2.5 mm/mrad in the radial and vertical directions, respectively. These ellipses were used as the
initial conditions for multi-particle tracking.
Multi-particle tracking taking into account space
charge forces was carried out at a beam current of
0.5 mA using the initial conditions obtained from the

Table 1. List the value of the parameter of (1) in the text.

Paul Sherrer Institute
CIAE and Tsinghua University
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Fig. 3. Eigen ellipses at the first turn of RRC in the radial
and vertical directions.
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single-particle tracking studies. We performed simulations of the acceleration in the first 10 turns after
injection because we are mainly interested in the behaviour of the bunches just after beam injection. Initial transverse rms emittance was assumed to be 2.5
π mm mrad on the basis of operational experience.
The initial rms bunch length was assumed to be 2 ◦
or 4 ◦ in order to study how the bunch length impacts
on the vortex motions. Figure 4 shows the results of
the simulations. The results for both 2.0 ◦ and 4.0 ◦
clearly indicate vortex motions of bunches toward stationary circular distributions. The bunch in the case
of 2.0 ◦ has smaller tails and rotates faster than that in
the case of 4.0 ◦ . More detailed simulations up to the
final turns taking into account the space-charge effects
from neighbouring turns are in progress.
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Fig. 4. Results of multi-particle tracking. The turn numbers are given on the left of the contour plots. The rms
value of the initial bunch length is mentioned at the top
of the contours.
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Measurement of Magnetic Field of fRC Sector Magnets
K. Kumagai and N. Fukunishi
The fixed frequency ring cyclotron (fRC) accelerates
uranium beams with a charge state of 71+ 1,2). These U71+
ions are converted from U35+ at the charge stripper located
downstream of RIKEN Ring Cyclotron (RRC). The
thickness of the carbon film used in the charge stripper is
about 300 µg/cm2. On the basis of the result of the
measurements, the energy spread of the uranium beam
passing through the film is estimated to increase by 0.4 0.5 and this increase causes the beam losses. Since the
energy spread is proportional to the film thickness, the use
of a thinner film is desirable but it decreases the charge
state of the product with maximum yield. When we use a
film with a thickness of 200 µg/cm2, the maximum yield is
in U69+. Therefore it was necessary to perform the
measurement of the magnetic field of the fRC to confirm
whether or not the U69+ ions can be accelerated. We
developed a magnetic-field measuring system capable of
measuring the one-dimensional magnetic field along the
centerline of sector magnets.
The fRC consists of four sector magnets, namely, NE,
SE, NW, and SW, whose pole gaps are 50 mm, ten trim
coils are attached to the upper and lower pole surfaces. The
maximum current of the main coil is 650 A, and the
maximum magnetic field at the magnet center is about 1.75
T.
Figure 1 shows a field measuring system. Square pipes,
which are 4-m long, are installed in the beam chamber from
backside of the magnet yoke along the centerlines of the
sector magnet. The measurement devices are placed within
the pipes that are at atmospheric pressure. Two measuring
apparatus with the same specifications were assembled.
First, two sector magnets on the east side were measured,
and then, the two on the west side were measured. The
beam chamber was evacuated during the measurements.

Fig. 2. Block diagram of the measurement and control
system.
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Fig. 3. Excitation curves of the four sector magnets
observed at R = 2600 mm and calculated strength by
TOSCA-3D.

Fig. 1. Photograph of the magnetic field measuring system.
The left of figure is a backside of the magnet yoke.

Figure 2 shows a block diagram of the measurement
system. Most of the driving devices such as stepping motors,
linear encoders and limit switches were recycled from the
magnetic-field measuring equipments of the SRC. NMR
measuring instrument (Echo Electric Co., Ltd, EFS-800S)
and high linearity Hall-effect sensorsF.W. BELL Products;
BHT-900 serieswere used as measuring probes. The fields
were measured using both the NMR and Hall sensors in the
region where the magnetic field was uniform and by Hall
sensors in the region where the magnetic gradient was
strong. The Hall sensors were fixed on a block where the
temperature was controlled to within 30  0.2  for
accurate measurement. As several years had passed since
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the Hall sensors had been calibrated, they were recalibrated
with the NMR measured in the uniform field area. The
variation in the measurements of the Hall sensors between
several years ago and the current were about 10 gauss. A
program for the field measurement was written in Python
using VISA (Virtual Instrument Software Architecture). The
magnet power supplies were controlled using EPICS.
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Fig. 4. Difference in the magnetic field distributions of
four sector magnets at a main coil current of 650 A
and a calculated isochronous field distribution for
U69+ acceleration.
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of 2600 mm on the sector centerlines are shown in Fig. 3.
The calculation results by TOSCA-3D at 636 A and 642 A
are also shown. The measured results are in good agreement
with the calculated values.
Figure 4 shows the magnetic field distributions along
the centerline of the four sector magnets at a main coil
current of 650 A. The field distributions of the NE sector
and the SW sector are about 30 gauss smaller than those of
NW and SE sectors. These discrepancies can be corrected
by 30-A bypass power supplies of the main coils and ±200
A trim-coil power supplies which exist individually by each
sector. The calculated isochronous magnetic field
distribution for U69+ acceleration is also shown in Fig. 4.
Since the measured distributions were significantly larger
than the calculated distribution, we can conclude that it is
possible to obtain the isochronous field distribution that is
required for U69+ acceleration.
An example of the magnetic field distribution produced
by trim coils is shown in Fig. 5. The current of each of the
main coils and the trim coils to generate the isochronous
magnetic field can be determined by precisely fitting these
measurement results.
Furthermore, in order to accelerate U69+ beam we need to
increase the maximum currents of injection and extraction
magnet power supplies (EBM, MIC2, MDC1). After the
improvement for magnet power supplies, we will be
planning to accelerate U69+ beam.
References
1) N. Fukunishi et al.: RIKEN Accel. Prog. Rep. 41, 79, 81 (2008).
2) N. Fukunishi et al.: RIKEN Accel. Prog. Rep. 42, 105 (2009).
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Fig. 5. Trim-coil field distributions at a main-coil current
of 650 A. The currents are +100 A for each trim coil.
A indicates the distribution after the ten trim coils
are excited one by one and then returned to their
initial states.
The magnetic fields were measured at main-coil current
between 500 and 650 A; the current was raised by 15 A for
consecutive measurement. On the other hand, the trim coil
currents were increased by 50 A for consecutive
measurements. The interval between measurement was 20
mm for main coil and was 10 mm for trim coil. The magnet
was initialized before each measurement of the main-coil
field.
Excitation curves of the four sector magnets at a radius
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To increase the intensity of the Uranium ion beam used in
the RIKEN RI beam factory project, a new RIKEN 28GHz
superconducting ECR ion source (28GHz-ECRIS) was
constructed in 2009.1) For effective and stable operation of
the 28GHz-ECRIS, the client system should have a
user-friendly user interface (UI) in the control system. For
this reason, we constructed a new client system with a
graphical user interface (GUI), a web interface and a data
acquisition system (DAQ). In this paper, we report the
system and its status in detail.
To control the 28GHz-ECRIS, the system incorporated
with several types of distributed systems for remote control
along with Ethernet. For the control of main devices such as
gas valves and the rod position in 28GHz-ECRIS, a
combination of a Yokogawa F3RP61-2L module that acts an
EPICS input/output controller (IOC) and FA-M3
programmable logic controllers (PLCs) is adopted with the
embedded EPICS technology.2,3) A vacuum control system
and a beam diagnostic system are constructed by EPICS
using Linux-based IOCs connected with N-DIMs via
Ethernet. The bending magnet control system and steering
magnet control system comprise a VME-based IOC that
communicates with NIOs.3) To facilitate information
exchange among different types of controllers, the protocol
for the abovementioned controllers should be unified by a
channel access (CA) protocol from the client's point of view.
The 28GHz-ECRIS control system, however, includes not
only an EPICS-based system but also a standalone system
that uses Melsec PLCs for controlling superconducting
magnet. The client system for the Melsec PLCs has been
constructed by using SoftGOT1000, and it can be run on a
Microsoft Windows XP PC. Therefore, our main work is to
construct the client system for 28GHz-ECRIS operation
with exception of the superconducting magnet. The
requirements for the client system are as follows:
z Useful GUI application for main control
z XY plotter
z Beam current monitor
z Log notebook
z Water leak alert
z Data acquisition system
For the 28GHz-ECRIS client system, two Microsoft
Windows XP PCs are used in the RILAC control room (see
Fig. 1). The X Window System with Cygwin is installed on
the PCs; the system has six displays based on
multiple-display environment. A main GUI panel for
controlling the gas valves, RF power supplies, magnets
power supplies, and beam extraction devices has been
developed by using EDM. EDM is one of the motif-based
display managers provided by the EPICS collaboration for
developing a client system with a GUI. Before construction

of 28GHz-ECRIS client system, the many GUI applications
in RIKEN RIBF control system were developed by using
MEDM. Since EDM has following advantages over MEDM,
we adopted the former for development of GUI applications
in 28GHz-ECRIS client.
1) The EDM has rich component for GUI objects. For
example, the mouse-operated up-down button in EDM is
suitable for the operations of the magnet power supply
because separate functions can be allocated by right click
and left click.
2) In the X window system, it is available to set the window
at the required position. EDM has a high degree of usability
in multiple displays with wide area.
3) It is possible to output the calculated values to the GUI
application without the need for maintaining any calculation
records into the EPICS database. Therefore, it is possible to
simplify source code and reduce the number of programs.
As an example, a constructed XY plotter chart is shown in
Figure 2.

Figure 1. Client PCs with Microsoft Windows XP in
RILAC control room.

Figure 2. XY plotter chart developed by using EDM in
*1

SHI Accelerator Service Ltd.
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28GHz-ECRIS operation

For monitoring the 28GHz-ECRIS beam current, a GUI
application is developed by using EDM. On the other hand,
the beam current for another ion source, RIKEN
18GHz-ECRIS, was regularly monitored by the operators
with the help of a picoammeter for beam tuning.
Comparison of both methods reveraled the picoammeter
was more suitable for beam tuning. Therefore, in the future,
we plan to develop a new GUI meter that is ergonomically
better than the picoammeter for beam current monitoring.
Since there are numerous parameters related to the
28GHz-ECRIS operation, maintaining records in a paper
notebook is not feasible. To save the 28GHz-ECRIS
parameters in an effective manner, we plan to construct a
paperless log system by using Wiki (See Fig. 3). Wiki is a
system that can edit and create hypertext documents on the
web server by using the web browser; HTML knowledge is
not required in this case. Currently, various types of Wiki
are being used because of the increase in the rate of Internet
access around the world. In our system, an open-source
PukiWiki4) is installed in the server. Simultaneously, we
have developed a program for the client; this program
dumps image files from the GUI clients and automatically
pastes the image file inset the PukiWiki page. The
procedure for saving the 28GHz-ECRIS parameters is as
follows.
1. Click the icon on the GUI to dump the image file.
2. Edit the Wiki page that has the image file, if needed.

inputted comments. Therefore, it is easy to find a parameter
log from a large number of the page. Thus, we confirmed
that this Wiki-based system is more useful for recording the
parameters than is a paper log notebook.
In the case of a water leak, the accelerator operators are
alerted by the hardware buzzer. In our system, water leak in
the 28GHz-ECRIS room is triggered by an alarm system by
using the EPICS sequencer on F3RP61-2L. As a client for
embedded EPICS on F3RP61-2L, a hardware alarm that use
a PIC network interface card (PICNIC) is implemented in
the control room.5) On the other hand, the EPICS
collaboration provides Alarm Handler as a standard
software for the same purpose. However, for Alarm Handler
to provide the desired service, the operating application and
X Window System must be continuously run on the PC
equipped with speakers. For this reason, the real emergency
alarm function should be active at all times with the
hardware alarm.
By MyDAQ26) developed at JASRI/Spring-8 as the DAQ
in the 28GHz-ECRIS, we record EPICS values such as
vacuum, extraction current, and RF power in the MySQL
database. In our system, we developed an EPICS CA client
for data collection. Data are added to the MySQL database
every 10 second via a socket connection to the server that
runs MyDAQ2. Since the graph and text can be easily
displayed on web browsers, the web applications have a
user-friendly UI as well as a Wiki-based system. The DAQ
based on MyDAQ2 can be used for reducing the turnaround
time during system construction.
One of the authors (A. U) wishes to thank Ms. T. Hirono,
JASRI/Spring-8, for assistance in the construction of the
MyDAQ2 system.
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Figure 3. Wiki page with an image dump file for
28GHz-ECRIS main control GUI panel
In the main panel, vacuum monitor and XY plotter chart
provide the above-mentioned function in cooperation with
Wiki. In this manner, operators can record the parameters
easily quickly and accurately many times during an
experiment. In the actual 28GHz-ECRIS operation,
operators obtain the parameter log every 3h. The Wiki page
often contains important information when an operator
informs others of the trouble status. In addition, this
Wiki-based system has a log management function that
carries out a search by the keyword method for
automatically inserted EPICS record values and manually
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Improvement of beam energy and longitudinal beam proﬁle
measurement system
T. Watanabe, N. Fukunishi, K. Yamada, M. Kase, M. Wakasugi, M. Fujimaki, N. Sakamoto, K. Suda, H.
Kuboki, R. Koyama, and O. Kamigaito
Plastic scintillation monitors (scintillation monitors)
have been fabricated to evaluate the energy and longitudinal proﬁles of heavy-ion beams at the RIKEN
RI beam factory (RIBF)1,2) . Four sets of scintillation
monitors (8 monitors) were installed in the transport
lines of the RIKEN heavy-ion linac (RILAC), RIKEN
ring cyclotron (RRC), ﬁxed-frequency ring cyclotron
(fRC), and intermediate-stage ring cyclotron (IRC) to
measure the time of ﬂight (TOF), namely the acceleration energy, of the heavy-ion beams. Furthermore, a
total of six scintillation monitors were installed in the
transport line, upstream of the injection points and
downstream of the extraction points of these accelerators, to optimize the phase between the RF cavities
and the beam. The improvements made to the scintillation monitor system are reported in this article.
Figure 1 shows a block diagram of the system.
The plastic scintillator is pneumatically inserted into
the beam transport chamber by the pneumatic rotary
feeder when the measurement process is started. When
a scintillation material is bombarded by a charged particle, ﬂuorescence photons are produced. Then, these
photons are ampliﬁed by a photomultiplier that has
extremely high sensitivity. Longitudinal beam proﬁles
are obtained using a time-to-digital converter (TDC),
which digitizes the time lag between the start pulse
(detected signal) and the stop pulse (bunch clock).
The energy of the beam can be calculated from the
measured TOF of the beam by using a longitudinal
proﬁle monitor set. For data acquisition and control
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Fig. 2. Photo of scintillation monitor with slit and light
guide.

of the scintillation monitors, the CAMAC system with
Linux-based PCs is used. These PCs are connected to
a laptop in the main control room located 200 m from
the RRC hall by using Ethernet and remote connection. The measured results are displayed by PAW++
based on several components of the CERN Program
Library. The driving control and status monitoring of
the plastic scintillator are controlled by the EPICS system. These programs are written in C language using
PAW++ macros and are run on the Linux (Vine 4.0)
operation system. This year, to help users operate the
system more easily, a new embedded controller with
a higher-performance CPU has been introduced and
new programs have been written in LabVIEW3) , these
programs run on the Windows 7 operation system.
A device driver for the TDC (TOYO CC/7700) and
LabVIEW’s call library function nodes using dynamic
link libraries (DLLs) have been newly developed. Currently, programs for driving control, data acquisition,
and result display have been developed, and work on
integrating these programs is in progress.
In order to improve the time resolution, a slit and a
light guide have been newly fabricated. Figure 2 shows
the scintillation monitor with the slit and light guide.
Since the unnecessary light is cut oﬀ, the resolution
of the TOF is enhanced, namely, the resolution of the
beam energy is improved.
References

Fig. 1. Block diagram of beam energy and longitudinal
beam proﬁle measurement system.
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Consistency in measurement of beam phase and beam intensity
using lock-in ampliﬁer and oscilloscope systems
R. Koyama∗1 , M. Fujimaki, N. Fukunishi, A. Goto, M. Hemmi,
M. Kase, N. Sakamoto, T. Watanabe, K. Yamada, and O. Kamigaito
The RIKEN RI beam factory (RIBF) consists of four
ring cyclotrons (RRC, fRC, IRC, and SRC) and two
injectors (RILAC and AVF) which are all connected
in cascade. RILAC, AVF, and RRC began operation
in the 1980s, and fRC, IRC, and SRC were installed
in 2006. Phase probes (PPs) are installed in all cyclotrons and beam transport lines of RIBF, and the
beam-bunch signals that are detected nondestructively
by these PPs are used for tuning of isochronous magnetic ﬁeld of cyclotrons and for monitoring the beam
phase and beam intensity (Fig. 1). We mainly use
a newly developed system that incorporates a lockin ampliﬁer (LIA; SR844, SRS) for those tuning and
monitoring;1) however, in AVF and RRC, a conventional measurement method using an oscilloscope system (OSC; DSO6052A, Agilent) is used. In this study,
we investigated the consistency in the measurements
carried out using LIA and OSC systems.
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Fig. 1. Schematic layout of RIBF.

The block diagram of the measurement system is
shown in Fig. 2. The beam-bunch signals from PPs are
divided by a power divider and transported to the LIA
and OSC and measured by them simultaneously. Using
these measured data, the beam phase and the beam
intensity are analyzed automatically by the LabVIEW
program.2)
The comparison of the isochronism of SRC (14 N7+
beam, Energy: 250 MeV/u, Frequency: 27.4 MHz)
that was evaluated on the basis of the results of three
measurement methods is shown in Fig. 3. This ﬁgure
shows the relative beam phase observed by 20 PPs,
which are radially mounted in the orbital region of
SRC. Here, “LIA-3f”is the beam phase measured using
LIA with the third harmonic of acceleration RF as its
∗1
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Fig. 2. Block diagram of measurement system.

Fig. 3. Comparison of isochronism of SRC on the basis of
three measurement methods.
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reference signal, “FFT-3f”is the third frequency component (3f) of FFT-analyzed phase of the beam-bunch
signal measured using OSC, and “Zero cross”is the
zero-cross points of the beam-bunch shape observed
using OSC (conventional method).2) We measured the
3f component of the beam-bunch signal because it had
good S/N ratio (approximately +5 dB). It was observed that the phase diﬀerences between the three
measurement methods are less than 0.2 ns (approximately 2◦ at fundamental acceleration RF).
Figure 4 shows the FFT-analyzed phase up to the 10f
component of the beam-bunch signal measured using
OSC, together with “LIA-3f”and “Zero cross”. Since
in the LIA system, we can basically measure only one
frequency component of the beam-bunch signal,2) we
need to investigate the other frequency components.
However, from the measurements carried out in our
work, it was found that the phase diﬀerences between
ten frequency components are less than 0.5 ns (approximately 5◦ at fundamental acceleration RF).
Figure 5 shows the beam phase and the beam intensity of a 0.669-MeV/u 136 Xe20+ beam (RF: 18.25 MHz)
detected by PP-S71 (see Fig. 1) over a 4-h period. In
this case, the 5f component of the beam-bunch signal
had good S/N ratio (approximately +20 dB). The correlation diagrams of the LIA and OSC data presented
in Fig. 5 are shown in Fig. 6, and a certain degree of
linearity is observed between them.
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1

standard deviation for measurements performed after
90 s each (±1 σ), and they represent the measurement
uncertainty. We consider the voltage and phase variations, which are obtained irrespective of the error bars,
as the resolution. The error margins for LIA in Fig. 7b
are insigniﬁcant (smaller than the symbols), indicating
low measurement uncertainty in the case of LIA. The
resolution and measurement uncertainty of LIA and
OSC are summarized in Table 1.
Fig. 4. Comparison of isochronism of SRC for 1st to 10th
frequency components (1f–10f) of FFT-analyzed phase.

Fig. 5. Beam phase and beam Intensity at PP-S71 measured using LIA and OSC systems.

Fig. 7. Phase and voltage resolution of LIA and OSC using
AFG3252.

Fig. 6. Correlation diagrams for LIA and OSC data presented in Fig. 5.

Since the ﬂuctuation ranges of both the beam phase
and the beam intensity measured using OSC are
slightly larger than those of the beam phase and the
beam intensity measured using LIA, we investigated
the voltage and phase resolution of the LIA and OSC
using a function generator (AFG3252, Tektronix). Figure 7a shows the phase and voltage variation measured
using the LIA and OSC when the input phase and voltage from AFG3252 to them are varied by 0.01–0.10◦
and 0.01–0.10%, respectively, after 90 s (frequency:
18.25 MHz). Figure 7b shows 90-s average of the phase
and voltage variations plotted in Fig. 7a as a function
of the total increment in the input phase and voltage
from AFG3252. Here, the error bars in Fig. 7b are

2
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Table 1. Estimated measurement accuracy of LIA and
OSC systems.

As conclusion, the consistency in the measurement
results of LIA and OSC is conﬁrmed, as shown in Figures 3–6, and it was observed that LIA has a higher
measurement accuracy than OSC, as summarized in
Table 1.
References
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Radiation monitoring in the RRC and the beam distribution corridor using
ioni�ation chambers
M. Nakamura, H. Watanabe, H. Okuno and M. Kase
                        
Recently, many experim ents have bee n success fully
performed by using t he R IBF. However, beam l osses i n
accelerators continue to pose se rious problems. T o detect
beam loss, we constructed an ionization chamber that could
be used t o monitor ra diation from t he el ectrostatic
deflection channel (EDC) of the SRC.1) In this paper, we
discuss a t rial performed to detect radiations from the RRC
and the bea m line connected to RIPS in the
beam
distribution corridor. The RRC an d the beam di stribution
corridor are ex pected to be q uite frequ ently used du ring
RIBF op erations of this year. For th e trial, we positioned
four i onization c hambers at sui table p ositions a nd
simultaneously measured the signals from these chambers.
The positions of t he ion ization ch ambers are shown i n
Fig. 1. The first cham ber was set nea r t he E DC of the
RRC, as shown by circle a. The seco nd ch amber was set
near the phase probe (PP) in the beam distribution corridor,
as shown by circle b. The third chamber was set near the
target for bea m frag mentation (circle c).
The fourth
chamber was set near the exit of t he beam to the RIPS, a s
shown by circle d.
The size of each ionization chamber was 400 mm ☓ 250
mm ☓ 100 mm . The two electrodes in the cham ber were
constructed us ing Al pl ates that were 1. 5 m m thick. The
dimensions of the electrodes and the distance between them
in the cham bers at a) and d) were 360 mm ☓ 200 mm and

       

50 mm , respectively . Before the m easurements, quite
strong signals were observed in the c hambers at b) and c ),
and t hese si gnals co uld not be quantified by o ur sy stem.
Therefore, to decrease the signal i ntensity, we redu ced the
sensitive reg ion by rem odeling t he electro des and
decreasing the gap between the electrodes. Thus, the size
of the electrodes and t he distance between the electrodes in
the chambers at b) and c) were set to be 160 mm ☓ 90 mm
and 25 mm , res pectively. This ch ange d ecreased the
sensitivity o f t hese ch ambers to a v alue ten ti mes s maller
than that of the chambers at a) and d). All these chambers
were filled with air at atmospheric pressure.1)
We used two a mplifiers (AMPs) to detect th e sig nals
from the ionization c hambers. T he resis tances of the se
AMPs were 1 G ǡ. FLU KE 415 B and Matsu sada
HEL-4RO.3x2-R wer e u sed to supply pow er to th e HV
electrodes of the ionization cham bers. A GRAPHTEC
GL800 data logger was used for recording signals from the
AMPs. Data were reco rded every 5 s. W e monitored
radiations during the operation of the RIBF from January 5
to 11, 2010. D uring this period, 48Ca17 was accelerated to
63 MeV/nucleon. A
Be target was use d for beam
fragmentation. During the period of operation, the voltage
supplied t o the HV electrodes of t he ionization cham bers
was 2kV.

Fig. 1. Positions of ion chambers in the RRC and beam distribution corridor.
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Figures 2 a), b), c), and d) show the data recorded during
2010/1/8 9:00 t o 2 010/1/9 9:00 as t ypical exam ples of
recorded data. In Figs 2 a), b), and d), the maximum value
of th e v ertical ax is was set to 2 V fo r facilitat ing easy
comparison. In the case of Fig. 2 c) , t he si gnal wa s s o
strong that the maximum value of the vertical axis was set
to 16 V. In these fi gures, we ca n clearl y recognize the
signals co rresponding t o sec ondary radiations p roduced by
the 48Ca17 be am. O n t he ot her ha nd, we observe no
signals in each figure when the ion beam is stopped. The
signal at posi tion a) was be tween 0. 5 V and 1.5 V. We
could a djust t he E DC s o as to m inimize this signal a nd
extract an ion beam with th e m aximum intensity fro m th e
RRC. As shown in Fig . 2 b), the signal fro m position b)
was bet ween 0.5 V a nd 1 .5 V. However, consi dering t he
size of electrodes and the distance between t hem, which
was described above, radiations from the PP were about ten
times more in tense t han tho se fro m th e EDC of th e RRC.
The strongest signal was observed at position c) and was in
the range 1213 V, as shown in Fig. 2 c). Considering that
the resistance of the AMPs was 1 G ǡ, the current obtained

by th is ion cha mber was est imated to be 12 13 nA. As
shown in Fig. 2 d), the signals at position d) were near 0.5 V.
This value was the sm allest among the values at t he four
positions.
In this trial, we performed simultaneous measurements of
beam loss at four positions. If we analyze a more detailed
time p rofile of th ese four sig nals, we can d etermine t he
detailed c onditions d uring t he extraction, tr ansport, and
focusing of t he i on beam, apart f rom many ot her factors.
By positioning many ionization chambers at suitable places
in the facility, we can infer the distribution of ion beam loss
in the entire RIBF. We can use such data to make changes
to the operation of the RIBF and adjust the important parts
of accelerat ors so as to
ensure the best conditions.
Furthermore, i f t he si gnals corresponding to beam lo ss
become too lar ge, we ca n st op t he accelerator operations
and protect the accelerators from serious damage.
Reference
1) M. Nakamura, et al.: RIKEN Accel. Prog. Rep. 42, 141
(2008).

Fig. 2. Observations of signals from ionization chambers during the commissioning of the RIBF with a 63 MeV/u
48
Ca17 beam.
   The label of each figure (a, b, c, or d) is identical to the location of the ionization chamber (see Fig. 1) from
which the signals shown in the figure were obtained.
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Water Cooling System in Accelerator for RIBF
T. Maie, K. Kusaka, T. Kageyama, E. Ikezawa, Y. Watanabe, H. Okuno and M. Kase

RRC: RIKEN RING Cyclotron,

fRC: Fixed-frequency Ring Cyclotron,

SRC: Superconducting Ring Cyclotron,

IRC: Intermediate-stage Ring Cyclotron,

INJ/EXT: Injection/Extraction, FC: Faraday Cup,

BT-Mag: Beam Transport Magnet,

CGS: Cogeneration System

Fig. 1. Water-cooling system for RIBF.
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The water-cooling system for the RI Beam Factory (RIBF)
was newly constructed in 2004.
A schematic diagram and photograph of the water-cooling
system are shown in Figure 1 and Figure 2, respectively.
On the other hand, the Spectroscopy with High-resoluation
Analyzer and Radio Active Quantum beams (SHARAQ)
water-cooling system was constructed in 2008, and its
operation began in 2008, and Fig.2 The SHARAQ cooling
system was constructed in 2008. The SCRIT water-cooling
system was constructed and its operation began in 2009.
The total operation time of the water-cooling system in
fiscal year 2009 was 130 days. In December, during the
beam time, the FC faction water pump (P-13) in the sub

system stopped twice because of a failure in its control
circuit, consequently, the accelerator operation was
offected.

Fig. 2.

Photograph of the cooling-water pump on the first floor
and the SHARAQ water-cooling system.

Fig. 3. Usage of cool water in Nishina Building.
The cool water, which is produced by the CGS, is sent to the Nishina and Linac buildings for various purposes,
in particular, the water is supplied not only for air-conditioning but also for accelerator operation. In addition,
the cool water from the CGS will be used in the water-cooling system of the new injector (RILAC2) in 2010.
Figure 3 shows the usage of the cool water produced by the CGS in the Nishina building.
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Utilities in the RI�� e�perimental �uilding
T. Fujinawa and K. Shiraishi*
1. Cranes in E20 and E21 rooms
In each experimental area in RI Beam factory,

same as those in the RIBF building. All the

considerably heavy instruments are present and

cranes were installed by Sanko Setsubi Co. Ltd.
RIKEN

these are to be moved using cranes. In 2008, we

and

Kanaden

Corporation

installed cranes for maintenance activities in a

made a contract on Crane for SCRIT in

SHARAQ room E20. The main crane installed

the E21 room. Called the “Overhead

is called "hoist type overhead traveling"
crane. The crane was originally designed to
move from east to west. However, since it
was found that the movement in this direction
was not convenient for the maintenance work
required in SHARAQ experiments, the
traveling direction of the crane was changed so
that it moved from north to south and vice
versa. For this purpose, new anchor bolts were
embedded in the ceiling for adjusting the layout
for this modification. All the sophisticated
components1) such as wireless systems, inverter
operation systems and other systems are the

Traveling Crane with shuttle girder”, it
works asymmetrically according to the

Crane No.

§2

Type

layout

of

SR2.

SR2

is

the

main

accelerator of SCRIT and is a modified
version of AURORA. This crane is designed
such that it can be used to carry instruments as
well as be used to in the construction and
maintenance activities for an accelerator and a
water cooling system. The crane and a chain
block were installed in August 2009. They are
currently in service.
Specifications of the cranes are shown in
Table 1.

Crane 2E1

Crane 2E2

Crane 2E3

Crane 2E4

Crane 2F1

SHARAQ

SHARAQ

SHARAQ

SHARAQ

SCRIT

SCRIT

Room E20

Room E20

Room E20

Room E20

Room E21

Room E21

§1

OTC

JIB

§1

JIB

§1

JIB

§3

OTC-SG

Crane 2F2

§4

TELPH

Rated Load

(t)

2.8 t

1t

1t

1t

2.8 t

2t

Span

(m)

7

-

-

-

5.3

10.5

Lift

(m)

12
Wireless

Operation

6
※2

Pendant/Manual

7
※1

Manual

※1

5.7

4.1

7

Manual

Wireless

Manual

Rated Speed
Main Hoist

(m/min)

1.1/10

3.9

Manual

Manual

1.1/10

Manual

Traverse

(m/min)

2.5/25

10

Manual

Manual

2.5/20

Manual

Travel

(m/min)

0/21

Turning

Turning

Turning

2.4/24

-

I-250 x 125 x 10

Jib Crane

Jib Crane

Jib Crane

Travel Rail

AC 200 V 50 Hz 3 ph AC 200 V 50 Hz 3 ph
Electric Power
§1：Jib Crane
※1：Hoisting/Traversing：Hand Chain
§2：Overhead travelling crane
Turning：Pushed by Hand type
§3：Overhead travelling crane with shuttle girder ※2：Hoisting/Traversing：Pendant
§4：Telpherage
Turning：Pushed by Hand type

Table 1 Crane specification

*Mitsubishi Electric FA Industrial Products Corporation
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-

I-250 x 125 x 10/19 I-250 x 125 x 7.5/12.5
AC 200 V 50 Hz 3 ph

Mitsubishi Electric FA Industrial Products
Corporation

-

2. Water cooling system

capacity of 37 kW（800 L/min）is used for SR2.

The general plans for the water cooling system

The other pump with a capacity of 11 kW (250

for experimental facilities such as SHARAQ,

L/min) is used for a microtron, which acts as an

SCRIT and Rare-RI ring were prepared by

injector for SR2. The water pressure in both

taking into account the estimation that each

pumps is of 0.8 MPa. An extra 37 kW pump

facility requires 1 MW. The cooling system is

with a 1 MW cooling tower has been installed

being constructed in three stages. Flow

in non-radioactive area. All electrical motors

diagrams are shown in Fig.1.

used have a high efficiency, and all motor

In the first stage, a secondary pipeline with a

starters are direct connecting type2）enabling a

water pump (37kW) that can carry 8,000 L/min
(equivalent of 3 MW) were installed. However,

quick start and an efficient restart. They also
save more “monergy” at the time of initial

the capacity of the cooling tower was only 1

installment and operation compared with

MW, and the pipe length from the experimental

inverter starter system or star- delta starter

building’s basement to the roof was more than

system.

40 m. The primary cooling water pump has a

The primary water cooling line is a closed

capacity of 30 kW with a water pressure of 0.5

pipeline; this ensures that the water will never
evaporate. The system has a makeup water

MPa.
The

second

stage

of

construction

alarm which goes off in the event of a leakage.

is

commenced in 2009 with the installation of two
primary pumps. One of the pumps with a
SH�R�� � S�RIT
�T-2

�T-1

IX

Ion-exchange resin

E

Expansion tank

�T：1,792 L/min , 1 Ｍ� each

F
T
T

Flowmeter
Thermometer
Temperture-control use
Pressure gauge

SGP ： 300

T

EP-2

T

28
℃
1,724 L/min
F

EP-1
37 kw
8,614 L/min

SGP ： 150

T

HX
962 kWT

30 kW
E

T

IX

T

43℃
T

T

38
℃

SUS ： 125
T

T

F

1,060 L/min

30℃

SUS ： 125

30℃

43℃

T

(SH�R��)
1,060 L/min
Rise13℃
880 kW
0.5 Ｍｐａ

2. For
extension

For extension
T

T

28℃

T

28℃
407 L/min
F

HXR
726kw

37
T

E

T

T

T

38℃

IX
T

800 L/min

T

T

30℃

30℃

T

HXM
227kw

T

T

43℃
T

T

38℃

T

43℃

F

43℃

1,300 L/min
F

T

T

11kW

E

IX

T

43℃

F

250 L/min

30℃

T

30℃

(S�RIT)
800 L/min
Rise13℃
268 kW
0.8 Ｍｐａ
(SR2)

(S�RIT)
250 L/min
Rise13℃
227 kW
0.8 Ｍｐａ
(Microtron)

Fig. 1 Flow diagram

Reference
1) T. Fujinawa et al: RIKEN Accel. Prog. Rep. 37 (2004) p.289-290.
2) T. Fujinawa: JOURNAL OF CIT NIHON Unv. Vol.41 No.2 (2008) ISSN 0385-4442 p.91-97.
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Calculation of Minimum Emittance in SR2
M. Hara, T. Hori, and M. Wakasugi
[minimum emittance, electron storage ring, Chasman-Green lattice]
An electron accelerator system is under construction at the
RIKEN Nishina Center. This accelerator system is composed
of the TRM (racetrack microtron), the ISOL (Isotope
Separator On-Line), and the SR2 (SCRIT-equipped RIKEN
Storage Ring)1). The electron synchrotron storage ring SR2
has the same magnetic structure as HiSOR2). Two long,
magnet-free straight sections of the SR2 are prepared to
insert SCRIT devices and used for electron scattering off
radioactive isotopes. The layout and specifications of the
RTM and SR2 are described in another report1). SR2 is
operated with an electron energy of 300 MeV to conduct
electron scattering experiments using SCRIT in the straight
section. Furthermore, when the ring is operated with an
electron energy of 700 MeV, it serves as a very valuable
light source in the VUV to soft X-ray region.
The theoretical minimum emittance in an electron storage
ring and that for the Chasman-Green lattice are derived.
The amplitude of the betatron oscillation (emittance) is
determined by the equilibrium process of photon emission
and the rf acceleration which compensates the energy loss of
the synchrotron radiation. The horizontal emittance is
expressed as
(1)
where Cq = 3.84×10-13 m, Jx ≈ 1 is the damping partition
number, γ is the Lorentz factor, ρ is the bending radius, and
<H> is the average of the following function over the dipole
(2)
The dispersion function is generally expressed as

(3)

Fig. 1 Betatron and dispersion function of Aurora II-D
(left) and of minimum emittance lattice in dipole.
The Chasman-Green (Double Bend Achromat) lattice is used
in many electron storage rings2). The lattice provides
dispersion-free section outside the pair of bending magnets.
Usually, insertion devices such as wiggler or undulators are
installed. The minimum emittance condition for the
Chasman-Green lattice is also derived and applied for SR2,
which can have only one cell. Double-bend achromat
condition gives a = 1 and b = 0 in the eq. (4).
H (s)

The betatron function is generally expressed as,

+

(4)
The betatron function is assumed to have a minimum
value β0 at s = s0 in the bending magnet. The other
functions, namely, ηx’, γx and α are derived and equation
(2) can be estimated. The <H>dipole can be expressed as a
quaduratic equation using ρ, lB, θ, s0, a, b, and β0. For
given ρ, lB, and θ, the minimum condition gives a = sinθ /
θ and b = (cosθ - 1) / θ. With this condition, β0 for is
determined for any θ0(θ0 = s0 / lB). Among these θ0 values,
θ0 = θ / 2 gives minimum emittance.
and

when θ<<1, the minimum emittance is expressed as ε =
Cqγ2θ3 / 12√15, where β0 = ρθ/2√15.
For SR2(θ = π), a = 0, b = -π/2, θ0 = π/2, and β0 = 0.38
m gives the minimum emittance of ε = 0.4 π mm•mrad.
In Fig. 1, the dispersion and betatron functions in the
dipole calculated using these parameters are icompared
with the HiSOR parameters. Both functions are very
similar, and HiSOR and SR2 are designed to achieve
emittance minimum.

CG min

⎛ sin θ 1 sin(2θ − 2θ 0 ) + sin 2θ 0 1
sin(θ − 2θ 0 ) + sin 2θ 0 ⎞
= β 0 ⎜1−
−
− cos 2θ 0 +
⎟
⎠
⎝
θ
θ
4
2
θ

(7)

sin(θ − 2θ 0 ) + sin 2θ 0 ⎞
ρ 2 ⎛ sin θ 1 sin(2θ − 2θ 0 ) + sin 2θ 0 1
+
+ cos 2θ 0 −
⎜1−
⎟
⎠
β0 ⎝
θ
θ
4
2
θ

When θ is π, minimum emittance condition gives θ0 of a
little smaller than 3θ/8.
When θ<<1, as is well known, minimum condition gives θ0
= 3θ/8 and ε = Cqγ2θ3 / 4√15 where β0 = ρθ√3 / 8√15.
Minimum emittance value becomes three times larger by
the additional condition of zero dispersion.
References

1) M. Wakasugi et al.: in this Accelerator Progress Report.
2) R. Chasman et al.* IEEE Trans. Nucl. Sci. NS-22, 1765(1975).
S.Y. Lee et al.: Proc. of 1991 PAC, p. 2679.
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Capability of SR2 as a compact synchrotron radiation source
T. Hori, M. Hara and M. Wakasugi
An electron accelerator system which consists of 150
MeV racetrack microtron injector and 700 MeV compact
storage ring is under construction at E21 experimental room
of RIBF as SR2 (SCRIT-equipped Riken Storage Ring)
aiming at electron scattering experiments for short-lived
unstable nuclei using the SCRIT technique1). In the past the
system was developed and operated at Tanashi Works of
Sumitomo Heavy Industries, Co. Ltd. (SHI) as
AURORA-2S2) (A2S) having a racetrack orbit of 11 m
circumference with a Q-singlet in each straight section. A2S
was transferred from SHI to RIKEN last summer after
modified to AURORA-2D3) (A2D) as 22 m circumference
with two Q-doublets in each extended straight section,
where a free space of 2 m in length is reserved for inserting
various devices.
In addition to the major purpose mentioned above, SR2 is
to play another role at Nishina Center as a compact
synchrotron radiation (SR) light source in VUV~ soft X-ray
region. The basic configuration of SR2 is the same as the
SR light source HiSOR4) in Hiroshima University, except
for the insertion devices of two undulators which are mainly
used for high-resolved photo emission spectroscopy (PES).
Therefore, SR2 is applicable to the similar research
activities as HiSOR, namely, in solid state physics, in photo
chemistry, in molecular biology, etc. However, A2S had
originally been designed as a light source for X-ray
lithography, thus the SR2 system might be much suitable
for developing micro/nano fabrication technology. The SR
spectra from SR2 bendings are shown below (Fig. 1), where
the critical photon energy 0.87 keV (1.24 nm wavelength).

rather short, a few meters, compared with those for basic
researches like PES, etc. The following picture shows these
BLs connected to A2S in SHI’s Tanashi Works (Fig. 2).
Some of them are planned to be re-joined to SR2 in the next
fiscal year.

Fig. 2. Photo of micro/nano fabrication BLs at Tanashi.
As for SR2, each bending magnet provides 10 connection
ports for BLs, besides the extraction port from the straight
section. There is a thick pillar, however, in front of a
bending magnet called M2. Only SR emitted from the other
bending M1 is available for conjunction to user’s BLs.
Right now 4 ports are reserved for such BLs as the SR from
M1 with more than 10-m length of alignment space for BL
components. A few ports will be available in addition with
much shorter spaces (~5m) for BL settings. These optional
ports might be adequate for BLs LIGA/TIEGA.
In the next fiscal year, the SCRIT system will be installed
into one straight section. Another straight section would be
vacant for subsequent several years. It means that there is a
possibility to develop insertion devices to improve SR from
the compact ring by exploiting this time interval. Routine
operation of SR2 for SR users with the designed intensity,
which means 300 mA stored beam, will be ready in 2011.
References

Fig. 1. SR spectra from bending magnets of SR2.
While transferring A2S, beam lines (BLs) for LIGA
(Lithographie, Galvanoformung, Abformung)5) and TIEGA
(Teflon Induced Etching and Galvanicforming)6) were
moved simultaneously from SHI to RIKEN. These BLs are

1) M. Wakasugi et al., Phys. Rev. Lett. 100, 164801 (2008).
2) D. Amano et al., Proc. EPAC2000, Vienna (2000) p.604.
3) T. Hori et al., Proc. 11th Symp. on Accel. Sci. & Tech., Hyogo,
(1997) p.534.
4) http://www.hsrc.hiroshima-u.ac.jp/hisor.htm
5) S. Sugiyama et al., Microsystem Technol. 4, 61 (1998).
6) T. Katoh et al., J. Synchrotron Rad. 5, 1153 (1998).
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Magnetic plasma confinement for laser ion source†
M. Okamura1, T. Kanesue2, and K. Kondo3
The direct plasma injection scheme (DPIS), which uses a
laser ion source (LIS) and a radio frequency quadrupole
linear accelerator (RFQ), was recently developed to
accelerate intense heavy ions. In this scheme, a high-power
laser is focused onto a solid-state target to produce dense
plasma, which contains highly charged ions. The laserproduced plasma expands in a direction perpendicular to the
target surface, and this expansion causes an increase in the
plasma pulse width and a decrease in the current density.
Since the plasma spreads three dimensionally, the plasma
pulse length is proportional to the drift distance L and the
ion current density is proportional to L-3. After drifting, the
ions are extracted from the plasma at the entrance of the
RFQ and are accelerated to the design energy. We have
already accelerated aluminum and carbon beams with
currents greater than 60 mA using the DPIS1). Although the
peak current is high, the pulse width of the beam is too
small for some applications, for example, as a beam
provider for a large synchrotron. We can easily increase the
pulse width by increasing the plasma drift distance;
however, the current injected to the RFQ becomes very
small. To prevent this reduction in the current, the use of
solenoidal magnetic confinement was tested. The presence
of an axial magnetic field decreases the transverse
expansion of the plasma and thereby leads to a high density
during the expansion2,3).
To verify this scheme, a simple coil comprising a 2-mm diameter wire directly wound on a beam pipe was
consideered. The inner diameter and the length of the coil
were 76 mm and 480 mm, respectively.

Fig. 1 Experimental setup
To observe the effect of the solenoid, a graphite target and
other equipment were assembled. A suppressor mesh was
placed before the Faraday cup to distinguish the ions from
the laser plasma. The laser power and laser pulse duration
were 0.9 J and 7 ns (FWHM), respectively.
†

Condensed from the article in Review of Sci. Inst.. 81, 1 (2010)
Brookhaven National Laboratory
2
Department of Applied Quantum Physics and Nuclear Engineering,
Kyushu University
3
Department of Energy Science, Tokyo Institute of Technology
1

Fig. 2 Enhanced current in the case of a multi-charged
carbon beam.
The effect of the solenoid was clearly seen when the
solenoid current was increased. A typical current waveform
taken by the Faraday cup is shown in Fig. 2. The charge
states vary from 3+ to 6+, with the highest yield of charge
state being 4+. To avoid a discharge between the
suppression mesh and the Faraday cup, a collimator with an
opening diameter of 1.55 mm was installed at a distance of
803 mm from the target. Above 50 G, the plasma current
density became too high to pass through the biased mesh,
which was connected to a voltage source of -4.5 kV. This
shows that the ions and the electrons are not separated, and
the space-charge repulsion force can still be compensated in
the presence of the axial magnetic field. We might be able
to apply a longer solenoid field in order to extend the beam
pulse duration. It was seen that a 46-G field increased the
peak value by approximately four times.
It was confirmed that a solenoid can effectively enhance
the ion density, and the technique can be used in the DPIS.
Furthers, the solenoid may improve any LISs. By applying
a programmable pulsed power supply to the solenoid, we
might be able to control the current shape by changing the
solenoid current.
References
1) M. Okamura, T. Takeuchi, R. A. Jameson, S. Kondrashev, H.
Kashiwagi, K. Sakakibara, T. Kanesue, and J. Tamura, Rev. Sci.
Instrum. 79, 02B314 (2008)
2) J. Wolowski J. Badziak, I. Ivanova-Stanik, P. Parys, W.
Stepniewski, and E. Woryna, Rev.Sci. Instrum. 75, 1356 (2004)
3) Y. Y. Tsui, D. Vich, and R. Fedosejevs, Appl. Phys. Lett. 70
(15), 14 (1997)
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Particle simulation for direct plasma injection in an RFQ matching section †
J. Tamura,∗1,∗2 T. Hattori,∗1 N. Hayashizaki,∗1 T. Ishibashi,∗1 T. Kanesue,∗3 H. Kashiwagi,∗4 K. Kondo,∗1 and
M. Okamura∗5
The Direct Plasma Injection Scheme (DPIS) has been
used in radio frequency quadrupole (RFQ) linacs, and highintensity heavy-ion beams have been generated and accelerated.1) By using the DPIS, a C6+ beam with a maximum beam current greater than 10 mA has been accelerated from 20 keV/nucleon to 100 keV/nucleon.2) One of
the most unique features of the DPIS is that the ions are
extracted from plasma at the RFQ entrance. This means
that in the RFQ radial matching (RM) section, ions are
forced by both the electrostatic ﬁeld generated by the extraction electrode and the RF electric ﬁeld generated by
the RFQ electrode. On the other hand, in the conventional
beam injection scheme used in RFQ linacs, ions are forced
only by the latter ﬁeld. To describe the evolution of the
beam extracted from the laser plasma in the RM section,
we performed particle tracking simulation using a threedimensional particle-in-cell method.3,4) In this simulation,
we made the following assumptions,

Fig. 1. Particle distribution for the beam current of 6 mA (x = 0
plane).

• The extracted beam comprises only C6+ ions.
• The plasma sheath is ﬂat and perpendicular to the
beam axis.
• Initially, the beam is axisymmetric and uniformly distributed in real space.
As mentioned above, the external ﬁeld in the RM section consists of both the electrostatic ﬁeld and the RF electric ﬁeld. The potential maps for these ﬁelds were obtained
using KOBRA3-INP.5) The quadrupole symmetry is maintained throughout the RM section.
Particles of different beam currents of 6 mA, 30 mA,
60 mA, and 90 mA are tracked. Figure 1 shows the particle
distribution in the x = 0 plane for the beam current of 6 mA.
To visualize the geometry clearly, particles that satisfy the
condition x2 + y2 > (aperture radius of the RFQ electrode)2
are not displayed. The transmission efﬁciency to the adjacent normal RFQ cell is about 37%, 29%, 24%, and 19%
for the beam currents of 6 mA, 30 mA, 60 mA, and 90 mA,
respectively. Even in the case of the relatively low beam
current of 6 mA, ions are not captured by the RFQ. The
reason they are not captured is that the electrostatic ﬁeld
generated by the extraction electrode has a divergent component. To avoid this divergent component, the beam has
to be focused initially. Figure 2 shows an example of an
initially convergent beam in the DPIS.
From these simulations, so as to avoid the radial defocusing force which is particular force in DPIS we found
†
∗1
∗2
∗3
∗4
∗5

Condensed from the article in Rev. Sci. Instrum. 81, 02B726 (2010)
Tokyo Institute of Technology, Japan
RIKEN, Japan
Kyushu University, Japan
Japan Atomic Energy Agency, Japan
Brookhaven National Laboratory, United States

Fig. 2. Particle distribution for the beam current of 6 mA (x = 0
plane) when the beam is initially focused.

that it is necessary to provide a more convergent beam in
the DPIS than usual RFQ injection. The initial condition of
the extracted beam is decided by the shape of the plasma
sheath which mainly depends on the plasma density. The
plasma density can be varied by changing the plasma drift
length.6) The longer the laser plasma drifts, the lower is the
density of plasma injected into the RFQ. In the DPIS, we
need to optimize the plasma density to realize a concave
ion-emitting surface which produces a convergent beam.
References
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Design research of laser ion source for RHIC-EBIS†
K. Kondo,�

1

T. Kanesue,�

2

J. Tamura,�

1

and M. Okamura�

3

[Laser ion source, Electron-beam ion source, Relativistic heavy-ion collider]

(1)

j ∝ L−3 ,

(2)
(3)

t ∝ L,
N ∝ L−2 ,

where j, L, t and N are current density, plasma drift
length, beam pulse duration and particle number, respectively. To satisfy the requirements of limited low
current for LEBT and suﬃcient particle number for
RHIC-EBIS, we use the solenoid to enhance the beam
current and total ion yield. For an enhancement factor
α, we can rewrite Eqs (1) and (3) as follows:
j ∝ αL−3 ,

N ∝ αL

−2

.

number of singly charged ions, Nmin , to N0 . Table
1 lists the beam properties at L = 5 m for � ve ion
species: Al, Si, Fe, Ta, and Au; these are the typically
species required for National Aeronautics and Space
Administration Space Radiation Laboratory (NSRL)
science programs and Au ions collision in RHIC.
It is desirable that LIS optics be located far away
from the vacuum target chamber to prevent damage
to the optics by laser ablation. A galvano mirror with
an operation time of a few hundred microseconds is
used for changing the direction of laser irradiation to
obtain di� erent ion species. In Fig.1, we show a sketch
of LIS, which is a primary ion source for RHIC-EBIS,
with its optics arrangement and the solenoid.
The solenoid in the LIS is useful since it helps satisfy
the requirements of both low peak current and suﬃcient particle number. It is suitable to use this LIS
system, with optics as shown in the � gure, as the primary ion source of a singly charged ion beam.
Table 1. Beam properties for RHIC-EBIS.
Ion species
Pulse length t [µs]
Enhancement factor α
N0 (×1010 )
Overall eﬃciency β %

(4)
(5)

The relationship between t and L does not depend on
the solenoid � eld; no signi� cant change was observed
in t in the presence or absence of the solenoid2) .
We assume that for a realistic design of the LIS, L,
the distance between solid target and extraction point
is 5 m and laser power density is 2.0 × 108 W/cm2 .
Peak current, pulse width, and particle number at L
= 5 m in the absence of the solenoid can be derived
from the experimental results3)4) corresponding to L
= 1 m by using Eqs (1), (2), and (3). The number
of 1+ charged ions, N0 , injected by using the solenoid
is determined by considering the value of α at L = 5
m; the value of α can be � xed so that the requirement
of limited current for LEBT is satis� ed. The overall
eﬃciency β, which is de� ned as the required ratio of
the net ion number before and after RHIC-EBIS, is
determined by considering the ratio of the minimum
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At present, it is not feasible to use the Laser Ion
Source (LIS) as a primary ion source for Relativistic
Heavy Ion Collier-Electron Beam Ion Source (RHICEBIS)1) because the requirements of both limited low
current for Low-Energy Beam Transport (LEBT) and
injection of a suﬃcient number of 1+ ions, cannot be
satis� ed at the same time. However, the results of LIS
experiments in which a solenoid is used show that the
beam current and total ion yield are enhanced2) . We
derive an appropriate condition for RHIC-EBIS with
a solenoid.
In the LIS, the following relationships hold.

Fig. 1. Sketch of LIS for RHIC-EBIS.
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Laser Beam Recycler with Asymmetric Confocal Cavity
I. Yamane, M. Nakamura, and H. Okuno
[ion beam, charge-exchange, laser stripping]
Against the b ackground of rapid pr ogress of laser
technology, there i s co nsiderable ex pectation t hat laser
beams may be applied for ion-beam stripping. As described
in the r eference1), calculations based o n Gaussian b eam
optics s uggest that for a high-power laser b eam, b eam
stacking can be ach ieved at t he c onfocal poi nt of an
asymmetric
confocal
cavity.
Although s imilar
geometrical-optics-based studies2,3) were p erformed o n
beam s tacking i n a n asymmetric confocal cav ity, in t hese
experiments, the enhancement of beam intensity by stacking
was n ot obs erved. The e xperiment de scribed i n t his pa per
was p erformed in o rder to e xamine the r esults o f
calculations based on Gaussian beam optics.

Fig. 1, Asymmetric confocal cavity and beam path

constant. Therefore, when a continuous or pulsed beam with
a p eriod e qual t o i ts r epetition period i n t he c avity i s
injected, all reflected laser beams in the cavity converge at
a at t he s ame t ime, and t he beam i ntensity increases
considerably. We cal l s uch a cavity as a “laser-beam
recycler”. As described in the reference1), when a Gaussian
beam w ith a w aist a t c0, and Rayleigh range f1, that
is, π wc20 λ = f1 , is injected, the beam returns to a as a waist
every t ime, an d t he beam i ntensity s tacks u p. H ere, wc0 is
the half w idth a t 1/ e2 of the p eak at c0, and λ is the
wavelength o f t he i njected l aser beam. H owever, because
the b eam size at a gradually i ncreases with t he number o f
turns, the beam intensity for the given useful beam diameter
increases and reaches a saturation level. As is shown in Fig.
2, the intensity of a b eam o f radius of 2 wc0 may be 25 or
more t imes of t he i njected-beam i ntensity. T his high
intensity makes t he l aser b eam useful i n various
applications such as in a laser neutralizer for high-energy Hbeam substitute for t he m agnetic n eutralizer used in be am
splitting4).
As the first step of the experiment, we measured t he
evolution of the ha lf w idth a t 1/e2 of the p eak to clarify
whether the laser beam is Gaussian. As is shown in Fig. 3,
the M2 factor of the laser beam is estimated to be 1.04, and
the beam is confirmed to be nearly Gaussian.

When a laser b eam is injected into a n a symmetric
confocal cavity such that the beam is parallel to the axis of
the c avity, a s shown in F ig. 1, i t repeatedly f ollows t he
triangular path, a → bｎ → cn → dn → a, in the cavity and
returns to the confocal point a after every loop.

Fig. 3, Measured and calculated evolution of the half width
at 1/e2 of the peak.
References

Fig. 2, Evolution o f beam i ntensity w ith beam radius ν (=
radius/wc0). The u nit o f the stacked-beam i ntensity i s t he
injected-beam intensity. k is the ratio f２/f1.
If t he path o f the i njected beam i s s ufficiently c losed t o
the axis of the cavity, the r epetition p eriod remains almost
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Status of the BigRIPS and ZeroDegree Project
T. Kubo, K. Kusaka, T. Ohnishi, K. Yoshida, A. Yoshida, N. Fukuda, M. Ohtake, Y. Yanagisawa, H. Takeda, N. Inabe, D.
Kameda, and K. Tanaka
The status of the major research instruments in the RI
beam factory (RIBF), such as the BigRIPS in-flight
separator,1,2) the ZeroDegree spectrometer,3) and the
high-resolution beamline for the SHARAQ spectrometer,4)
is presented in this report. A schematic layout of the major
research instruments is shown in Fig. 1 along with the
cyclotrons at RIBF.
The BigRIPS separator is composed of fourteen superconducting triplet quadrupoles having large apertures
(STQ114) and six room-temperature dipoles (D16).
There are seven focuses (F17). One of the important
features of BigRIPS is its large acceptance, which results in
efficient production of RI beams by not only projectile
fragmentation of various heavy-ion beams but also in-flight
fission of a uranium beam. This feature was achieved by
using the large-aperture superconducting quadrupoles.
Another important feature is its two-stage structure. The
first stage consists of the components between the
production target (F0) and F2, while the second stage
consists of those from F3 to F7. The section from F2 to F3
acts as an ion-optical matching section between them. This
feature allows a separator-spectrometer mode as well as a
two-stage separation mode. In the former mode, RI beams
are separated using an energy degrader in the first stage,
while the second stage works as a spectrometer to identify
the RI beams. The second stage is designed to have good

momentum resolution so that RI beams can be identified
without having to measure total kinetic energies even
though ions are not fully stripped at the RIBF energies. In
the two-stage separation mode, an energy degrader is used
at both stages to purity the RI beams further.
There is a focal-plane chamber in each focus that
accommodates various beam-line devices and detectors
used for diagnostics and particle identification (PID). The
PID scheme is based on the E-TOF-B method in which
trajectory reconstruction is used to improve momentum
resolution. The primary beams stops at a high-power beam
dump located at the first dipole D1. A water-cooled
rotating-disk target is used to cope with high-power beams.
The first stage is surrounded by concrete radiation shields
that weigh about 7000 tons.
The RI-beam delivery line that follows the BigRIPS is
designed not only for the transportation of RI beams to
experimental setups but also for use as a forward
spectrometer that has been named ZeroDegree. The delivery
line consists of nine STQs (STQ1523), two dipoles
(D78), and five focuses (F812). The section from F8 to
F11 forms the ZeroDegree spectrometer, while that from F7
to F8 is acts as an ion-potical matching section between the
BigRIPS and ZeroDegree. The magnets of ZeroDegree have
the same design as those of BigRIPS. There is a focal-plane
chamber in each focus to accommodate various beam-line

High-resolution beam line

Fig. 1. Schematic layout of the RI Beam Factory in 2010.
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devices and detectors used for diagnostics and PID, as in
the BigRIPS separator. A secondary target is placed at F8
when the delivery line is used as the ZeroDegree
spectrometer for reaction experiments with RI beams. The
ZeroDegree is used to analyze and identify projectile
reaction residues often in coincidence with -rays that are
measured by an array detector surrounding the target. The
ZeroDegree can be operated in different optics modes
depending on the experimental requirements.
The high-resolution beamline extends from F3 to D6 (the
existing part) and from D6 to the SHARAQ target position
(the new part). The new part is composed of three STQs
(STQH1415,
STQH19),
three
room-temperature
quadrupoles (QH1618), two dipoles (DH78), and four
focuses (FH710). The beamline can be operated in a highresolution dispersive mode so that the dispersion matching
conditions can be attained at the SHARAQ focal plane, thus
allowing high-resolution measurements using the SHARAQ
spectrometer.
The BigRIPS and the ZeroDegree became operational in
May 2007 and November 2008, respectively. The
high-resolution beam line was commissioned in March
2009 together with the SHARAQ spectrometer.
In December 2009, the BigRIPS and the ZeroDegree
were used for experiments using a 238U beam and a 48Ca
beam at 345 MeV/u. In-beam -ray spectroscopy for
neutron-rich exotic nuclei was performed using RI beams of
130132
Sn.  spectroscopy was performed for several
neutron-rich exotic nuclei around 106Sr. These isotopes
were produced via in-flight fission of the 238U beam.
Interaction cross sections were measured for a wide range
of neutron-rich Ne isotopes that were produced by projectile
fragmentation of the 48Ca beam.
In the commissioning experiments for the high-resolution
beam line and the SHARAQ spectrometer in March and
May 2009, the dispersion matching was successfully tested
using primary beams and RI beams. In November 2009, the
first nuclear physics experiment at SHARAQ was carried
out using a triton beam produced from a 4He beam at 320
MeV/u. A (t,3He) reaction was studied to investigate
isovector spin-monopole excitation. Details of the
SHARAQ experiments are presented elsewhere.

Fig. 2. Photograph of the beam-dump pillow seal with
radiation shields that was installed between D1 and STQ2.

In order to cope with high-intensity primary beams,
pillow seals and radiation shields have been installed
around the beam dump and the production target in the first
stage of the BigRIPS separator. The pillow seals allow
remote disconnection of beam pipes and significantly
facilitate the handling and maintenance of the devices under
high residual radiation. The radiation shields are used to
shield light charged particles and neutrons emitted from the
beam dump and the target in order to protect the STQs
against radiation damage and to reduce the radiation heat
loads on them. Figure 2 shows a photograph of the
beam-dump pillow seal that was installed between D1 and
STQ2. The pillow seal is surrounded by the radiation
shields made of heavy metal and steel. In summer 2009,
some concrete shielding blocks were removed from the first
stage, and the pillow seals and radiation shields were
installed.
The operation of the BigRIPS cryogenic plant, which is
used to cool STQ15, has been very stable as a result of the
upgrade of the oil-removal unit of the compressor. The
operation of the cryo-coolers, which are used to cool the
rest of the STQs, has also been stable.

Fig. 3. Nuclear chart that shows new isotopes produced by
in-flight fission of a 238U beam at 345 MeV/u. New isomers
observed in the same experiment and the r-process path are
also shown.
The analysis of the new-isotope search experiment
conducted in November 2008, which was performed using a
238
U beam at 345 MeV/u, has almost completed. We
observed 42 new neutron-rich isotopes and 13 new isomers
over a wide range of atomic numbers, as shown in Fig. 3.
More detailed reports on the project have been provided
elsewhere in this progress report.
(Note that the number of observed new isotopes is 45 in
our paper published recently.)
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Upgrading the BigRIPS target chamber
Atsushi Yoshida, Tetsuya Ohnishi, Yoshiyuki Yanagisawa, Kensuke Kusaka and Toshiyuki Kubo
The target chamber for the production of RI beams in the
projectile fragment separator (BigRIPS) has been upgraded
for two reasons. Firstly, to facilitate chamber replacement,
pillow seal devices were installed at the beam duct
connection of the target chamber. Secondly, to reduce the
heat load on an air-core-type superconducting triplet
quadrupoles magnet1) (STQ1), a beam scraper was installed
at the downstream wall of the target chamber.
The target chamber was designed such that it included a
replaceable unit structure that facilitates maintenance under
a high-radiation environment.2) All the target system
components assembled in the chamber can be replaced
using a remote-handling maintenance cart. However, when
a fatal malfunction occurs at the chamber itself or at the
neighboring STQ1 magnet located downstream, it must be
possible to disconnect the chamber from the beam line
easily. The pillow seal device3) consists of a seal-face flange,
inflatable bellows, and inflatable thin metal diaphragms
similar to a balloon pillow. A vacuum-tight duct connection
is established by supplying air pressure to the device. Thus,
a vacuum duct can be remotely disconnected without
unscrewing bolts. Two pillow seal units 4) were installed at
the beam duct connections of the chamber (Fig. 1). Pillow
seals with inner diameters of 110 mm and 250 mm were
mounted at locations up- and downstream of the beam duct,
respectively. The downstream pillow seal has water ways
inside the flanges to deal with the heat load from the target.
Its operating air pressure is 0.35 MPa which is required to
inflate both bellows and diaphragms. The measured vacuum
leak rate for He gas was lower than the background level of
1×10-9 Pa*m3/sec.

Fig. 1. Pillow seal devices installed at beam duct
connections upstream (left) and downstream (right) on the
target chamber. In the photos, A, W, and V represent utility
pipes used to supply air pressure, to supply water for
cooling, and to create vacuum for differential pumping,
respectively.

At the target used for producing secondary RI beams, a
large number of high-energy light-charged particles and
neutrons are also produced. These undesired particles affect
the heat load on the neighboring STQ1 magnet. To reduce
the heat load, a beam collimator, the so-called “scraper”,
was used to scrape off these particles from a bundle of the
main secondary beam. A prototype scraper was designed
(Fig. 2) considering the limited space between the walls of
the target chamber and STQ1. A possible solution is to
insert a cylindrical structure into the downstream pillow
seal. The structure has a beam collimation hole with a
diameter of 36 mm, which corresponds to ±5° (±87 mrad)
with respect to the target position. Note that this angle is
sufficiently larger than the angular acceptance of the
BigRIPS separator, which is ±40 mrad and ±50 mrad in the
horizontal and vertical directions, respectively. The material
of the scraper should be as heavy as possible in order to
stop high-energy light-charged particles, mainly fragmented
protons with a maximum energy of 350 AMeV. For the
prototype, we used copper with a thickness of 126 mm,
which is grater than the proton range of 110 mm.
Range( p 350AMeV in W) 66.2mm
Range( p 350AMeV in Cu) 109.5mm
Cylinder Axis length = 126mm

Fig. 2. Prototype scraper installed in the target chamber
(left). Its typical dimensions are shown (right). It consists of
inner (1) and outer (2) scraper blocks weighting 30 kg and
29 kg, respectively. The inner block will be disassembled
using the remote-handling maintenance cart.
The heat load was estimated using PHITS 5) simulation
code. The inner structure of STQ1 cryostat was modeled.
The bombardment of a 15 mm thick beryllium target by an
intense 1 pμA 48Ca beam was simulated. Fig. 3 shows the
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flux distribution of protons, neutrons and nuclei in
horizontal cross sectional view. Here, the nuclei include
various nuclei for which 1 < Z < 20. Note that each flux
includes secondary protons, neutrons, and nuclei produced
in high-energy cascade processes. The bundle of secondary
beams (Fig. 3a) passes through the beam hole of the scraper.
The protons (Fig. 3c) emitted at the forward angle pass
through the beam hole as well, whereas most of the protons
emitted at angles with magnitude grater than 5° are stopped
in the scraper or 6 cm-thick aluminum wall of the target
chamber. It is clear that for high-energy neutrons (Fig. 3b),
the limited thickness of the scraper is not effective.

helium vessel and inner vacuum duct near the beam axis. In
this simulation, the magnetic rigidity of STQ1 was
optimized for a main secondary 31Ne beam. Then, the
trajectories of protons and light-charged particles, which
have smaller magnetic rigidities, were over-focused in
STQ1. This can be seen in Fig. 3c; some of these protons hit
the inner vacuum duct.
The heat load calculated with and without the scraper are
listed and compared in Table 1. The sub total of the heat
load on the components assembled in the region at 4 K
decreased from 460 W to 298 W because of the scraper. It
has been reported 6) that the excess cooling capacities for
the load at 4 K region in the BigRIPS cryogenic plant were
measured as 322 W. This excess capacity should be shared
by five STQ magnets, including STQ1, in the beam line.
Although the main heat load sources are expected to be
STQ1 and STQ2, the present heat load on STQ1 should be
sufficiently smaller than the excess capacity. We are
planning to measure the actual heat load during experiments
by using an intense 48Ca beam; we also plan to compare the
values with the simulation results mentioned above. To
optimize the final design of the scraper, we should decrease
the diameter of the beam hole and use a heavier material
like tungsten.

Table 1. Heat load calculated with and without the scraper
for various inner components of STQ1 cryostat.
References

Fig. 3. Calculation results obtained using the PHITS code.
The flux intensities of a) nuclei, b) neutrons, and c) protons
are plotted in units of [1/cm2/source]. The heat load
intensity d) is plotted in units of [MeV/cm3/source]. Here,
the normalization factor “per source” means “caused by one
nucleus of primary 48Ca beam”.
The total heat load generated by all particles is plotted in
Fig. 3d and listed in Table. 1. The largest heat load appears
at the scraper. The next largest heat load appears at the
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Status of the Control system of BigRIPS
K. Yoshida, T. Ohnishi, K. Kusaka, A. Yoshida, Y. Yanagisawa, N. Fukuda, M. Ohtake, H. Takeda, D. Kameda,
N. Inabe, K. Tanaka, and T. Kubo
The control system of BigRIPS1) is based on the
experimental physics and industrial control system
(EPICS)2) ; it was constructed in 2007 and has since
been operated without any sever failures. The status
of magnets, cryostats, beam diagnostic devices, and
vacuum pumps is constantly recorded by the channel archiver utility through out the year, regardless
of whether BigRIPS is in operation. Up to 13GB of
data are archived in one year.
Over the last two years, two major modiﬁcations
were made to the control system. First, the control
of the high-resolution beam line for SHARAQ spectrometer is added to the control sysytem. The highresolution beam line consists of two dipole magnets,
three superconducting quadrupole magnets (STQs),
four normal-conducting quadrupole magnets, four focus chambers, and six vacuum pump stations. Each
focus chamber is equipped with two beam diagnostic
devices whose positions can be changed by pneumatic
cylinder. Most of the elements have control interfaces
that are identical to those in BigRIPS and ZeroDegree spectrometer. Therefore, the control system was
easily modiﬁed by adding a new control record that is
based on the same control routine as those in BigRIPS
and ZeroDegree spectrometer. On the other hand, for
the control of the STQ, STQ-H19, a new control routine was required since the power supply of STQ-H19
uses the general purpose interface bus (GPIB) for the
control. The interface routine that issues and receives
GPIB commands to and from the power supply was
written by using the frame work of ”asyn-GPIB” utility in the EPICS. The routine was developed such that
STQ-H19 would have a same user interface as other
magnets.
The control logic of currents of the magnets was
modiﬁed in order to improve the operativeness. A
scaling factor was introduced into the calculation of
the currents. Originally, the currents of the magnets
were calculated using the central rigidity, the beam
optics parameters, and the excitation function of the
magnets.1) The central rigidity was converted to the
strength magnetic ﬁelds of the magnets by using the
beam optics parameters, and then, the current was
calculated from the magnetic ﬁeld using the excitation function. In the new control logic, the strength
of the magnetic ﬁeld is multiplied by the scaling factor before calculating the current. The current of the
magnets is currently ﬁne-tuned by changing the scaling factor instead of changing the current directly so
that the correction will remain in the same ratio even
if the central rigidities are changed. Futhermore, the

control system was modiﬁed such that it could detect
the current drifts of the magnets.
In order to process simple I/O signals, the routines
which handle IP Power 9212 (AVIOSYS International
Inc.) and PICNIC (TriState Ltd.) were developed
and included in the system. These devices are tiny
boxes which control digital I/O through the Ethernet. PICNIC has the capability of the analog input
also. The device support routine sends the command
packet through Ethernet and receives response packets from them synchronously. The routine depends
only on the standard EPICS libraries and does not require any device-speciﬁc libraries. Device support for
Lock-In Ampliﬁer SR844 (Stanford Research systems),
which along with the fast current transformer is used
for obtaining the beam current was also provided in
similar manner. Data from the serial port (RS-232C)
of SR844 are converted to the Ethernet packets by the
serial device server NPort 5410 (MOXA Inc.), and the
Ethernet packets are received by the support routine.
References
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Testing of Beam Viewer at BigRIPS
K. Yoshida, A. Yoshida, Y. Yanagisawa, T. Ohnishi, N. Fukuda, K. Kusaka, M. Ohtake, H. Takeda, D. Kameda,
N. Inabe, K. Tanaka, and T. Kubo
A beam viewer composed of a video camera and a
ﬂuorescent plate is one of the popular beam diagnostic
devices that evaluate beam characteristics such as the
position, shape, and size of the beam from an accelerator. When a beam impinges on the ﬂuorescent plate,
the plate emits visible light which is detected by the
video camera. The degree of lightening of the plate is
a measure of the beam intensity. A vidicon camera or
a charge coupled device (CCD) camera is commonly
used as the detection camera. The sensitivity of beam
viewers is rather low and hence, generally, only the proﬁle of the primary beam from the accelerator is visible
to the viewer. Recent enhancement of the sensitivity
of CCD cameras, however, makes it possible to observe
the proﬁle of secondary beams which usually have very
low intensity.1)
The testing of the beam viewer was carried out in
the F2 chamber of BigRIPS using the primary and
secondary beams from SRC and BigRIPS. The detection camera used was an ultra high-sensitivity CCD
camera (WAT-902H2 Ultimate, WATEC, minimum illumination: 0.0001 lx at f-number: 1.4) coupled with
an LMVE-990A lens (KOWA, f-number: 1.8). Fluorescent plates made from three types of phosphors,
Y2 O2 S:Eu (NP1154-67RG, Nichia Corp.), ZnS:Cu, Al
(NP-1108-110RG, Nichia Corp.), and Zn2 SiO4 :Mn
(P1G1, Kasei Optonix) were examined. The camera
was set at the top of the F2 chamber and could record
the light emitted by the plate through the glass ﬂange
of the chamber. The ﬂuorescent plates were mounted
on the movable ladder of the F2 chamber. The plates
were positioned perpendicular to the direction of the
beam and the emitted light was observed in the direction of 60◦ relative to the beam direction. NTSC video
signal from the camera was sent to a video-capture
card of a computer.
The ﬂuorescent plates were irradiated by a 14 N beam
with an energy of 250 MeV/n and an intensity of
less than 500 kcps. The largest signal was obtained
from the plate made from Y2 O2 S:Eu phosphor among
the three phosphors tested. The plate made from
ZnS:Cu,Al phosphor gave a signal that was nearly the
same as that given by the plate made from Y2 O2 S:Eu
phosphor. The Zn2 SiO4 :Mn phosphor plate only gave
a signal that was smaller than that of the Y2 O2 S:Eu
phosphor plate by a factor of 5 .
Figure 1 shows the obtained image of the Y2 O2 S:Eu
phosphor plate irradiated by the 14 N primary beam
and 12 B secondary beam which was produced from the
14
N beam. An oblong, white spot at the center of Fig.
1a represents the 14 N primary beam with an inten-

sity of 8 kcps. Small white dots scattered all over Fig.
1a are the noise from the ampliﬁer inside the WAT902H2. The noise can be eliminated by averaging a
couple of images captured under the same conditions.
Fig. 1b shows the average of 30 images which corresponds to the average of video signals during 1s. The
noise is eliminated to a considerable extent, and the
beam shape is clearly seen. As seen in Fig. 1c, a beam
with an intensity as low as 1.5 kcps can be observed
with this method. The 12 B secondary beam with an
intensity of 150 kcps can be observed. Since the secondary beam has a large emittance, its beam size is
much larger than that of the primary beam; hence,
higher intensity is needed to observe its shape in similar brightness.
During this testing, the averaging of the recorded
images was performed oﬀ-line. Therefore, we cannot
observe the clear picture on-line. In order to observe
the clear picture on-line, we are considering the use of a
special video-capture card that provides the averaging
function, or the use of a frame accumulation camera
that has a slow shutter speed such as 1s.
References
1) J. W. Stetson: Notes on NSCL Beam Viewplates,
NSCL, Michigan State University, private communication.

Fig. 1. Observed pictures of the beams. a) A 14 N primary
beam with an intensity of 8 kcps. b) A 14 N primary
beam with an intensity of 8 kcps (after averaging). c)
A 14 N primary beam with an intensity of 1.5 kcps (after
averaging). d) A 12 B secondary beam with an intensity
of 150 kcps (after averaging).
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Measurement of field maps of superconducting quadrupole and
sextupole magnets
H. Takeda, T. Kubo, T. Ohnishi, N. Fukuda, M. Matsushita,∗1 H. Sato, K. Kusaka, and Y. Yanagisawa
BigRIPS1) is an in-flight RI beam separator at
RIBF. Its operation is based on a two-stage separation
scheme; energetic RI beams are produced and separated in the first stage and particle identification is
performed in the second stage. The mass-to-charge
ratio A/Q is one of the most important quantities in
particle identifications because in the range of energies at RIBF, RI beams are produced in several charge
states, especially in the case of heavy RI beams. Large
acceptance is an important feature of BigRIPS that facilitates efficient transmission of RI beams even when
the in-flight fission of uranium beams is carried out as a
production reaction. Large-aperture superconducting
triplet-quadrupole (STQ) magnets are used to realize
large acceptance. Ion optical calculations with realistic magnetic field maps are necessary for achieving
high resolution in A/Q.
We have already measured the field maps of the
STQs at 20-A intervals of excitation currents from 20 A
to 165 A2) . However, we found that these maps may
not be satisfactory in the range of currents around
80 A, where the effective lengths vary on the order of
1% between the 20-A intervals used for measurement.
The measurement of sextupole magnets, which are superimposed on some quadrupole magnets, was also unsatisfactory. It is already known that the field maps of
the sextupole magnet were affected by the excitation
of the corresponding quadrupole magnet; however, the
measurements performed by exciting the quadrupole
magnet have been limited to a few combinations of
quad- and sextupole excitation currents. Thus, we also
measured the field maps of quadrupole and sextupole
magnets. Since STQ7, which has been used in the
previous measurement, was installed in the BigRIPS
beamline and was unavailable for the measurements,
STQ22 was used. Since STQ22 is located at the end of
the ZeroDegree spectrometer, a field-mapping device
(Fig. 1) can be easily installed. The STQ22 consists
of Q500, Q800, and Q500, where the nominal effective
lengths of Q500 and Q800 are 500 mm and 800 mm, respectively. In the case of STQ22, the sextupole magnet
is superimposed on the upstream Q500 magnet.
We measured the cylindrical field maps (Br , Bθ , Bz )
along the beam axis, where Br , Bθ , and Bz are the field
components along the radial, azimuthal, and beam
axes, respectively. Three-axis Hall sensors (AXIS-3
AERPOC Ltd.) were mounted on an arm of the mapping device, as shown in Fig. 2. The axes of the sensors
corresponded to the r, θ, and z directions described
above. The center of the sensors was fixed on the arm
∗1

Department of Physics, Rikkyo University

at radii r of 81, 94, and 107 mm from the beam axis.
The arm was moved with a two-motion stage driven
by stepping motors in the θ and z directions. The
measurement was performed at 10-mm intervals in the
z direction. At each z position, the arm was rotated
360◦ at steps of 3◦ when the sextupole magnet was excited. When quadrupole measurement was carried out
without exciting the sextupole magnet, 9◦ steps were
applied to save measurement time. The Hall voltages
were measured by a digital multimeter (KEITHLEY
2700+7700) with a drive current of 10 mA supplied by
a current source (Yokogawa 7651). Calibration data
for each Hall sensor were obtained by using an NMR
probe inside the SHARAQ D2 magnetic field in both
directions. A cubic spline was used for interpolation of
the calibration data. We also installed a thermocouple
device near the Hall sensors to measure the temperature drift. The drift was less than ±1 K throughout
the measurement. The quadrupole and sextupole components of the field were extracted from the measured
magnetic fields by applying a discrete Fourier trans-

Fig. 1. Field-mapping device (before installation inside the
STQ)

Fig. 2. Hall sensors are mounted on an arm of the fieldmapping device.
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Fig. 5. Field maps of the sextupole magnet at −46A. The
corresponding quadrupole currents are changed.

formation. These distributions are implemented in the
COSY ion optical calculation. Octupole and higher
components are also obtained, but currently, they are
not taken into account in the COSY calculation.
In order to check the agreement with previous measurements, the effective lengths of Q500 and Q800 are
plotted as a function of excitation current in Figs. 3
and 4. We can see that the newly measured data (diamond marks) are consistent with previous data (cross
marks). An example of the sextupole magnetic field
distribution is shown in Fig. 5, where the sextupole
components of the magnetic field at a warm bore radius of 120 mm are plotted as a function of z position
along the beam axis. Note that the sign of the field is

2
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defined such that particles with positive x-values are
driven toward or away from the optic axis under the
influence of a positive or negative field, respectively.
In this figure, the excitation current is fixed at −46 A
for the sextupole magnet, whereas the corresponding
quadrupole currents are changed. The field strengths
decrease as the current of the quadrupole increases.
The same features can be seen at all other sextupole
currents in Fig. 6, in which the ratio of the sextupole
field strength to the field strength in the absence of the
quadrupole excitation at z = 0 (the center of the Q500
magnet) are plotted. The effective lengths of the sextupole magnet also vary according to the quadrupole
currents, as shown in Fig. 7. These features seem to
be related to the saturation of the magnet pole. Ion
optical analysis using newly measured field maps is in
progress.
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Radiation-shielding system between the high-power beam dump and the
second superconducting quadrupole triplet in the first stage of BigRIPS
N. Inabe, K. Tanaka, K. Yoshida, M. Ohtake, N. Fukuda, D. Kameda, and T. Kubo

Production of RI beams using high-intensity (highpower) primary beams cause serious problems such as
radiation damages, radiation heat loads, and high residual
radiation in the devices and components in the first stage of
the BigRIPS separator 1) where the production target and
beam dump are located. These problems arise because of
the strong flux of neutrons and light charged particles
emitted from the production target and beam dump, as well
as the intense primary beam itself. Figure 1 shows a
schematic layout of the first stage that includes the
production target and the beam dump2).
The intense primary beam stops at the beam dump. The
target beam power is 83 kW, which is the same as that of a
238
U beam at 345 MeV/u and 1 pA. The resulting high
residual radiation will prevent us from approaching a
vacuum beam duct between the beam dump and the second
superconducting quardulole triplet (STQ2). This vacuum
duct must be detached when maintenance work (or
replacement ) of the beam dump and the first dipole magnet
(D1) that accommodates the beam-dump chamber is
required. See Fig. 1 for details. Furthermore, the strong
flux of neutrons and light charged particles emitted from the
beam dump lead to heat loads and radiation damage of the
STQ2. In order to find a solution to these problems, we
have built and installed a radiation-shielding system in the
small gap between the beam dump and STQ2.
Figure 2 shows a schematic drawing of the total system
which consists of 4 parts. A base part, a guide part and a
shield part compose the radiation-shielding system
manufactured by Toshiba Co. Ltd. A pillow seal part,

manufactured by Mirapro Co. Ltd, is a vacuum duct which
enables to detach the vacuum connection by remote
handling. A detail description of the pillow seal is
presented elsewhere in this progress report 3).

Fig. 2. Schematic drawing of the total system (above) and
its photograph taken in Toshiba factory (below)

Fig. 1. Schematic layout (top view) of the first stage of
BigRIPS around the production target and the beam dump.
The radiation-shielding system has been installed in small
gap between the beam dump chamber and STQ2.
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The radiation-shielding system was designed by taking
into account small clearances that are required between the
devices so that the devices can be safely removed on for
maintenance work.
Oscillations occuring due to
earthquakes were also taken into consideration in the design,
assuming horizontal acceleration of 0.45 g. The system

was designed to have a robust structure so that the
oscillation amplitude will be less than ±2.5 mm, which is
sufficiently small for the clearances.
The radiation-shielding system was mounted by placing
the base part on top of the walls on both sides of the
BigRIPS beam line, as shown in Fig. 2. The shield part
was inserted downward into the beam line along the guide
part, which is supported by the base part. The shield part
was safely inserted using guide rails called LM guides,
which are attached between the guide and the shield parts.
The pillow seal was positioned by adjusting the position of
the guide part. This adjustment was performed by using
adjustment blocks in the base part. The alignment
accuracy achieved was better than ± 1 mm.
The
radiation-shielding system including the base part must be
removed when the maintenance of D1, STQ2, and beam
dump is performed. Two knock pins are used in the base
part in order to ensure that the alignment remains the same
as before when the system is installed again.
The radiation-shielding system was constructed using
iron (SS400) and tungsten (W) alloy (AN-1800 by
Mitsubishi Material CMI Co. Ltd.). The total weight of
the system was about 12.5 tons. The W alloy (heavy metal,
18.0 g/cm3) was used near the axis of the primary beams
(see Fig. 2 below) where the flux of the neutrons is strong
because its shielding capability is about 1.5 times that of
iron. Water-cooling channels were provided on the surface
of the W-alloy part to reduce the effect of the radiation heat
loads. The W-alloy part was coated with a thin layer of
sprayed aluminum in order to ensure good heat transfer
between the W-alloy part and the water channels. The
thicknesses of the iron and the W-alloy parts are 100 mm
and 110 mm respectively.

The thickness of the new iron shield is 400 mm and its
radiation-shielding capability is comparable to that of the
concrete block of 1-m thickness. The upper iron plates
were painted with an organic Zn-rich paint (Galber
#400FC) in order to increase the friction between concrete
blocks that are piled above them. The organic Zn-rich
paint is resistant to radiation. The total weight of the iron
shield is about 52 t.
The radiation-shielding system was installed in the
middle of August 2009 and about one month was required
to complete the installation. Prior to the installation of the
radiation shield by Toshiba, we removed the concrete
blocks of the ceiling and the beam duct between the
beam-dump chamber and STQ2 and attached mirror flanges
to the vacuum flanges of both the beam-dump chamber and
STQ2. The diaphragm of the pillow seal was made to
touch the mirror flange to maintain the vacuum. The
removal of the beam duct and the mounting of the mirror
flanges were performed in a very narrow space and under
relatively high residual radiation. Therefore, prior to the
actual removal and mounting, these actions were performed
many times using a mock-up that simulated the system3).
After the installation, we carried out a vacuum test to
confirm that vacuum was maintained well by the pillow seal.
Finally, we replaced the concrete blocks with the new iron
shield. All work related to the installation of the
radiation-shielding system was completed by the middle of
October.

Fig. 4. Schematic drawing of the new iron shield. The
black arrow points to the side shown in Fig. 3
Fig. 3.
Side view of the
radiation-shielding system is installed.

area

where

the

Figure 3 shows the side view of the area where the
radiation-shielding system is installed. In order to install
the radiation-shielding system, a concrete block of 1-m
thickness, which was used to shield the ceiling of the first
stage of BigRIPS4) was replaced with a new iron shield. A
schematic drawing of the iron shield is shown in Fig. 4.
The iron shield was produced by OES Aqua Fuoco Co. Ltd.
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Pillow seal around the beam dump of the BigRIPS
K. Tanaka, N. Inabe, N. Fukuda, D. Kameda, M. Ohtake, K. Yoshida, and T. Kubo
A pillow seal is a remotely operated vacuum duct
utilized in high-radiation environments. The pillowseal system was invented at the Paul Scherrer Institute
and then improved by the High-Energy Accelerator
Research Organization (KEK) hadron group1) . Highintensity primary beams cause a high neutron flux in
the devices around the beam dump of the BigRIPS
separator in the RI beam factory (RIBF)2) , thus causing high-radiation damage and residual radiation. This
high residual radiation prevents us from approaching
the devices around the beam dump that are in need
of replacement or maintenance work. In order to overcome this problem, a pillow-seal system was installed
to connect the chamber of the fist room-temperature
dipole (D1), which contains the beam dump, and
the second superconducting triplet quadrupole magnet
(STQ2) of the BigRIPS.
The pillow seal is remotely operated using compressed air in order to reduce personal exposure to
residual radiation. Figure 1 shows the structure of a

Fig. 1. Schematic view of a pillow seal. Three pipes are
connected to the pillow-seal flanges. Two pipes are for
compressed air and another is for vacuum. See text for
details.

pillow seal. The pillow seal consists of two flanges connected by dual bellows. The length of the pillow seal
is decreased by evacuating the dual bellows and is increased by using compressed air.
Vacuum sealing is achieved using the pillow seal as
follows: The seal surface is in contact with the special flange (seal-face flange), which faces the pillow seal
once the bellows are extended. Diaphragms that can
expand are utilized to remain in contact with the surface of the seal-face flanges. Compressed air is filled
in the region between the flange and diaphragms to
expand the diaphragm, as shown in the sectional side
view in Fig. 1. The diaphragm surfaces are polished
to obtain a mirror-like finish within 5-nm roughness to
make the vacuum seals. The surfaces of the seal-face
flanges are also polished to obtain a mirror-like finish.
The mirror-like surface of the diaphragms get tightly
stretched over the seal-face flange by extended bellows
of the pillow seal. As a result, vacuum sealing of the
metal surfaces in close contact is achieved without employing any radiation-sensitive gaskets, such as rubber
O-rings. The reverse procedure is followed to detach
the pillow seal. As shown in Fig. 1, the seal surfaces
have a double structure. The intermediate region between two seal surfaces is vacuated to improve the seal
performance1) .
Figure 2 shows the RIBF pillow-seal system. The
RIBF pillow seal is present inside the radiation shield;
the latter is also required in the narrow space between
D1 and STQ23) . Three bearings on the side of the
pillow-seal flanges remain in contact with the inner
shield, as indicated in Fig. 2, in order to align the
pillow seal. The bearings move the pillow-seal flanges
smoothly along the beam axis to extend or shorten
the pillow seal. The space where the RIBF pillow seal
will be installed has a length of 100 mm, and the inner shield is 90-mm thick. In order to be mounted,
the RIBF pillow seal is shortened to a length of 80
mm. The outer shield has guides to mount and dismount the RIBF pillow seal system. Two pivots and
guides on the outer shield are used to align the inner
shield with the pillow seal. The pillow seal in the inner
shield is positioned within ±1 mm relative to the center of the outer shield. The inner shield is made of an
alloy of stainless steel, lead, and tungsten alloy (A1800
produced by Mitsubishi Material CMI Co. Ltd.). The
tungsten alloy has 1.5 times better shielding capability
than an alloy of stainless steel and lead. Therefore, it
can be located near the pillow seal where the neutron
flux is high. In order to reduce the radiation-heat load
on the pillow seal, colling water can be circulated in
the channels within the flanges. 0.3-MPa N2 gas is
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1

quickly and precisely. As a result, the time required
for completing the installation process reduced by half,
and the exposure was limited to less than 15 µSv in a
∼100-µSv/h environment4) .
The radiation shield along with the RIBF pillow-seal
system was installed after the seal-face flanges were
installed, and then the pillow seal was connected to
the BigRIPS setup. The leak rate was found to be over
10−9 Pa m3 s−1 which is appropriate for the vacuum in
the BigRIPS setups.

Fig. 2. Schematic view of the pillow seal mounted on the
radiation shield. The pillow seal with three bearings is
present in the inner shield. The inner shield is mounted
in the guide on the outer shield with bearings attached
on the inner shield. Unlike the pillow seal shown in
Fig. 1, two pipes for cooling water are connected to the
pillow-seal flange.

used to operate the pillow seal instead of compressed
air because NOx corrosion as a result of air (N2 + O2 )
activation is possible when air is used.
We developed a test bench to check the vacuumsealing performance of the pillow seal before we design
the pillow-seal system along with the radiation shield.
Figure 3 schematically shows the test bench. The position and slope of the pillow seal with respect to the two
seal-face flanges can be changed, and the leak rate was
measured using helium under several conditions. The
leak rate was lower than 10−9 Pa m3 s−1 for a ±2-mm
difference in the position and a ±10-mrad difference in
the inclination of the pillow-seal flanges relative to the
seal-face flange.
The detachment of an existing duct and the attachment of the two seal-face flanges will have to be carried
out in a narrow space in the high-residual-radiation
environment before installing the pillow-seal system in
the BigRIPS. Radiation-hard metal O-rings (U-tight
seal produced by Usui Kokusai Sangyo Co. Ltd.) were
used as gaskets for the two seal-face flanges, where a
high neutron flux is provided from the beam dump.
To reduce the radiation exposure as much as possible, mock-ups of D1 magnet, D1 chamber, and STQ2
magnet were built to improve the installation process and to practice completing the installation more

2
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Fig. 3. Schematic view of the test bench. The pillow-seal
system is mounted in the guide, as shown in this figure,
which is similar to that of the outer shield shown in
Fig. 2. To test the effects of any alignment changes,
the the pillow seal in the guide can be shifted along the
horizontal (X) and vertical (Y) direction. The seal-face
flanges can shift along the beam-axis direction (Z) with
the base flanges, and they can be declined using the
shim between the support and base flanges.
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Radiation measurement around the BigRIPS
K. Tanaka, N. Inabe, Y. Gono, and T. Kubo
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Since the setup around the BigRIPS is being continuously modified and improved, it is necessary to predict the residual radioactivity in the region by taking
into account the beam intensity and the beam cooling
time in order to reduce exposure to residual radiation.
Since the installation of a pillow-seal system around
the beam dump of the BigRIPS where the radiation
level was high was planned in the summer of 2009, a
precise estimation of the radiation dose was necessary.
Therefore, we measured the residual radioactivity at
several places around the BigRIPS by using the Teletector 6112D GM survey meter, which can perform
remote measurements, and we evaluated their time dependence. A γ-ray spectrum was also measured in the
region of the beam dump with a Ge detector in order
to identify the residual radionuclides and to predict
future dose rates.
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Fig. 2. Time dependence of the residual radioactivity.
Spots of each plot are shown in Fig. 1. Owing to intense beams indicated in this figure, the radioactivities
highly rose.

1

occurred as a result of the setup changes and beam
irradiations, as indicated in the figure. From June to
October 2009, the setup around the F0 production target and the beam-dump chamber were changed. In
particular, the F0 chamber was replaced with a new
one1) in June 2009, and then the dose rate decreased
considerably.
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Fig. 1. Layout around the F0 and the beam-dump chamber
of the BigRIPS.

The spots 1–3, which have been marked with solid
circles in Fig. 1, denote the places around BigRIPS
where high dose rates were observed. Figure 2 shows
the time dependence of the measured radioactivity.
Some unnatural variations in the plots shown in Fig. 2
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Fig. 3. Ge spectrum measured around the beam-dump
chamber. The numbers in this figure indicate the nuclides listed in Table 1. Peaks with same numbers indicate the same nuclide.

In August 2009, the setup around the beam-dump
chamber where the radiation was already high was
changed2) . In order to precisely estimate the personal
exposure during this work, and to prepare an efficient
work plan, we measured a γ-ray spectrum (Fig. 3) near
the beam-dump chamber with a Ge detector on March
2, 2009. The major material in the setup used around
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Table 1. List of the nuclides and their properties measured using a Ge detector placed near the beamdump chamber. Peak Nos. 1–8 indicate the peaks shown in Fig. 3, which were measured on March
2, 2009. The nuclides that mainly contributed to the radiation are listed in the table. The radiation
due to the nuclides that was estimated in August 2009 is also listed.
Peak No.

1
2
3
4
5
6
7
8

Nuclide

57

Co
Mn
58
Co
54
Mn
56
Co

51

46

Sc
V
60
Co
48

Energy (keV)

122
320
811
835
846, 1037, 1238,
1772, 2598
889
984, 1037, 1312
1173, 1332

Half life

271 days
28 days
71 days
312 days
79 days

Dose ratio (%)
March 2009
(measured)
0.3
1.5
25
27
17

84 days
16 days
5.3 years

7.8
8.1
11

5.0
0.01
26

98
Radioactivity (µSv/h)
230

100

total

the beam-dump chamber is stainless steel (SUS316).
From the spectrum, we identified the nuclides that
mainly contribute to the radiation dose near the beamdump chamber; they were 54 Mn, 56 Co, 58 Co, and 60 Co.
The radiation dose in August was estimated by taking
into account the half lives of the nuclides. Table 1
shows the observed major nuclides and their radioactivity. In this table, the dose was relatively estimated
using the photoelectric-peak count of the spectrum,
the correction factor for the detector efficiency (²), and
the γ-ray energy, as
dose ∝ (peak count)/² × energy.

(1)

The dose ratio is the ratio of each nuclide dose to the
sum of all nuclide doses. In August 2009, the dose ratios were estimated from the ratios obtained on March
2, 2009 by taking into account the half lives of the
nuclides. The total dose was measured with the GM
survey meter on March 2 and August 20 at the spot
where the setup was changed2) . As shown in Table 1,
the radiation doses estimated in August were accurate
within ± 10 %.
References
1) A. Yoshida et al.: In this report.
2) K. Tanaka et al.: In this report.

- 164 -

⇒

⇒

August 2009
(estimated)
0.5
0.06
12
47
10

90 (estimated)
85 (measured)

RIKEN Accel. Prog. Rep. 43 (2010)

Separation of RI beams using two-stage separation method in
BigRIPS
N. Fukuda, T. Kubo, T. Ohnishi, N. Inabe, H. Takeda, D. Kameda,
and ZeroDegree commissioning collaboration
[In-ﬂight ﬁssion, Particle identiﬁcation]
One of the important characteristics of the BigRIPS
in-ﬂight separator1) is its two-stage structure (Fig. 1).
The two-stage structure can be used for the delivery
of tagged RI beams or as two separators in tandem
with each other. The former is achieved in the tagging mode of the separator1) in which the ﬁrst stage is
used to produce and separate RI beams with a wedgeshaped degrader, while the second stage works as a
spectrometer to analyze and identify those RI beams.
The latter is achieved in the two-stage separation mode
of the separator, where an additional energy degrader
is used at the second stage to further purify the RI
beams.
In the commissioning experiment of the ZeroDegree
spectrometer conducted in November 2008, we tested
the applicability of the two-stage isotope-separation
method in separating the ﬁssion fragments produced in
the 238 U+Pb reaction at 345 MeV/nucleon. The produced ﬁssion fragments have momentum spread over a
large range; this is a characteristic of Uranium ﬁssion.
Consequently, we detected more than 200 diﬀerent isotopes having the same magnetic rigidity.
In this report, we present the experimental results
and demonstrate the applicability of the two-stage separation method in the BigRIPS separator.
In the above experiment, a 238 U86+ beam bombarded a Pb target having a thickness of 1.5 mm at
E = 345 MeV/nucleon. The magnetic rigidity (Bρ)
of the ﬁrst dipole magnet (D1) was set to 7.3940 Tm,
which was kept constant during the measurement. The
momentum slit was set to ±3% by suitably adjusting
slits at the F1 dispersive focus located at the center of
the ﬁrst stage (F0–F2). In the two-stage separation
method, the ﬁrst wedge-shaped aluminum degrader
having a thickness of 3 mm was installed at the F1
focal plane in the ﬁrst stage, and the second curved
aluminum degrader having a thickness of 1.8 mm was
installed at the F5 dispersive focus located at the center of the second stage (F3–F7). The Bρ values in
the region following the F1 were set so as to obtain
140
Te52+ at the center of each focal plane and collect
the isotopes with atomic numbers Z in the range of
50–55. The slit at F2 was set to ±15 mm.
The second stage is designed to function as a spectrometer for particle identiﬁcation (PID). The PID was
performed by measuring the energy loss (∆E), time of
ﬂight (TOF), and Bρ of the fragments using the beamline detectors installed at the F3, F5, and F7 foci. The

∆E was measured at F7, while the TOF measurement
was performed between F3 and F7. The Bρ was determined by tracking the trajectories of the fragments between F3 and F5, and those between F5 and F7. Since
we use the Bρ between F3 and F5 (Bρ35 ) or the one
between F5 and F7 (Bρ57 ) for PID, we have to know
the velocity between F3 and F5 (β35 c) or between F5
and F7 (β57 c). If the mass-to-charge ratio (A/Q) does
not change at the F5 degrader, the β35 value can be
deduced from the following relations:
(A/Q)35 γ35 β35
Bρ35
=
,
Bρ57
(A/Q)57 γ57 β57
TOF37 =

L57
L35
+
,
β35 c β57 c

(1)
(2)

where γ, L, and u denote Lorentz factor, the ﬂightpath length, and atomic mass unit, respectively. In the
data analysis, we reject the events whose A/Q changes
at the F5 degrader by checking the correlation between
the Bρ35 and Bρ57 values.
The experimental results are shown in Fig. 2, where
the PID plots for three diﬀerent cases were obtained by
calculating the atomic number Z and the A/Q of each
fragment from the measured ∆E, TOF, and Bρ values.
In Fig. 2 (a) (the PID plot obtained when no degrader
is used) more than 200 isotopes with Z ranging from
30 to 55 are clearly indentiﬁed. In order to collect
the required isotopes with Z = 50–55, the energy degrader was installed at F1. Figure 2 (b) shows the PID
plot when the degrader is intalled. The relative yield
of the required isotopes increases up to approximately
40%, although some lighter isotopes (Z = 30–45) that
are contaminants may also be obtained. The contaminants are the isotopes that have diﬀerent atomic charge
state (H-like) between the F0 and the F1 degrader and

Fig. 1. Schematic layout of the BigRIPS separator. There
are seven foci in the beamline that are denoted as F1–
F7. The ﬁrst stage includes the components from the
production target-position (F0) to F2, while the second
stage includes those from F3 to F7.
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these are transported to the F2 focus as fully electronstripped ions. The present identiﬁcation of the variations in the charge state is conﬁrmed by the position
distribution at F3 in which the charge dispersion can
be clearly seen as shown in Fig. 3.
In order to further purify the RI beams, another
degrader was installed at F5. The PID plot obtained
in this case is shown in Fig. 2 (c). The second degrader
ensures a drastic puriﬁcation of isotopes with Z = 50–
55 by rejecting the lighter ions. The purity achieved is
over 99%.
Finally, we describe another beneﬁt of the two-stage
separation method. The use of the second degrader
reduces the amount of ions that are not completely
stripped, as shown in Fig. 4. The ﬁgure represents
the A/Q spectra of Sn (Z = 50) isotopes for the cases
(a) without degrader, (b) with one degrader, and (c)
with two degraders. The relative yield of 132 Sn49+ to
135
Sn50+ in the case of two-stage separation is negligible compared to those in the cases when no degrader
or one degrader is used.
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Fig. 3. Two-dimensional plot of the x-position at F3 (F 3x)
versus Z showing charge dispersion at the F3 focus.
Two components of charge dispersion are seen. The
isotopes with Z = 50–55 are transported from F0 to F3
as fully stripped ions, while those with Z = 30–45 are
transported from F0 to the F1 degrader as H-like ions,
then are transported from F1 to F3 as fully stripped
ions.
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Fig. 4. A/Q spectra of the Sn (Z = 50) isotopes obtained
for the cases (a) without degrader, (b) with one degrader (F1), and (c) with two degraders (F1 and F5).
135
Sn50+ and its contaminant 132 Sn49+ are indicated by
arrows. The ratio of 132 Sn49+ to 135 Sn50+ for the twostage separation case is negligible compared to those for
the cases when no degrader or one degrader is used.
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Fig. 2. Two-dimensional plots of Z versus A/Q for the ﬁssion fragments produced in the 238 U+Pb reaction obtained (a) without degrader, (b) with one degrader (F1)
setup, and (c) with two degrader (F1 and F5) setup.
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CCJ Operation in 2008-2009
T. Nakamura, H. En’yo, Y. Goto, T. Ichihara, Y. Watanabe and S. Yokkaichi
Overview
The RIKEN Computing Center in Japan (CCJ)1)
has been developed since April 1998 for analyzing the
huge amounts of data collected in the PHENIX experiment at RHIC. Thus far, CCJ has been providing
numerous services as Asia’s regional computing center. For instance, CCJ maintains sufficient computing power by the PC cluster operated by Scientific
Linux2) for simulation and individual data analysis.
The collected data are transferred through SINET3
with a 10 Gbps bandwidth, maintained by NII3) ,
from Brookheaven National Laboratory (BNL) by using GridFTP4) . The transferred data are once stored
in High Performance Storage System (HPSS)5) before starting the analysis. This HPSS is one of the
joint operations with the RIKEN Integrated Cluster
of Clusters (RICC) project. One of the most successful achievements of the CCJ operation up to now is
the completion of more than 30 doctoral dissertations
with the analysis results obtained using the computing
resources at CCJ.
A summary of the basic configuration of the CCJ
system has been published elsewhere6) . Since last year,
several major hardware-level upgrades have been carried out. The center network switch has been replaced
with Catalyst4900M, which has eight 10 Gbps ports, in
July 2009. The operation of the HPSS was started with
a new version 7.1 in January 2010. In February 2010,
four sets of UPS were replaced by SANUPS ADS series (Sanyo Denki). The server (ccjnfs11) for Network
File system (NFS), which managed a 6.8 TB FC-FC
RAID box and a 8.9 TB FC-SATA RAID box, was
ended the service to be upgraded in March 2010. Recently, effective use of the existing computing resources
has become difficult owing to the rapid increase in the
PHENIX data size. In this report, the details of several
upgrades and developments made to the CCJ system
in the 2008-2009 period are included.
2 PC cluster specification
Until early 2008, CCJ was operated by approximately 190 PC nodes, 166 nodes of which were used
as calculation nodes for the simulation and PHENIX
data analysis. In June 2008, 112 nodes were eliminated. The remaining 36 and 18 dual CPU nodes have
Intel Pentium III (1.4 GHz) CPU and Intel Pentium 4
(2.0 GHz) CPU, respectively. Each calculation node
has 1 GB memories.
In February 2009, 18 PC nodes (HP ProLiant DL180
G5) were newly introduced to compensate for the low
total computing power. Each node has dual CPUs
(Quad-Core Intel Xeon E5430 2.66 GHz) and 16 GB
memories. These nodes have twelve 3.5 inch bays of
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7
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Number of parallel jobs

Fig. 1. Average total speed for reading 1 GB files in one
disk (square), 8 parallel disks (filled circle), hardware
RAID5 (open circle), and software RAID5 (triangle) as
a function of number of parallel jobs.

HDD for each chassis. Two 146 GB SAS disks are
mounted for the operating system and used by mirroring to reduce the down time originating from the troubles on the HDD. Initially, eight 1 TB SATA disks were
mounted for local data storage. In December 2009, two
additional 1 TB SATA disks were added to each node.
Currently, local disks with a total capacity of 180 TB
are available for the data storage. This specification
is the key feature for I/O bound jobs, as will be described in the next section. Each node has a 1 Gbps
network interface card, and all of the nodes are connected to a network switch (Dell PowerConnect 6224)
mounted on the same rack. This network switch is up
linked to the center network switch at CCJ (Catalyst
4900M) via a 10 Gbps connection. This new cluster
has the capability to process a typical PHENIX analysis job approximately three times faster than the old
PC nodes in a CPU core.
In October 2009, 20 PC nodes were setup as a cluster
at RICC for the exclusive use of the CCJ users. Each
node has dual CPUs (Quad-Core Intel Xeon X5570
2.93 GHz) and 12 GB memories and is operated by
Scientific Linux 4.4 on VMware ESXi7) so that it is
dedicate to the PHENIX analysis environment. Condor8) system is available as a batch job scheduler for
this cluster.
Thus, a total of 412 CPU cores are presently available as calculation nodes for the CCJ users.
3 Development of job submission scheme
The PHENIX data stored once in the HPSS will be
transferred to several RAID boxes for the analysis. Although users can access the data in the RAID boxes
through the NFS servers, multiple access from numer-
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Table 1. Summary of nDSTs in local disk.

Run
Run
Run
Run
Run

9
9
8
6
5

Dataset
p + p 200
p + p 500
p + p 200
p + p 200
p + p 200

GeV
GeV
GeV
GeV
GeV

nDST type
All type
All type
All type
w/o detector
w/o detector

Data amount
65.4 TB
31.2 TB
21.2 TB
14.6 TB
9.9 TB

ous calculation nodes at the same time is not possible
because of the decrease in the I/O speed. Therefore,
users must transfer the data from the RAID boxes to
the calculation node for each batch job. Since the size
of PHENIX data is growing steadily, such data transfer
becomes a bottleneck in data analysis. This problem is
eliminated with the use of the newly introduced calculating nodes, which have large capacity local disks for
storing the data a priori (see previous section). However, since these new calculating nodes have multi-core
CPUs, which is predominant in the market, data analysis remains an I/O bound type job. Therefore, it
is necessary to optimize the composition of the local
HDD. We performed a benchmark test to evaluate the
I/O performance for the new cluster. Figure 1 shows
the average total speed for reading 1 GB files as a function of the number of parallel jobs. Originally, each
HDD shows the I/O performance of 100 MB/s. However, the use of a multi-HDD is not advantageous with
the RAID configuration, as shown by the open circles
and triangles in Fig. 1. Since the RAID configuration
gives us a single name space, maintaining the data location becomes easy. Nevertheless, we do not chose
this configuration to maximize the I/O performance.
In October 2009, approximately 96 TB Run 9 p + p
data, so-called nano-DST, were transferred from BNL
as soon as data reconstruction was completed at the
RHIC Computing Facility (RCF)9) . They were stored
in local disks along with the previously stored data.
Table 1 shows a summary of the dataset in the local
disks accessible to users by the batch queuing system.
In the calculation nodes, users can process their own
analysis code via the batch queuing system (LSF version 7.010) ) in the CCJ cluster. We have added some
software modules to enable the user specify the nDSTs distributed to the local disks during job submission. Figure 2 shows a brief flowchart of the dataoriented job submission scheme. Since all the subsets
of the PHENIX data have identical run numbers, the
module first obtains the location of the nDST by the
user-specified run number from a database. Then, the
module submits the user jobs to the appropriate node
by the LSF. To avoid multiple access for a local disk
from several jobs, the module sets a lock file for exclusive access and grants permission only to the user by
the Access Control List (ACL) method. As a result,
each job dispatched to a calculating node exclusively
handles a local disk. The advantage of this method
is that the I/O performance is enhanced, as shown by
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Fig. 2. Data-oriented job submission scheme.

the filled circles in Fig. 1. Further, a temporary work
area for the job is assigned to the same disk with the
data location. Therefore, this scheme is effective for
eliminating the I/O bound problem in case of generic
jobs as well e.g. simulation. Each job are able to save
the processing time on the data transfer approximately
10 times as compared to the typical jobs in the preexisting calculating nodes. An instruction is provided in
this URL11) on how to access to the data stored in the
local disks.
4 Summary
18 calculating nodes with 180 TB local disks were
introduced for effectively analyzing huge amounts of
PHENIX data. A data-oriented batch queuing system
was developed as a wrapper of the LSF system to increase the total computing throughput. Indeed, the
total throughput was improved by roughly 10 times as
compared to that in the existing clusters; CPU power
and I/O performance are increased threefold and tenfold, respectively. Thus, users can analyze data of several tens of terabytes within a few hours. This is one
of the most significant developments made to the CCJ
operation in 2009.
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SHARAQ Project: Progress in 2009
T. Uesaka,∗1 S. Michimasa,∗1 S. Ota,∗1 A. Saito,∗1 K. Nakanishi,∗1 Y. Sasamoto,∗1 H. Miya,∗1 H. Tokieda,∗1
S. Kawase,∗1 Y. Shimizu,∗1 S. Shimoura,∗1 K. Miki,∗2 S. Noji,∗2 H. Sakai,∗2 K. Yako,∗2 S. Itoh,∗2 H. Kurei,∗1
N. Yamazaki,∗1 A. Yoshino,∗1 T. Kawabata,∗4 Y. Yanagisawa,∗3 T. Kubo,∗3 T. Ohnishi,∗3 H. Takeda,∗3
D. Kameda,∗3 N. Fukuda,∗3 K. Tanaka,∗3 K. Yoshida,∗3 A. Yoshida,∗3 N. Inabe,∗3 K. Kusaka,∗3 M. Ohtake,∗3
M. Kurokawa,∗3 M. Sasano,∗3 K. Itahashi,∗3 H. Baba,∗3 T. Ichihara,∗3 Y. Shimbara,∗5 M. Nagashima,∗5
G. P. A. Berg,∗6 D. Bazin,∗7 and P. Roussel-Chomaz,∗8
On March 23, 2009, the ﬁrst beam was successfully
transported to the ﬁnal focal plane of the SHARAQ
spectrometer. We investigated detector responses to
heavy-ion beams and the ion optical properties of
the SHARAQ spectrometer1) and the high-resolution
beam line2) in the subsequent commissioning runs and
found that the system as a whole worked almost as per
its design. The ﬁrst physics run with the spectrometer
was performed in November 2009. In this article, we
review the progress in the SHARAQ project in 2009.
1

Last minutes of the construction

The construction of the spectrometer and the beam
line was continued until the end of February 2009.
Cathode read-out drift chambers (CRDC) were installed at the focal plane of the SHARAQ spectrometer
in January 2009. The vacuum chambers and pumping
systems of the spectrometer were built in February.

Fig. 1. Newly constructed beam line magnets: two normalconducting dipole magnets (DH7 and DH8) and a superconducting triplet quadrupole magnet(STQ-H15).
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tectors, and vacuum pumps were installed in the highresolution beam line in February 20093) . Figure 1
shows a photograph of the newly constructed beamline magnets: two normal-conducting dipole magnets (DH7 and DH8) and a superconducting triplet
quadrupole magnet(STQ-H15).
2

Commissioning runs

A primary 14 N beam accelerated up to 250 MeV in
SRC was transported from F0 of BigRIPS to the focal
plane of the SHARAQ spectrometer. This is the ﬁrst
time that a beam was accelerated without involving an
IRC. The ion beam struck plastic scintillation counters
placed downstream of the focal plane for the ﬁrst time
at 22:37 on March 23, 2009 (JST).
The beam-line detectors consisting of eight multiwire drift chambers (MWDC) and the SHARAQ focalplane CRDCs were irradiated by the 14 N beam and
the secondary beams of 12 B, 9 Li, 6 He, and 3 H at
200A MeV. The detectors were operated at a low gas
pressure of 10 kPa for the beam-line MWDCs and at
2 kPa for the CRDCs. Detection eﬃciencies were found
to be almost 100% even for light ions with Z in the
rage 1–76,7) . We have also conﬁrmed that position resolutions are high and amount to 200–300 µm FWHM,
which meets the design requirements. A new data taking system was also found to function satisfactorily.
The ion-optical properties of the magnetic system
were investigated by using beam trajectories determined by the tracking detectors described above. Momentum dispersions (x|δ) at the dispersive focal planes
F6 and FH7 and at the focal plane of the SHARAQ
spectrometer were found to be 7.8 m, 7.5 m and 5.8 m,
respectively. These values are consistent with the design values.
Beam-line tuning was carried out to achieve lateral
and angular dispersion matching conditions and double focus conditions at the SHARAQ target position4) ;
the tuning was performed by adjusting the excitation
currents of the four quadrupoles QH18, STQH19a, b,
and c. During the tuning, the correlations between
particle trajectories at the dispersive focal plane FH7
and at the focal plane of the SHARAQ spectometer
were used for diagnostics. The beam position at FH7,
xFH7 , corresponds to the beam momentum, and thus,
the correlation between xFH7 and the position in the
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1

focal plane of the SHARAQ spectrometer, xFP , provides a good measure of (x|δ) of the whole ion-optical
system. The upper panel of Fig. 2 shows the correlation between xFH7 and xFP . The upright correlation
between xFH7 and xFP in the ﬁgure clearly shows that
the beam position at the focal plane of the SHARAQ
spectrometer is independent of the beam momentum,
which indicates the achievement of the lateral dispersion matching condition.

The resulting momentum resolution δp/p was found
to be approximately 8100. Further studies to improve the momentum resolution are in progress. From
the ion-optical studies, it is clearly demonstrated that
tracking of the beam particles in the beam line facilitates beam line tuning that is required to obtain the
dispersion matching conditions.
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Fig. 3. Horizontal beam images at the ﬁnal focal plane in
the achromatic transport mode (upper panel) and in
the dispersion matched transport mode (lower panel).
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Fig. 2. Horizontal beam images at the ﬁnal focal plane in
the achromatic (upper panel) and the dispersion matching transport (lower panel).

Similarly, the correlation between xFH7 and the horizontal angle at the focal plane of the SHARAQ spectrometer, aFP , that is shown in the lower panel of Fig. 2
is a good measure of the angular dispersion matching.
After tuning, we succeeded in obtaining the lateral
and angular dispersion matching conditions simultaneously.
Figure 3 shows the horizontal beam image at the
focal plane of the SHARAQ spectrometer. Its width
corresponds to the intrinsic momentum resolution of
the ion-optical system. The upper panel presents the
data obtained in the achromatic transport mode. In
this mode, the resolution was limited by the momentum spread of the beam. After the dispersion matching
condition was obtained by carrying out beam line tuning, the beam image was narrowed down considerably,
as shown in the lower panel of Fig. 3.

2

The (t, 3 He) Experiment
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The ﬁrst physics run with the SHARAQ spectrometer was performed to search for β + -type isovector spin
monopole resonances in 90 Zr and 208 Pb. The (t, 3 He)
reaction at 300 MeV/nucleon was used to extract β +
strengths. An intense triton beam of 107 s−1 was produced by projectile fragmentation of a primary 320MeV/nucleon 4 He beam, and the scattered 3 He ions
were momentum-analyzed by the SHARAQ spectrometer. The details of the experiment are described in
Ref. 8.
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Construction of high resolution beam line for
the SHARAQ spectrometer
Y. Yanagisawa, T. Kubo, K. Kusaka, M. Ohtake, K. Yoshida, T. Ohnishi, Y. Sasamoto, ＊１
A. Saito, ＊１ T. Uesaka, ＊１ S. Shimoura, ＊１ T. Kawabata, ＊２ S. Noji, ＊３ and H. Sakai＊３
High resolution beam line has been constructed for the
SHARAQ spectrometer at RIBF in order to achieve
dispersion matching that can facilitate high-resolution
measurement at the focal plane of the spectrometer. This
beam line is formed by the existing BigRIPS separator1) and
a newly constructed beam line that diverges from BigRIPS
and extends up to the target position of SHARAQ. The
SHARAQ spectrometer is designed to achieve a high
momentum resolution Δ p/p of 1/15000 for charged
particles with a magnetic rigidity (Bp) of 6.8 Tm. The high
resolution beam line is designed to satisfy the lateral and
angular dispersion matching conditions; designing process
involved the precise ion optical calculations2).
The SHARAQ spectrometer is installed in the E20 room.
Since the RI beam emitted from the production target at F0
is achromatically focused at F3 in the normal beam
transport procedure for the BigRIPS, the starting point of
the high-resolution transport2) to the SHARAQ
spectrometer is determined to be F3.

of two 30° bend dipoles (D-H7,D-H8), one quadrupole
doublet
(Q-H16,Q-H17), one quadrupole singlet
(Q-H18-a,b), three superconducting triplet quadrupole
magnets (STQ-H14,STQ-H15,STQ-H19), and four focal
planes (F-H7,F-H8,F-H9,F-H10), as shown in Fig.1.
To reduce the cost of construction, normal conducting
quadrupole magnets are used for the existing magnets.
Magnets of Q-H16 and Q-H17 are identical to those of PQ3
and PQ2 in the used that were for the SMART spectrograph,
respectively. The magnets of Q-H18-a and Q-H18-b reused
redundant magnets in the E1 room. On the other hand, two
dipoles are newly constructed with the same specifications
as the dipole in the BigRIPS.
The maximum magnetic rigidity of the beam line is 8.5
Tm, which is limited by the maximum field gradient of the
quadrupole doublets. The basic specifications of the
magnetic elements are listed in Table 1.

Table 1. Specifications of the magnetic elements
Fig. 1. Layout of the high resolution beam line.
Up to F6, the beam line shares the magnetic elements with
the BigRIPS. After F6, the high resolution beam line
branches from BigRIPS at the location of the E15 room and
bends 60° toward the target. Since the layout of the
magnetic elements of the BigRIPS separator has already
been determined, the layout between the branching point
and the target should be optimized to satisfy the dispersion
matching conditions. The high resolution beam line consists
＊１
＊２
＊３
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Department of Physics, Kyoto University
Department of Physics, University of Tokyo

Construction of the high resolution beam line was
completed in March 2009. Commissioning experiments and
tests for verifying the proper functioning of the SHARAQ
spectrometer were performed in March and May 2009.
Results of the commissioning experiments are described in
ref. 3.
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Focus tuning method of the high-resolution beam line for the
SHARAQ spectrometer
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Fig. 1. Layout of the high-resolution beam line. It branches
from BigRIPS after F6. F3 is the ion-optical starting
point of the high-resolution beam line.

The use of correlations in the standard tuning
method is not always effective in RI-beam experiments.
Figure 2 shows the correlation between the angle at
F3 and the position at F6 for a primary 14 N beam
during the commissioning. The position and angle
are determined experimentally by using multiwire drift
chambers6) . The correlations shown in the left and
right panels in the figure were obtained at different
magnetic-field settings. Therefore, the slopes in the
panels should be different. However, it is difficult to
determine the difference.
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New missing-mass spectroscopy involving RI beams
will be conducted at the RIBF with the SHARAQ
spectrometer1) . The SHARAQ spectrometer is designed to achieve a resolving power of p/δp = 1.5 × 104
and a high angular resolution δθ of 1 mrad for particles
with a maximum magnetic rigidity Bρ of 6.8 Tm. In
order to avoid loss of energy resolution due to the momentum spread of the RI beams, the dispersion matching (DM) technique is applied in high resolution measurements2) .
A high-resolution beam line has been constructed3)
according to the ion optical design described in Ref. 2.
Figure 1 shows the layout of the high-resolution beam
line. The RI beam emitted from the production target
at F0 is achromatically focused at F3. F3 is the ionoptical starting point of the high-resolution beam line.
Beyond the starting point, the beam line consists of 30
superconducting quadrupole magnets, 4 normal conducting quadrupole magnets, and 5 dipoles. In order
to reduce the tuning time for the beam line, the primary settings for each magnet were determined from
the ion optical calculations performed on the basis of
precise magnetic-field-measurements4) . Fine tuning is
still needed for the high-resolution measurements. In
this report, the tuning method that is used in the
commissioning of the high-resolution beam line for the
SHARAQ spectrometer5) is described.
Measurement of the transfer matrix R, which relates
the initial and final coordinate vectors X and X  as
X  = RX, is required for fine-tuning. The elements of
R are usually obtained from the correlations between
phase-space variables of two focal planes. For example, in order to tune the focus condition for the matrix
element (x|a)if = 0, where each digit in the subscript
denotes the corresponding focal plane, we use the correlation between the position xf at the final point and
the angle ai at the initial point. The slope of the
plot corresponds to the magnitude of (x|a)if . Thus,
for beam-tuning the high-resolution beam line for the
SHARAQ spectrometer between F3 and F4 shown in
Fig. 1, the correlation between the positions at F4 and
the angles at F3 can be used. In this report, we call
this method, which involves the use of the correlation
between xf and ai , the standard focus-tuning method.
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Fig. 2. Correlation between the angles at F3 and the positions at F6 for a primary 14 N beam under different
field settings. The slope corresponds to the magnitude
of (x|a)36 .

This difficulty is caused by the spread of the image at
the focal plane, which result from the large dispersion
and beam-energy spread. The dispersion at the focal
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1

the terms on the left side of Eq. (2) and the angle
at FH7, a7 , under a different magnetic-field setting.
In Fig. 4, it is clearly seen that the slope, which indicates the magnitude of (x|a)76 , is different. If the
standard tuning method is applied using the correlation between x6 and a7 , the spread of the image caused
by x7 because of the large dispersion smear (x|a)76 information. Fine-tuning is thus possible by momentumindependent focus tuning.
100
50

x7 (mm)

planes in the DM mode are summarized in Table 1.
When the primary beam with a momentum spread ∆p
of ∼±0.1% is used, the horizontal beam image, for example, at F6, spreads by about ±8 mm because of
the dispersion. The beam spread smears the information for (x|a). Even if momentum slits are used to
reduce the beam momentum, the reduced momentum
is almost on the same order as the momentum of the
primary beam. The standard tuning method could be
applied between F3 and F4 as described above because
the spread caused by the dispersion is not considerably
larger than that at other points.
Table 1. Design dispersion (x|δ) for the DM mode.
F6
76.7

FH7
−73.7

FH9
229

FH10
150

-100
-100

The term on the left-side of in Eq. (1) is independent
of the beam momentum; by eliminating the spread due
to the beam-energy spread at FH7.
Next, we will consider a simple example between
F6 and FH7. In the following, the left-hand side is
independent of the beam momentum:
(2)

In this equation, the dispersive term is not included because there is no dipole magnet between F6 and FH7.
In Eq. (2), the particles are assumed to be emitted from
FH7 to F6. To evaluate the left-hand side of Eq. (2),
the magnification (x|x)76 should be experimentally deduced. Figures 3 and 4 show the correlation between
F6 and FH7. Figure 3 shows the correlation of x6 with
x7 and the slope of this corresponds to the magnification (x|x)76 . Figure 4 shows the correlation between

2

-50

0

50

100

x6 (mm)

One of the methods to reduce the effect of the beamenergy spread involves the use of the measured beam
momentum and the matrix elements. Although this
method is simple and valid, a considerable amount
of time is required to experimentally deduce both the
beam momentum and the matrix elements, which are
coupled to each other.
Another method, which we introduce, is to use quantities that do not depend on the beam momentum.
In this report, we call this method the momentumindependent tuning method. This method is effective
for tuning in the focal planes that exhibit a large dispersion. Let us consider focus tuning between F4 and
FH7 for the purpose of achieving (x|a)74 = 0. The
beam momentum δ could be assumed to be x7 /(x|δ)37
in the largely dispersive focal plane of FH7. Then,
phase-space variables are related in first-order optics
as


(x|δ)74
(1)
x4 − (x|x)74 −
x7 = (x|a)74 a7 .
(x|δ)37

x6 − (x|x)76 x7 = (x|a)76 a7 .

-50
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Fig. 3. Correlation between positions at F6 and FH7,
which are represented as x6 and x7 , respectively. The
slope corresponds to the magnification between F6 and
FH7, namely (x|x)67 .
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Fig. 4. Correlation between the term on the left side of
Eq. (2) and the angle at FH7, a7 , under different
magnetic-field settings. It is clearly seen that the slope,
which corresponds to the magnitude of (x|a)67 , is different.

This is an expeditious tuning method since it does
not involve a complicated procedure. This method facilitates the quick optimization for the magnetic settings of the high-resolution beam line for the SHARAQ
spectrometer. Quick beam tuning is important for
beam lines with many focal planes.
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Focal Plane Detector System of SHARAQ Spectrometer
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2

[SHARAQ spectrometer, cathode-readout drift chamber]
The consturuction of the SHARAQ spectrometer1)
and the high-resolution beam line2) was completed at
the RI Beam Factory (RIBF) at RIKEN in March
2009, and commissioning beam runs were performed
in March and May 2009. During the beam runs, we
examined dispersion-matching ion optics and evaluated the performance of the detectors installed in the
focal planes of the beam line and that of the spectrometer. Valuable information on the basic performance of the high-resolution spectrometer system was
obtained. This report describes the basic performance
of the detector system installed in the ﬁ nal momentumdispersive focal plane of the SHARAQ spectrometer.
Figure 1 shows the detector setup used in the commissioning runs. Two tracking detectors and two plastic scintillators were installed in the ﬁ nal focal plane of
the SHARAQ spectrometer. The focal plane is located
579 706

3040

35o

Beam

Exit of D2 Magnet

Focal Plane

CRDC1

Plastic Scintillators

CRDC2
Aluminium Window

SHARAQ
D2 Magnet

Fig. 1. Detector setup in the ﬁ nal focal plane of SHARAQ
in the commissioning runs (top view). The detector system consists of two tracking detectors and two plastic
scintillators.

3.04 m downstream from the exit of the SHARAQ
D2 magnet and inclined at 35 degrees relative to the
central orbit. The beam particles passed through the
tracking detectors installed in vacuum and then passed
into the air through a 10 mm-thick aluminum window.
The plastic scintillators were placed downstream of the
aluminum window.
The plastic scintillators were used to measure the
timings of beam particles at the focal plane and to
measure the energy deposits in them. The two-layer
conﬁ guration of the scintillators was eﬀective in rejecting cosmic-ray events. The measured results ob� 1

� 2
� 3

Center for Nuclear Study, University of Tokyo
Department of Physics, University of Tokyo
GANIL, France

tained from each scintillator were read out by two photomultiplier tubes attached to the left and right of the
scintillators. The size of the plastic scintillator was
1110 (H) × 300 (V) × 5 (T) mm3 . Charge and timing
data obtained from the scintillators were collected using charge-to-time converters (QTCs)3) and multi-hit
TDCs. We were able to identify 12 N and 11 C particles
with a separation of more than 5 σ.
The tracking of particles were performed using two
cathode-readout drift chambers (CRDCs)4,5) . The
CRDCs have manufactured in January 2009 in collaboration with the detector developing group of GANIL.
The structure of the CRDC is described in detail in
Ref.5) . In the commissioning runs, the CRDCs were
operated with isobutane gas at 15 or 30 torr for the
detection of various light nuclei such as t, 6 He, 9 Li,
12
B, and 12,14 N at around 200A–250A MeV.
The CRDC transmits two signals from the anode
wires and two multiplexed signals from the cathode
pads. The anode signals were used to deduce the
drift time and the charge of secondary electrons. The
preampliﬁ ers for the anodes were charge sensitive; they
had a gain of 0.9 V/pC and a time constant of 20 � s.
The time reference for the measurement of the drift
time was provided by the plastic scintillators. Since
the anode signal is generated when an avalanche occurs around the anode wires, the drift times are determined by the diﬀerence between the anode timing
signal and the timing signal of the plastic scintillator.
We operated CRDCs with drift electric ﬁ elds of 83.3
(140) V/cm using 15-(30-)torr isobutane. The drift
velocity of the secondary electrons were 5.9 cm/� s at
15 torr and 5.3 cm/� s at 30 torr, respectively. These
values are approximately equal to those evaluated by
using the GARFIELD code6) . Under the above mentioned conditions, the vertical position resolution was
approximately 0.9 mm (FWHM), which is inferior to
the design value by a factor of 2. We are continuing
data analysis in order to improve the position resolution.
Figure 2 shows the avalanche gain measured by
CRDCs operated with 30-torr isobutane as a function
of the voltage supplied to the anode wires. CRDC1
(CRDC2) corresponds to the upstream (downstream)
tracking chamber in Fig. 1. The avalanche gain of
CRDC2 was consistently smaller than that of CRDC1.
This diﬀerence in the gains is considered to be due
to the diﬀerence in their conﬁ gurations. In CRDC1,
potential wires are placed between anode wires, while
CRDC2 has no potential wires; this has been schemati-
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simultaneously. In the commissioning run, we applied
anode voltages that were 30 V higher than the voltages
for which the detection eﬃ ciencies were 100%. At the
supplied voltage, induced charges were distributed over
approximately 10 cathode pads, and the maximum induced charge was present around the middle of the
dynamic range of GASSIPLEX. The horizontal position was deduced by ﬁ ttings of the charge distributions
to a function

Fig. 2. Avalanche gain of CRDCs measured using isobutane gas at 30 torr. The deﬁ nitions of CRDC1 and
CRDC2 are described in the text.

cally depicted in Fig. 2 of Ref.5) . However, we demonstrated that both the CRDCs achieved an avalanche
gain higher than the required gain of 104 .
The detection eﬃ ciency of the CRDC is deﬁ ned here
as the ratio of the detection using the anode signal
to the detection by the plastic scintillators. Figure 3
shows the detection eﬃ ciency of CRDC1 as a function
of the supplied anode voltage. Fig. 3(a) shows the detection eﬃ ciency curves for 14 N ions at 250A MeV in
the 15- and 30-torr operations, and Fig. 3(b) shows
the detector eﬃ ciency for lighter particles at around
220A MeV in the 30-torr operation. It was conﬁ rmed

q(x) = a1 · sech2 [π(x − a2 )/a3 ] ,
where ai (i = 1, 2, 3) are ﬁ tting parameters9) . The
horizontal positions corresponds to a2 . The typical
resolutions of horizontal position were estimated to be
500 � m and 700 � m (FWHM) for 14 N at 250A-MeV
and 6 He at 220A-MeV, respectively.
In summary, we examined the detector system installed in the ﬁ nal focal plane of the SHARAQ spectrometer in the commissioning runs of the SHARAQ
spectrometer by using light radioactive isotopes at
200A–250A MeV. All the detectors were operated successfully and the basic data on their performance were
obtained. Identiﬁ cation of particles with atomic numbers Z of around 7 was performed by using plastic
scintillators. Under the present conditions, the position resolution of CRDCs was estimated to be 0.9 mm
(FWHM) in the horizontal direction and 0.7 mm
(FWHM) in the vertical direction. In the ﬁ rst experiment10) that was performed in November 2009, the
focal plane detector system was used, and the data on
the (t,3 He) reactions at 300A MeV were obtained. Further analysis is now in progress in order to optimize the
detectors’ parameters and to improve the data-analysis
algorithm used in the detectors.
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Fig. 3. (a) Detection eﬃciency for 250A-MeV 14 N ions with
the 15- and 30-torr operations. (b) Detection eﬃciency
for t, 6 He, 9 Li particles with the 15- and 30-torr operations.

that the CRDCs designed for SHARAQ will achieve
detection eﬃ ciencies of approximately 100% for 200AMeV tritons even when operated using 30-torr isobutane gas.
The horizontal position in the focal plane is determined by the charge distribution on the cathode
pads. The charge signals from the cathode pads were
read out by using GASSIPLEX chips7) and a CRAMS
module8) . The pedestals of the channels the GASSIPLEX chip ranged from 60 to 70 mV and were stable
(< 2 mV) over the 10-day measurements. The trackand-hold signals were generated by the timing of the
anode signal of the CRDC under the condition that
two plastic scintillators and the anode were detected
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Development of Beamline Detectors for BigRIPS and
High-Resolution Beamline
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Introduction

We are developing low-pressure multiwire drift
chambers (LP-MWDCs) and plastic scintillators to
be used in BigRIPS and the high-resolution beamline
(HRBL), for SHARAQ spectrometer experiments1) .
Figure 1 shows a layout of BigRIPS, HRBL, and
SHARAQ spectrometer. LP-MWDCs are installed at
F3, F6, F-H7, F-H9, and F-H10. A list of the LPMWDCs is shown in Table 1. Plastic scintillators are
installed at F3, F-H7, F-H9, and F-H10. Herein, we
report on the developments made to LP-MWDCs and
the plastic scintillators as well as the commissioning
performed in March, May, and November 2009.





Table 1. List of LP-MWDCs in BigRIPS and HRBL. X
and Y are the stripped cathode with delay-line readout;
x, u, and y are anode layers.





















be very low, i.e. approximately 10−4 of the radiation length, so that multiple scattering in the detectors is reduced to approximately 0.1 mrad. The eﬃciency should be as high as possible even for light RI
beams such as 200-MeV/nucleon 8 He beams. The position resolution is required to be less than 300 µm in
FWHM. The maximum counting rate should be 1 MHz
for the dispersive beam transport. Energy loss information should be obtained by the tracking detectors
for particle identiﬁcation of the RI beam and for rejecting in-ﬂight β-decay events.
LP-MWDCs are being developed in order to achieve
the above mentioned performance. Low-pressure operation at around 10 kPa must be carried out to reduce
multiple scattering in the detector to 0.1 mrad.
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Fig. 1. LP-MWDCs and plastic scintillators in BigRIPS
and HRBL.

The tracking detectors used must fulﬁll certain requirements. The thickness of the detectors should
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Figure 2 shows a schematic view of DCX2, which includes three anode layers (x, u, and y) and two stripped
cathodes (X and Y). The u wires are tilted by 30◦ with
respect to the x wires. The cathodes on the outer side
are stripped in the horizontal and vertical directions (X
and Y). The stripped cathodes provide redundant position information and information about the energy loss
of the RI beam for particle identiﬁcation. The signals
from the stripped cathodes are read out using delay
lines (DL’s). Three high voltages can be supplied individually to the stripped cathodes, other cathodes, and
ﬁeld wires. The signals from the DLs are ampliﬁed by
a Kaizu 3356 preampliﬁer. The signals from the anode wires are ampliﬁed and discriminated by a REPIC
RPA-130/131 64-channel preampliﬁer and discrimina-
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1

tor cards. The timing signals from RPA-130/131 are
digitized by CAEN V1190A/B multihit TDCs.

3

Plastic scintillators were installed at F3, F-H7, FH9, and F-H10. Eljen Technology EJ-212 scintillators
were used. The dimensions of SF3 and the others were
100 × 100 × 1 mm3 and 220 × 150 × 3 mm3 , respectively. The scintillation light was read out by two
Hamamatsu R7600 photomultiplier tubes with light
guides attached to both ends of the scintillator.




4
   
 




 





 

   



Fig. 2. Schematic of DCX2.

Figure 3 shows the detector setup at F-H10. Two
LP-MWDCs are separated by a distance of 500 mm in
order to track the RI beams with an angular resolution
better than 1 mrad.










Fig. 3. Detector setup at F-H10.

2

Plastic scintillators
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Commissioning

Commissioning of HRBL and the SHARAQ spectrometer was performed in March, May, and November 2009. Eight LP-MWDCs listed in Table 1 were
used in the commissioning. In March and May 2009,
we evaluated the tracking eﬃciencies and resolutions
of the LP-MWDCs at F6, F-H7, F-H9, and F-H10, at
10 kPa for the RI beams produced by fragmentation of
the 14 N beam. We also evaluated the performances at
50 kPa for triton and 3 He beams, in November 2009.
Details of the data analysis are described elsewhere7) .
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Current status of SAMURAI
K. Yoneda, N. Iwasa,∗1 T. Kawabata,∗2 T. Kobayashi,∗1 Y. Kondo,∗3 T. Kubo, K. Kusaka,
T. Motobayashi, T. Murakami,∗2 Y. Nakai, T. Nakamura,∗3 J. Ohnishi, T. Ohnishi, H. Okuno, H. Otsu,
H. Sakurai, H. Sato, Y. Satou,∗4 K. Sekiguchi, and Y. Togano
This report describes the current status of construction of the experimental apparatus, SAMURAI.
SAMURAI (Superconducting Analyzer for MUltiparticles from RAdio Isotope beam) is a largeacceptance multiparticle spectrometer to be constructed in RIBF. A schematic illustration of SAMURAI is shown in Fig. 1. The main component of
SAMURAI is a large-gap (80 cm) superconducting
dipole magnet with the maximum bending power of
7 Tm. This magnet will be used for the analysis of momentum of heavy projectile fragments and projectilerapidity protons with large momentum and angular acceptance. The large gap also enables measurement of
projectile-rapidity neutrons with large angular acceptance in coincidence with heavy projectile fragments.
SAMURAI can be used in a variety of applications in
experiments with the RI beams provided by BigRIPS.
When used in experiments on breakup of neutronrich and proton-rich nuclei, SAMURAI’s large acceptance enables efficient heavy ion(HI)-neutron and HIproton coincidence measurements that are required for
invariant-mass spectroscopy. SAMURAI is also suitable for use in missing-mass spectroscopy, in which
measurement of charged particles after the reaction not
only enables the tagging of the reaction channels but
also provides knowledge of the decay modes; this is
possible because of the multi-particle detection capability. SAMURAI is also used to scrutinize scattering
reactions of light nuclei, such as polarized deuteron
scattering on proton, in order to study fundamental
nucleon-nucleon interactions, including three-nucleon
force effects. We also plan to install a time projection
chamber in the large gap of the SAMURAI magnet,
which is used mainly for reaction studies such as investigation of density dependence of the asymmetry
term in the nuclear equation of state.
The construction is funded for four years from fiscal
year (FY) 2008. At present, designing and construction of the magnet and detectors are underway and
are proceeding according to the schedule, and the first
experiment will be performed in summer 2011.
The magnet is an H-type dipole with cylindrical
poles of diameter 2 m. Each pole is surrounded by
a superconducting coil that generates a magnetic field
of about 3 T across the pole gap of 80 cm at the center
of the magnet. The yoke and pole of the magnet have
∗1
∗2
∗3
∗4

Fig. 1. Schematic image of SAMURAI system. SAMURAI
consists of a large bending magnet that is surrounded
by particle detectors. The magnet is a superconducting dipole magnet with the maximum bending power of
7 Tm and a large pole gap of 80 cm. Heavy-ion detectors, neutron detectors, and proton detectors, are installed around the magnet. The detector configuration
is changed depending on experimental requirements.

been designed, and at present, the designs of the coil
and cryogenic system are being finalized 1) .
In the following sections, an overview of the detectors to be prepared for SAMURAI is given. Three
types of detectors, namely, heavy ion detectors, neutron detectors, and proton detectors, are to be prepared. The heavy ion detectors consist of 1) beam
detectors, 2) tracking detectors that are placed before
and after the magnet, 3) detectors used for particle
identification (PI) and time-of-flight (TOF) measurement.
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• Beam Detectors
The beam particles are detected in front of the
target to obtain the information required for PI
and the beam profiles, which is used to generate
an important trigger signal.
The beam timing is measured by the plastic scintillators (SBT). Two sets of plastic scintillators,
i.e., two 1-mm-thick scintillators and two 0.5-mmthick scintillators are prepared. Each scintillator has an active area of 100 mm × 100 mm,
and both ends of each scintillator are PMTs
(HAMAMATSU H1949-50MODB). Plastic scintillators with a hole are prepared and are used as
beam halo veto detectors (BV). Three BVs with
a hole of diameter 20 mm, diameter 25 mm, and

1

diameter 30 mm, are prepared. These detectors
are ready for use.
An ion chamber (ICB) is installed in the beamline
to measure the energy loss of the beam particles.
The ICB has an active area of 150 mm × 150 mm;
it is 420-mm thick, and has multiple cathodes and
anodes that are vertical to the beamline. An ICB
performance test was performed.
Beam profiles are measured by two multiwire drift
chambers (BDC1, BDC2) or two multiwire proportional chambers (BPC1, BPC2, not shown in
the figure). The active areas of BDC and BPC
are 80 mm (V) × 80 mm (H) and 150 mm (V)
× 240 mm (H), respectively. BDC is designed to
work at low gas pressure, so that the detector can
be installed in the beamline. The performance of
BDC at low pressure was tested. These detectors
have already been fabricated.
• Tracking Detectors
The HI tracking detectors (FDC1, FDC2) that are
to be set infront of and behind the magnet will
be constructed. FDC1 will be installed between
the target and magnet. It is expected that the
beam particle density at FDC1 is high, and hence
the operation rate should be high. For this purpose, FDC1 is designed to have a drift distance of
5 mm. FDC1 has an active area of 340 mm (V) ×
620 mm (H) to allow projectile-rapidity neutrons
to pass through the detector aperture. FDC1 has
alread ybeen fablicated.
FDC2 is placed behind the magnet in order
to measure HI tracks. Particles will spread in
space behind the magnet, and hence FDC2 is designed to cover a large area (∼810 mm (V) ×
2230 mm (H)). FDC2 is being designed, and so
far structural calculations have been performed.
FDC2 will be constructed in FY2010.
• Detectors for PI and TOF measurement
Plastic scintillator hodoscopes (HODF, HODP)
are used for TOF measurement. Each hodoscope
consists of 16 plastic scintillators (1200 mm (V) ×
100 mm (H), 10 mm thick). Both ends of the scintillators are coupled to the PMTs (HAMAMATSU
H7195MODB). Velocity measurement can also be
performed by using total internal-reflection-type
Cherenkov detectors (TIRC).
An ion chamber for reaction fragments (ICF) is
installed for measuring the energy loss of HIs.
The ICF has an active area of approximately
400 mm (V) × 700 mm (H). Pure CsI scintillators are prepared for use as total energy detectors
(TED). The crystal size is 100 mm × 100 mm
× 50 mm, and the crystal is coupled to a PMT
(HAMAMATSU R6233ASSY). The performances
of TIRC and TED were tested. All these detectors
are ready to be fablicated.
• Neutron Detectors
2

A neutron detector system, called NEBULA
(NEutron Detection system for Breakup of Unstable Nuclei with Large Acceptance), is placed
at forward angles. NEBULA consists of four
sets of detector array, and each set consists
of 60 neutron detection plastic scintillators
(120 mm × 120 mm × 1800 mm), which are
arranged in two layers and cover an area of
1800 mm (V) × 3600 mm (H), and 12 chargedparticle-veto scintillators (320 mm × 10 mm
× 1900 mm).
Two PMTs (HAMAMATSU
R7724ASSY) are coupled to both ends of each
scintillator. The angular acceptance of NEBULA
is ±5◦ (V) and ± 10◦ (H), which corresponds to
almost 100% coverage for breakup events with a
relative energy of 3 MeV and about 40% for a
relative energy of 10 MeV. Neutron detection efficiency with full volume is estimated to be about
60% for the projectile-rapidity neutrons. Half the
required number of neutron detection scintillators
and full veto detectors are ready for use.
• Proton Detectors
The TOF of protons is measured by the hodoscope, which has been described earlier. A
tracking detector that is to be placed after the
magnet (PDC, not shown in the figure) is prepared
separately so that proton-HI coincidence measurement can be carried out. PDC will be fablicated
by May 2011.
The tracking detector that is to be placed before
the magnet should be capable of detecting protons
even when both protons and HIs hit the detector;
a gas detector cannot be used for this purpose.
Therefore, layers of silicon strip detectors are installed between the target and magnet. Here, the
detector should be capable of detecting protons
as well as heavy ions, leading to the generation
of signals ∼2500 times larger than proton signals.
Additionally, the number of channels is as high as
∼2500. In order to overcome these difficulties, we
started developing a new ASIC front-end circuits.
The circuits are being designed and tested, and
the results are reported by M. Kurokawa et al . 2) .
The magnet will be assembled in Room E21 in RIBF
building in autumn 2010, and the assembling will be
completed by early 2011. The detectors and electronics will be simultaneously developed. After some tests
and commissionings, the first SAMURAI experiment
is expected to be performed in early 2012.
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Design of large-gap superconducting dipole magnet for SAMURAI
spectrometer
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Fig. 1. Schematic view (a) and cross-sectional views (b)(c)
of the superconducting dipole magnet.
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A large-acceptance spectrometer named SAMURAI
is under construction at the RIKEN RI Beam Factory (RIBF).1,2) The SAMURAI spectrometer consists
of a large-gap superconducting dipole magnet, heavyion detectors, neutron detectors, and proton detectors.
The purpose of the spectrometer is to perform kinematically complete measurements of multiple particles
emitted in reactions induced by RI beam. The superconducting dipole magnet is required to have a rigidity
resolution of about 1/700 (rms) at P/Z = 2.2 GeV/c,
which corresponds to a magnetic rigidity Bρ of 7.3 Tm,
where P is a momentum and Z is an atomic number.
It should also be able to identify particles having mass
numbers up to 100. The superconducting dipole magnet has been designed to satisfy these requirements on
the basis of 3-dimensional magnetic field calculations
performed using the code OPERA-3D/TOSCA.
Figure 1 shows the schematic view and the crosssectional views of the dipole magnet. The magnet is an
H-type dipole, having cylindrical poles with diameters
of 2 m, a large pole gap of 880 mm, and circular superconducting coils. To change the experimental setup,
the magnet can be rotated about the y-axis. The upper
and lower superconducting coils are installed in their
respective cryostat and cooled separately by a liquid
helium bath. The maximum magnetomotive force is
1.9 × 106 AT/coil, which generates a magnetic field of
about 3 T at the center of the poles in the median
plane. The magnet is designed to have a maximum
bending power (BL integral) of 7 Tm.
Figure 2(a) shows the excitation curves of the dipole
magnet. The points on the solid line are the values
calculated by using TOSCA, while the dotted straight
line is obtained by assuming that the magnetic permeability of iron is infinity. The y component of the
magnetic fields, By (z), obtained with a magnetomotive
force of 1.9 × 106 AT/coil is plotted along the z-axis in
Fig. 2(b). Note that the schematic representation of
the coordinates is given in Fig. 1. The integral of By (z)
for the region from z = -2 m to z = +2 m is calculated
to be 7.05 Tm, which satisfies the design requirement
for the bending power. The main parameters of the
magnet are listed in Table 1.
Fig. 3(a) shows the By (z) distribution calculated for
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Fig. 2. (a) Excitation curve. (b) y component of magnetic
field, By (z), plotted along z-axis (1.9 × 106 AT/coil).

different central magnetic fields. In the case of the
maximum magnetic field of 3.1 T, the peak value of the
fringing fields was calculated to be −2.6×10−3 T. This
value is acceptable for achieving the required magnetic
rigidity resolution.
We checked the effects of two kinds of holes on the
magnet (see Fig. 1). The first type of hole is a rectangular hole (490 mm × 260 mm) that is located at the
horizontal center of each field clamp. This hole is used
for installing cryocoolers. The other hole serves as a
beam path at each side yoke, whose cross-sectional size
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Table 1. Parameters of the superconducting dipole magnet
and the superconducting wire.
Magnet

number of turns
current
magnetomotive force
current density of coil
field at the pole center
(median plane)
BL integral at 3.1 T
maximum magnetic field
in a coil
inductance
stored energy
inner diameter of coil
outer diameter of coil
cross section of coil
weight of coil
pole shape
pole gap
pole diameter
pole height
yoke width
yoke depth
yoke height
yoke weight

H-type,
superconducting
3411 turns/coil
560 A
1.9 × 106 AT/coil
66.0 A/mm2
3.1 T

2.9 T
2.7 T
2.5 T
2.5

3.0

3.5
z[m]

4.0

4.5

10

7.05 Tm
5.26 T

(ii)

-10

(iii)
(i)with two kinds of holes
(actual yoke)

-20

-40
2.0

2350 mm
2710 mm
180 × 160 mm2
1783 kg/coil
circular
880 mm
2000 mm
500 mm
6700 mm
3500 mm
4640 mm
566140 kg

5.0

(b)

(i)

0

(ii)without holes

-30

212 H
33 MJ

(iii)with holes on the field clamps

(iv)

(iv)with holes on the side yokes

2.5
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3.5
z[m]

4.0

4.5
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Fig. 3. Magnetic field distribution By (z) in the fringing
field region: (a) for different central magnetic fields and
(b) with the holes in the field clamps and the side return
yokes.

Table 2. List of the cryocoolers for one cryostat.

cryocooler
cooling
power
heat load

NbTi/Cu
3 mmφ
5.0∼6.0
PVF(≥40 µm)
∼28 µmφ
∼1760
∼88 mm
≥100
>4000 A at 3 T
>3290 A at 4 T
>2690 A at 5 T
>2150 A at 6 T

is 400 mm × 400 mm.
The By (z) distribution when the field clamps did
and did not have holes is shown in Fig. 3(b) by lines
(iii) and (ii), respectively. Although some effects of
the holes can be recognized in the figure, the effects
only appear in a narrow region from z = 2.25 m to
z = 2.75 m, and the BL obtained in the region of
2.2 ≤ z ≤ 5 m decreases by 5%.
The influence of the beam paths on the side yokes is
shown by line (iv) in Fig. 3(b). The presence of these
holes increases the peak value of the fringing fields by
36% and also increases the BL by 30%.
Line (i) in Fig. 3(b) represents the By (z) distribution
when the holes are present in both the field clamps and

2

3.1 T

-20

-40
2.0

Superconducting wire
material
diameter
Cu/SC ratio
insulation
filament diameter
number of filaments
twist pitch
RRR
critical current at 4.2 K

-10

-30

By(z) [ x10 -4 T ]

type

(a)

0
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liquid-He
vessel
GM-JT×2
3.5 W
@4.3 K
4.11 W

thermal shield
20 K
80 K
GM×2
5W
45 W
@20 K
@40 K
4.96 W 78.22 W

current
lead
GM×1
60 W
@40 K
53.94 W

the side yokes. It is observed that the effects of these
two kinds of holes (see Fig 3(b,iii) and (b,iv)) cancel
each other, and as a result, the total effect of the holes
on the fringing fields becomes small (as indicated by
the change from Fig 3(b,ii) to (b,i)). Thus, we conclude
that the presence of these holes does not have a serious
degrading influence upon the fringing fields.
The upper and lower superconducting coils are installed in separate cryostats and cooled by a small cryocooler system mounted on each cryostat. Thus, there
are no superconducting links between the coils. Table 2 lists the cryocoolers for one cryostat. There are a
total of 10 cryocoolers for this superconducting dipole
magnet.
The assembly and installation of the superconducting dipole magnet will start at the RIBF site in autumn
2010 and will be completed by early 2011.
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Front-End Electronics for SAMURAI Si Detectors
M. Kurokawa, Y. Aoki,∗1 N. Iwasa,∗2 M. Masuyama,∗1 T. Motobayashi, H. Murakami, A. Taketani,
M. Tanaka,∗3 Y. Togano, and K. Yoneda
In an experiment performed to study the Coulomb
breakup reaction of proton-rich nuclei,1) array of silicon strip detectors (SSDs) is installed between the
secondary target and Superconducting Analyzer for
¯
¯
MUlti-particle from RAdio Isotope beam (SAMURAI)
¯
for identifying the reaction products and measuring
their scattering angles. The strip pitch is determined
on the basis of the accuracy required in the angle measurement. Thus, a total of around 2500 strips are
installed. We are going to employ the Application
Speciﬁc Integrated Circuits (ASIC) technologies in the
front-end circuits of the array to handle the enormous
number of signal channels. The circuit must be able to
provide a dynamic range of 2500 for the identiﬁcation
of charged particles from proton to Sn nucleus, whose
atomic number is 50. In order to analyze the pile-up
events of heavy charged particles, wider range is required. We are developing an ASIC so that the frontend circuit can provide a dynamic range of around
10,000. This article reports the speciﬁcations and the
present status of the development of a prototype ASIC.
This work is supported by the High Energy Accelerator Organization, for the promotion of collaborative
research programs in universities.
The ASIC for a preampliﬁer was fabricated using
a 0.5-µm CMOS process. Figure 1 shows the circuit
diagram of the preampliﬁer in which the techniques
described below are applied to increase the dynamic
range.
Vg

~ Qin Chigh / (Chigh + Clow)
Qin

Chigh
Clow

~ Qin Clow / (Chigh + Clow)

-A

Fig. 1. A circuit diagram of the preamplifier under development. Qin and Vg represent the input charge from a
strip of SSDs and the gate bias voltage, respectively.

In the ﬁrst stage of the circuit, the input charge Qin
is unsymmetrically divided into two channels in proportion to the capacitance ratio between the external
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coupling condensers Chigh and Clow , as in the case of
Ref.2) . In the present case, the capacitance of the Chigh
(= 5.6 nF) is ten times Clow (= 560 pF), as shown in
Table 1. The lower and upper detection limits given in
the table are equal to the magnitude of Qin . For the
estimation, we assumed that the single-channel ampliﬁer possesses a dynamic range of 1,000 and the lower
and upper limits are 3.6 fC and 3.6 pC, respectively.
For a system utilyzing the both channels, the range
will be 10,000 and the lower and upper limits will be
4.0 fC and 40 pC. Thus, we can increase the range by
as much as the capacitance ratio by implementing the
dual-channel system.
Here, saturation has to be avoided for the upper
channel. The capacitive division of charge does not
work correctly at saturation because the upper channel cannot absorb the divided charge completely for
the case. Useful method to avoid saturatioin is the
compensation of the charge at the input of the ampliﬁer by making use of its charge sensitivity. For this
purpose, an FET has been introduced in the feedback
stage.3) Depending on the saturation voltage of the
ampliﬁer, the gate bias voltage Vg is adjusted. The
applicability of this method for saturation suppression
has been established only in the case of discrete circuits4,5) and not for in the case of highly integrated
circuit. This novel technique will be examined with
the present ASIC for the ﬁrst time.
In a circuit based on the capacitive division, the
open-loop gain of the ampliﬁer is an important factor.
Its value should be as large as possible, so that the
capacitive division works correctly. We implemented
the cascode connection of the current mirror, as seen
in Ref.6) . A simulation was performed to conﬁrm the
increase in the open-loop gain. The gain was 54 dB for
a basic mirror and 82 dB for the cascode connection.
The simulated response of the circuit is shown in
Fig. 2. From Fig. 2(b), which represents the pulse
shape for the upper channel, we can see that the saturation suppression is eﬀective because the maximum
pulse height for each signal is maintained at around a
voltage of -2.1 V, which is below the saturation voltage of around -2.4 V. Steep peaks at the rising edges
in the curves in Figs. 2(c) and 2(d) are due to the ﬁnite rise time of the ampliﬁer. The eﬀect of the peak
is removed by a shaping ampliﬁer with an integration
time constant of around 1.0 µS. The simulated pulse
shapes show that each channel is working correctly up
to the upper limit given in Table 1. The measurement, which includes the determination of the upper
and lower limits, will be performed after the comple-
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Table 1. Summary of specifications of the preamplifier.
upper channel(a)
Chigh = 5.6 nF
4.0 fC
4.0 pC
1,000

coupling capacitance
lower limit
upper limit
dynamic range
(a) See Fig. 1.

00

(a)

0.66 pC

-0.25

lower channel(a)
Clow = 560 pF
40 fC
40 pC
1,000

4.0 fC
40 pC
10,000

(b)

0.0

-0.5

-0.5

V (V)

V (V)

-0.75
-1.0

-1.0

-1.25

-1.5

-1.5

-2.0

6.6 pC

-1.75
0.0

0.5

1.0

Time (µs)

1.5

0.0

2.0

(c)

0.66 pC

0.0

6.6 pC

66 pC
0.5

1.0

Time (µs)

0.0

1.5

6.6 pC

2.0

(d)

-0.5

V (V)

-0.25

V (V)

dual channel

-0.5
-0.75

-1.0
-1.5

-1.0

-2.0

6.6 pC

-1.25
0.0

0.5

1.0

Time (µs)

1.5

2.0

-2.5

0.0

0.5

1.0

Time (µs)

66 pC
1.5

Fig. 2. Output signals obtained in the simulation are shown for the upper ((a) and (b)) and lower channels
((c) and (d)). In (a) and (c), the input charge varies from 0.66 pC to 6.6 pC, with a step size of
0.66 pC. In (b) and (d), the input charge varies from 6.6 pC to 66 pC, with a step size of 6.6 pC.

tion of the prototype ASIC.
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Design study of equipment in Rare-RI Ring
Y. Yamaguchi, I. Arai,∗1 T. Fujinawa, N. Fukunishi, A. Goto, T. Kikuchi,∗2 S. Kubono,∗3 T. Moriguchi,∗1
D. Nagae,∗1 T. Ohnishi, T. Ohtsubo,∗4 A. Ozawa,∗1 H. Sakurai, H. Suzuki,∗1 T. Suzuki,∗5 M. Wakasugi,
T. Yamaguchi,∗5 and Y. Yano
We are continuing a design study on each piece of
equipment in the rare-RI ring; the study is based on
the conceptual design of the rare-RI ring1) . The rareRI ring consists of a long injection beam line2) and a
cyclotron-like storage ring. The cyclotron-like storage
ring, which is a unique device that has features of both
a cyclotron and a storage ring, is composed of a septum
magnet, kicker system, RF cavity, and sector magnet.
Because the sector magnet is an especially important
device for our project, we mainly report on the design
study of the sector magnet.
To determine the masses of short-lived rare nuclei
with a precision on the order of 10−6 , we will measure the revolution time inside the ring with an accuracy of 10−6 , under the condition that an isochronicity is tuned with a precision of 10−6 in a certain momentum acceptance. The isochronicity of the ring is
obtained by adjusting the magnetic field of each sector magnet. In a first-order γ-factor correction, the
isochronous magnetic field is formed by the edge-angle
of each sector magnet, which is designed for a fixed
beam energy. An isochronous magnetic field can be
generated with greater precision by using trim coils in
each sector magnet.
To design the sector magnet with such components, a geometrical calculation was performed under the following conditions: edge angle, 8.7◦ in
200 MeV/nucleon; radius of curvature, 4.3 m. Figure 1 shows ideal radial distributions of the strength
of the isochronous magnetic field. This magnetic field
strength can be approximated well by a quadratic function of r,
B(r)
= 1 + 1.3159 × 10−8 r2 ;
B0

(1)

here, B0 is the magnetic field strength at the central
orbit. The second component is very small compared
to B0 . This quantity is corrected by using trim coils.
For the sector magnet, two-dimensional field analysis was performed to optimize the geometry of the
coils, iron poles, yokes, and iron shims. The pole gap
was 110 mm, and the magnetomotive force was about
140,000 AT for the main coils. If the main coils are
connected in series, compensation coils are required
for adjusting the field homogeneity with a precision of
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Fig. 1. Ideal radial distributions of the strength of the
isochronous magnetic field, as determined by performing geometrical calculations.

10−4 for each sector magnet.
On the other hand, it is necessary to arrange the
trim coils in order to efficiently make more precise corrections. To evaluate how the magnetic field can be
brought close to the ideal isochronous magnetic field
by using trim coils, a function was assumed to represent the error in the magnetic field caused by various factors (e.g., gap distortion, edge-angle error, and
multipole components). As a result, it has been understood that the magnetic field can be made to match the
isochronous magnetic field with a precision of greater
than 10−6 by using appropriately arranged trim coils.
Three-dimensional field analysis was performed to
evaluate an effective magnetic field length. In our concept, the magnetic field boundary should be same as
the pole edge. As a result, because the influence of
the leakage magnetic field on a circulating particle is
strong, it is necessary to set up a field clamp or to
shorten the pole length. We should consider the variation in the effective magnetic field length depending
upon the radial distributions and the shape of the field
clamp.
We conclude that there is no technical difficulty in
building the sector magnet. However, how to treat the
long-term fluctuations of temperature and current3)
and how to control the long-term stability of the ring,
including the power supply, should still be considered.
We are evaluating the behavior of a particle inside the
ring by using the developed simulation code4) .
To inject a particle into the ring, we adopt a singleturn injection method with dispersion matching by using both the septum magnet and kicker system. The
particle is bent by about 11◦ when the septum mag-
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net is used under the present condition. The septum
magnet is divided into two magnets in order to reduce
the load exerted on it. After the particle revolves about
1000 times in the equilibrium orbit, it is extracted from
the ring by using a combination of the same kicker system and other septum magnets. The specification of
the septum magnet for extraction is the same as that
for injection. Therefore, it is necessary to design two
kinds of septum magnets and one kicker system. Here,
we explain only the important features of their design
in this study.
Septum magnets, which are operated as DC magnets, are adjacent to a straight-section vacuum duct
of the ring. The leakage magnetic field may affect
the isochronicity of the ring, especially in the case of
the septum magnet located downstream/upstream for
injection/extraction. Three-dimensional field analysis
indicated that it is necessary to take the leakage magnetic field into account when adjusting the isochronicity of the ring because the leakage magnetic field inside
the duct is greater than 10−4 times B0 , even if countermeasures to suppress the leakage magnetic field are
implemented.
The kicker system, which is operated as a pulsed
system, is arranged in a straight section of the ring.
For the kicker magnet, in order to minimize the field
rise-time, we adopt a distributed twin kicker type system5) . An elementary cell of the magnet consists of a
C-shaped ferrite core and electrodes. The electrodes
and the conductors are made of aluminum. To suppress electrical discharge, the aluminum surface is subjected to electro-polishing. As mentioned above, this
kicker system is used not only for injection but also
for extraction, and hence, a special power supply is required. For efficient injection and extraction, because
the waveforms should be different from each other, two
thyratrons must be installed in the power supply. We
believe that a short pulse is suitable for injection and
a trapezoidal pulse is suitable for extraction. Therefore, it is necessary to develop different pulse-forming
networks respectively. Recently, we began a feasibility
study on the power supply by using a prototype kicker
system.
As the last piece of equipment, we briefly mention
the RF cavity. It is used to accelerate/decelerate a reference particle of an well-known mass when adjusting
the isochronicity in a certain region of the ring. We
found that the strength of the RF magnetic field6) is
less than 10−7 times B0 and that there is no technical
difficulty in production.
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Simulation of Particle Trajectories for RIKEN Rare-RI Ring
H. Suzuki∗1 , I. Arai∗1 , T. Fujinawa, N. Fukunishi, A. Goto, T. Kikuchi∗2 , S. Kubono∗3 , T. Moriguchi∗1 , D.
Nagae∗1 , T. Ohnishi, T. Ohtsubo∗4 , A. Ozawa∗1 , H. Sakurai, T. Suzuki∗5 , M. Wakasugi, T. Yamaguchi∗5 , Y.
Yamaguchi, and Y. Yano
Rare-RI Ring1) , which can be used to determine the
mass of unstable nuclei supplied by BigRIPS2) with a
precision on the order of 10−6 is currently being developped. The mass can be deduced by simply measuring the revolution time (TOF for 1000 turns) and
the velocity (βt ) of even one particle in isochronous
optics. In addition, since its measuring time would be
less than 0.5 ms, this new device is suitable for mass
measurements of short-lived rare nuclei, including the
r -process nuclei.
This ring, which is 55.710 m in circumference, is a
unique device having the features of both cyclotrons
and storage rings. It consists of six straight sections
(4.782 m) and six sector magnets each with a bending
angle of 60◦ and a diameter of 4.300 m. This device
has a large momentum acceptance (∆P/P ∼ ±1%)
and can be used for measuring the mass of unstable
nuclei supplied as a secondary beam.
The mass of the nuclei is measured as follows. First,
an isochronous magnetic field inside the ring is adjusted with reference to the mass of a particle with
known mass. The isochronous magnetic field is formed
with precise edge angles (β) of each sector magnet and
harmonic components (κ) of the magnetic field in the
radial direction by using trim coils. Next, the revolution time (TOF for 1000 turns) and velocity βt of a
particle with unknown mass is measured. For a particle with unknown mass, the condition of isochronism is
no longer fulfilled. The mass of the required nuclei can
be deduced from the difference between the TOFs and
the βt values of the reference and this required nuclei.
βt is required because the velocities of these particles
are relativistic.
In order to evaluate the magnetic field, we have
developed a simulation program using a fourth-order
Runge-Kutta algorithm in C language3) . The program
includes the following five components: 1) main.c, 2)
Ring.c, 3) ST.c, 4) DM.c, and 5) Eq.c. The program
main.c evaluates the setup parameters for the disired
ring. These parameters are velocity of the beam particle in the central orbit, charge-to-mass ratio of the
beam particle, and correction factors for β and κ. The
program Ring.c controls each element of the ring and
revolves the beam particles 1000 times in their orbits.
The program ST.c represents a straight section, and
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DM.c, a magnetic sector. The dispersion of the ring is
calculated by Eq.c.
In order to achieve a presicion as high as possible,
which is required for determining of the trajectory of
a beam particle, we perform geometric tracking of the
beam particles in the magnetic sector by assuming that
the particles revolve in circular orbits within a small
spatial segment. For this purpose, the magnetic sector is divided into 150 subsectors in order to use the
rectangular (hard-edge) distributions of the magnetic
fields. When divided into 150 subsectors, the calculated TOFs of particles converged. In each subsector,
the magnetic field is represented as a function of radial
direction for harmonic components. The beam trajectory at the exit of a subsector is evaluate from the entrance trajectory by using the Runge-Kutta method.
In the first-order Lorentz-factor correction, we considered the effects of the edge-angle of each sector magnet. When β was set as 8.7◦ , an isochronous magnetic
field was formed with the accuracy of the isochronism
being over 4 × 10−5 , which was determined by performing the simulation. Trim coils are used for further (second-order) tuning by generating the harmonic
component of the magnetic field. The required isochronism is achieved with an accuracy of over 1×10−6 with
the harmonic field.
Particle trajectories in the horizontal direction were
calculated as shown in Fig. 1 (up). The trajectories
for 10 turns are shown in this figure. In this simulation, three trajectories of particles having different
momenta, i.e., central momentum, 1% higher than it,
and 1% lower than it, are calculated. The starting positions of these particles at the injection point fulfilled
the condition of dispersion matching. It is observed
that the particles revolving around the ring are stable with a certain dispersion. Figure 1 (down) shows
the trajectories in the vertical direction for 10 turns.
In this figure, all particles have central momentums.
The trajectories for particles with the injection points
at the mid-plane height, 1 cm above it, and 1 cm below it, are shown. Betatron oscillation is seen in the
vertical direction.
The emittance for an isochronism with a precition of
10−6 in Rare-RI Ring was also investigated by performing the simulations. Figure 2 shows the emittances for
1000 turns when isochronism maintained as functions
of the position and angle at the injection point of the
ring. From this result, the emittance of isochronism
region with a precision of 10−6 is found to be 40π mm
mrad and 45π mm mrad in the horizontal and vertical
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Fig. 1. Particle trajectories (10 turns) in the horizontal direction (up) and the vertical direction (down). The
thin boxes represent the sector magnets for 1 turn. Up
panel: Horizontal direction. In this simulation, three
trajectories of particles that have different momenta are
calculated, i.e., central momentum, 1% higher than it,
and 1% lower than it. The starting positions of these
particles at the entrance of the ring fulfill the dispersion matching condition. Down panel: Vertical direction. All particles have a central momentum. The trajectories for particles whose injection point is at the
mid-plane height, 1 cm above it, and 1 cm below it are
shown.

directions, respectively, for any momentum of the particle. This emittance is sufficient for the beam transported by the beamline between BigRIPS and Rare-RI
Ring.
The effects of incorrect edge angle or misalignment
of Rare-RI Ring on the isochronism of the ring were
investigated by performing simulations. It was considered that either of these could adversely affect the
isochronism of the ring. The limit of misalignment is
determined on the basis of the TOFs of the particles
with ∆P/P = ±1%, which exceeds that of the particles in the central orbit by 10−6 . A misalignment up
to 2 mm and 6 mm in the radial and azimuthal directions of the ring, respectively, is allowed for each
sector magnet. The rotation of the horizontal plane of
each magnet is permissible up to 1 mrad. A deviation
of β by 0.017◦ is permissible. The loss of isochronism
caused by misalignment can be overcome by further
adjustment of the magnetic field with the trim coils.
A simulation with soft-edge (fringe field) approxi-
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Position [m]

0.02
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Fig. 2. Emittance in horizontal direction (up) and vertical
direction (down) when isochronism of Rare-RI Ring is
maintained. “+” represent the region for isochronism
with a precision of 10−6 . The emittances are 40π mm
mrad and 45π mm mrad in the horizontal and vertical
directions, respectively.

mation of the magnetic distribution is currently being
performed. The shape of the fringe field was obtained
using the PEP magnet at SLAC4) , which was supplied
as the “default” magnet, using the code COSY Infinity5) developed at Michigan State University. The
emittances for the isochronism with a precision of 10−6
do not change from those calculated using hard-edge
approximation. In order to simulate the particle trajectories more precisely, the fringe shape should be determined by using the TOSCA program.
Rare-RI Ring is currently being designed using the
simulation results. This device is expected to contribute significantly to the study of unstable nuclei
with medium-to-high masses.
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Second Report on Progress of the Portable Multi-Reﬂection
Time-of-Flight Mass Spectrograph for SLOWRI†
P. Schury,∗1 K. Okada, V. A. Shchepunov.∗2 T. Sonoda, A. Takamine, M. Wada, and H. Wollnik∗3
[Mass measurements, unstable nuclei, low energy beam]
We continue the development of a multi-reﬂection
time-of-ﬂight (MRTOF) mass spectrometer for use
with radioactive ion (RI) beams at the future SlowRI
facility. The MRTOF will initially be attached to its
own dedicated gas stopping cell, allowing the systemas-designed to be portable and providing ﬂexibility
in commissioning the device by making it possible to
use RI sources wherever available. Three of the main
components for the MRTOF – the ion trap, reﬂection
chamber and ppm-precision bias controller – have been
built; preliminary testing is underway.

these lessons, the new on-line system is expected to be
able to achieve very-high resolving powers with a high
eﬃciency. High-eﬃciency will result from reducing the
emittance of ion pulses extracted from the trap and
improving the vacuum level in the reﬂection chamber
by using a sophisticated ion trap. High-resolving power
will result from achieving extremely high-stability voltage supplies for the MRTOF electrodes and also reducing the energy and time spreads of ion pulses extracted
from the ion trap.

Gas Cell
Degraders

RF Multipole
Mass Filter RF Trap
Ion Guide

Injection Side
Mirror

Mirror #1

Energetic
Radioactive
Ion Beam

Power Supplies

Drift Region

Mirror #2

Control Electronics

Ion Detector

Ejection-side
Mirror

Fig. 1. Planned layout for the portable MRTOF system.

Figure 1 provides a sketch of the system. Energetic ions will be slowed in a solid degrader and thermalized in a helium-ﬁlled chamber. Thermalized ions
are injected into a radio-frequency (RF) multipole ion
beam guide to be transported through a diﬀ erentially
pumped region after being extracted from the gas
cell using a proven RF-carpet technique1) . An RF
quadrupole mass ﬁlter will select for a speciﬁc ion mass
number, removing non-isobaric ions. The isobaric ion
ensemble will then be cooled in a low-pressure gas-ﬁlled
RF ion trap before being injected into the MRTOF.
The system is described in detail previously4,5) .
Lessons learned from an early oﬄine prototype2) include the need to minimize both the emittance of the
ion pulse and the amount of gas injected into the reﬂection chamber from the ion trap. Additionally, while
the isochronicity of the mirrors is robust, temperaturedependent voltage drifts cause the center-time of the
ion distribution to drift and make measurements with
low intensity ions diﬃcult. By paying attention to
∗1

∗2
∗3

Tsukuba University, Ibaraki, Japan
SRL, Manchester, England
University of Gießen, Gießen, Germany

Fig. 2. Photograph of the MRTOF reﬂection chamber. The
ion trap will be connected to the obscured ﬂange at the
top of the image. The gas cell will be placed to the left
of the ion trap.

The ion trap and reﬂection chamber for the MRTOF
have been constructed during the past year. Figure
2 shows a photograph of the reﬂection chamber electrodes, support structure and feedthroughs. All reﬂection chamber electrodes are connected to feedthroughs
at the injection side of the reﬂection chamber. This
allows for the vacuum chamber to be removed without
the need to undo any connections, simplifying maintenance and troubleshooting.
Each of the annular electrodes is machined from Titanium and gold-plated on the inside to avoid patch
eﬀ ects. The electrodes are isolated from the Titanium
support bracket by a pair of precision ceramic rods, not
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1

shown. Titanium’s excellent vacuum properties will
enhance the vacuum quality inside the reﬂection chamber; the similarity in thermal expansion coeﬃcients of
Titanium and the ceramic will allow for baking the
system with minimal worry of dynamic misalignment.
As the total ﬂight length may be as much as 1 km,
the reﬂection chamber must be maintained at ultrahigh vacuum to minimize deleterious eﬀ ects of ionneutral collisions, which would strongly eﬀ ect both the
the eﬃciency of the system and the maximum resolving
power. The reﬂection chamber has been been vacuum
tested using a single 300 l/s turbo-molecular pump,
achieving a pressure of 8� 10−9 mbar.
To minimize gas loading of the reﬂection chamber
with buﬀ er gas from the ion trap, the trap makes use
of an ejection hole of 200 µm diameter. The trap,
shown in Fig. 3 is built from a pair of printed circuit
boards, each consisting of three segmented strip electrodes. An RF signal applied to the outer electrodes
creates a conﬁning quadrupole pseudo-potential. The
strips segmentation allows an axial potential well for
ion trapping. The ions are introduced into the trap
parallel to the electrodes; after cooling, the ions can be
ejected perpendicular to the trap through a small (r =
100 µm) hole in the central electrode. The very low gas
throughput of this geometry should produce very wellcooled ions without deleteriously aﬀ ecting the vacuum
in the reﬂection chamber, leading to highly eﬃcient
operation.

extremely stable. To achieve this, a thermally stabilized 24-bit DAC-ADC and voltage monitor system
has been built (Fig. 4). It consists of a large voltage
divider network built from Alpha Electronics’ zero-TC
resistors, a set of ≈1000:1 precision dividers, a 24-bit
ADC, an eﬀ ective 24-bit DAC and a Peltier element
inside a leak-tight plastic box. The DAC monitors
all reﬂection chamber bias voltages via the dividers as
well as the temperature inside the box. Using a digital
PID algorithm, the temperature and all voltages can
be maintained to great precision. The control software
is still under development. In order to achieve the requisite ppm stability, the PID algorithm will need to
maintain the biases to 4-bits precision in the 24-bit
system, which is perfectly reasonable.

Peltier Element
Precision
Voltage
Divider

ADC-DAC
controller

Zero-TC resistor
divider circuit

Fig. 4. Photograph of temperature controlled 24-bit ADCDAC system. The system is intended to provide stabilization of the bias voltages on the ppm level.

Development work for the portable MRTOF-MS
continues. The MRTOF electrodes and vacuum chamber have been assembled and ultra-high vacuum conditions have been achieved. The ion trap, required to
prepare ions for injection into the MRTOF, has been
assembled and testing is underway. A temperature stabilized 24-bit ADC-DAC has been constructed. Using
a voltage-divider network constructed from very low
temperature coeﬃcient resistors, the ADC-DAC system will be the basis for a digital PID loop capable of
maintaining all MRTOF voltages to δV<1 ppm.
References

Fig. 3. Photograph showing the mounted ion trap. Above
the trap an MCP detector has been placed for testing
purposes. The inset photograph details the printed circuit board used to construct the trap.

In order to achieve the highest possible resolving
power, the mirror electrodes’ bias voltages must be
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Status of the resonance ionization laser ion source at SLOWRI
T. Sonoda, T. Furukawa,∗1 Y. Hirayama,∗2 M. Huyse,∗3 N. Imai,∗2 H. Ishiyama,∗2 S. Jeong,∗2 I. Katayama,∗2
T. Kubo, Yu. Kudryavtsev,∗3 Y. Matsuo, H. Miyatake,∗2 K. Okada,∗4 P. Schury,∗5 T. Shinozuka,∗6
A. Takamine, H. Tomita,∗7 P. Van Duppen,∗3 T. Wakui,∗6 Y. Watanabe,∗2 and M. Wada
A new laser system for the resonance ionization laser
ion source has been installed at SLOWRI facility in
RIBF B1F, as shown in Fig. 1. This system is intended
to be employed in various applications involving the
use of the resonance ionization laser ion source1,2) for
producing pure beams of exotic nuclei.
We proposed a new scheme named Parasitic production of slow RI-beam from a projectile fragment
separator by ion guide Laser Ion Source (PALIS).3–6)
This scheme can be adopted at the SLOWRI facility
to provide low-energy RI beams for the comprehensive
measurement of static properties of thousands of exotic nuclei. Because the expected beam time is very
low in comparison with the demand, PALIS can help
to obtain low-energy RI beams everyday, as long as
the fragment separator BigRIPS is in operation. Most
RI beams produced by projectile fragmentation or inflight fission are abandoned at the first dipole magnet
or in the slits in the first focal plane of the BigRIPS.
A PALIS gas cell located in the vicinity of the first slit
will rescue such RIs by capturing and neutralizing in
high-pressure Ar gas and reionizing by resonance laser
ionization at the exit of the cell. The selectively ionized
RIs can be mass separated by a simple mass separator
and transported to the SLOWRI experimental room.
In addition to PALIS, we plan to realize some more
applications by using the laser system. One application is in-cell/in-gas-jet laser spectroscopy;7,8) the aim

of this application is to increase the number of elements
that can be considered in nuclear laser spectroscopy,
which is so far limited to 50. Another application is the
production of polarized RI beams during ionization.9)
These RI beams will be used in decay spectroscopy
to measure nuclear moments. Another major development is the KEK Isotope Separator System (KISS)
project, which is aimed at synthesizing r-process nuclides with N values around 126. Such exotic nuclei
produced at very low rates can be efficiently collected
and separated to achieve a high purity by using a highpressure gas cell and adopting a resonance laser ionization scheme.
We borrowed many old laser components from
TIARA-JAERI, IRCNMS, and other RIKEN laboratories; these components include two excimer XeCl lasers
(Lambda Physik LPX240i) and seven pulsed dye lasers
(Lambda Physik FL3001/3002 and Scanmate2E). We
plan to use two-step two-color schemes for the resonance laser ionization of radioactive atoms. The firststep laser excites atoms into an intermediate state. By
using the second-setp laser, the excited atoms are made
to undergo a transition into an auto ionizing state. In
the first-step, we can use UV radiation generated by a
second harmonic generator.
Although the laser components are about 15 years
old and have not been used for eight years, we confirmed that the excimer lasers can fire with reasonable power after comprehensive maintenance. We have
already done first test for the resonance ionization
scheme of Ni atoms by using an off-line reference cell.
We will build a test gas cell with a compact mass separator in order to carry out further off-line tests before
constructing the on-line setups.
We would like to thank the original owners of the
laser components, namely, Dr. Wakasugi of RIKEN,
Dr. Koizumi of JAEA and Dr. Mitsugashira of IRCNMS for their kind support to our projects.
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Fig. 1. Layout of new laser system at SLOWRI
∗1
∗2
∗3
∗4
∗5
∗6
∗7

Department of Physics, Tokyo Institute and Technology
High Energy Accelerator Research Organization (KEK)
Nuclear Spectroscopy group, IKS, K.U. Leuven (Belgium)
Department of Physics, Sophia University
Department of Physics, Tsukuba University
Cyclotron and Radioisotope Center, Tohoku University
Faculty of Engering, Nagoya University

1)
2)
3)
4)
5)
6)
7)
8)
9)

- 190 -

L. Vermeeren et al.: Phys. Rev. Lett. 73 1935(1994).
Yu. Kudryavtsev et al.: Nucl. Phys. A 701 465(2002).
T. Sonoda et al.: AIP Conf. Proc. 1104 132 (2009).
M. Wada et al.: AIP Conf. Proc. 1104 16 (2009).
T. Sonoda et al.: RIKEN Accel. Prog. Rep. 42 187
(2008).
M. Wada et al.: Hyp. Int. (2010) DOI 10.1007/s10751010-0162-y.
T. Sonoda et al.: Nucl. Inst. Meth. B 267 2918 (2009).
T.E. Cocolios et al.: Phys. Rev. Lett. 103 102501
(2009).
Y. Matsuo et al.: Phys. Rev. A 77 063404 (2008).

1

RIKEN Accel. Prog. Rep. 43 (2010)

Test report on primary beam dispersion matching at RIBF
S. Itoh,∗1,∗2 H. Baba,∗2 G.P.A. Berg,∗3 N. Fukunishi,∗2 Y. Goto,∗1 T. Hashimoto,∗1 R.S. Hayano,∗1 N. Inabe,∗2
K. Itahashi,∗2 D. Kameda,∗2 P. Kienle,∗4,∗6 T. Kobayashi,∗1 T. Kubo,∗2 K. Kusaka,∗2 K. Miki,∗1 H. Miya,∗5
T. Nishi,∗1 T. Ohnishi,∗2 A. Saito,∗5 K. Suzuki,∗6 H. Tatsuno,∗1 K. Todoroki,∗1 H. Takeda,∗2 and T. Uesaka∗5
for the pionic-atom factory collaboration.
[Pionic-atom, precision spectroscopy, dispersion matching]

b16 s11 + b26 s12 + s16 = 0

(1)

where bij and sij denote R-matrix elements for the
beam transfer line and the BigRIPS spectrometer (F0F5), respectively. The elements in the matching condition (1) were selected such that b16 = 46 mm/%,
b26 = 0.0 mrad/%, s11 = − 0.69, s12 = 0.0 mm/mrad,
and s16 = 32 mm/%. We installed Al degraders in order to measure the dispersion values b16 and s16 . The
measured dispersion values were consistent with the
selected values.
∗1
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Figure 1 shows the histograms of the horizontal position in the F5 focal plane before and after the dispersion matching was applied; the hatched and the
unhatched histograms correspond to the position before and after the dispersion matching, respectively.
The position resolution improved by a factor of two
after the dispersion matching was applied. The obtained resolution was 0.83 mm (FWHM), after the
PPAC resolution was subtracted. The resolving power
of the BigRIPS was estimated to be 3860 (FWHM).
The obtained resolving power yields an experimental
resolution of 190 keV (FWHM) for the emitted 3 He at
365 MeV of the (d,3 He) reaction in the deeply boundpionic-atom spectroscopy.
Counts / 0.1 mm

We are planning to perform precision pionic-atom
spectroscopy1) at the RI beam factory (RIBF). The
objective of the experiment is to achieve the highest
ever precision in the deeply bound-pionic-atom spectroscopy by exploiting the (d,3 He) reaction, and thus,
to precisely determine the in-medium isovector interaction strength between the pion and the nucleus. By
applying the dispersion matching technique2) between
the beam transfer line (from the SRC to the target)
and the BigRIPS spectrometer3) (from the target to
the F5 focal plane), we expect to achieve an experimental resolution of 200 keV (FWHM), with which it
is possible to simultaneously observe both the 1s and
2s states of the pionic Sn atom. In May 2009, we performed a test experiment to establish a method for realizing the dispersion matching and for measuring the
resolution.
We used a 14 N beam with an energy of 250
MeV/nucleon; the beam was provided by the SRC. The
beam energy was chosen such that the beam rigidity
was identical to that of the deuteron beam for use in
the pionic-atom spectroscopy. The beam positions and
the directions in each focal plane were measured by using PPAC4) detectors. The PPAC position resolution
was estimated to be 1.5 mm (FWHM) on the basis of
ray ﬁtting of the incident beam. The beam emittance
was measured to be 39π mm· mrad (FWHM) and 22π
mm· mrad (FWHM) in the F3 achromatic focal plane in
the horizontal and vertical directions, after subtracting
the PPAC resolution.
The dispersion matching condition is described as
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Fig. 1. The histograms of the position in the F5 focal plane
before and after dispersion matching was applied. The
hatched and the unhatched histograms correspond to
the position before and after dispersion matching, respectively.
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Performance evaluation of Low-Pressure Multi-Wire Drift Chamber
for RI beam
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about the timing and energy loss was recorded by using
the TDCs.
While the beam passes through the counter gas, � rays are generated because the electrons of the gas are
kicked by the beam. The � -rays trigger the electron
avalanches in the cells through which the beam does
not pass. To avoid incorrect tracking, the � -ray signals
must be discriminated from the beam signals.
In our experiments, pulse widths were obtained from
RPA-130/131; these pulse widths were related to the
pulse height of the analog signal3) . Using the obtained
pulse, we can discriminate between the beam signals
and the � -rays on the the basis of the diﬀerence in
the energy loss in these two cases. From the signals
obtained for each layer and trigger event, we selected
the beam signals with the maximum pulse width.
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We are developing Low-Pressure Multi-Wire Drift
Chambers (LP-MWDCs)1–4) for light radioactive
isotope (RI) beams with an energy of 100–
300 MeV/nucleon. The LP-MWDCs are used in BigRIPS and High-Resolution Beamline (HRBL)5) at RI
Beam Factory.
The LP-MWDCs have three anode layers (x, u, and
y). Layer u is tilted at an angle of 30◦ with respect to
x. The counter gas used is pure isobutane at a pressure
of 10 kPa. By maintaining the gas pressure at a low
value, the eﬀect of multiple scattering can be diminished. Details of the structures and speciﬁ cations of
the LP-MWDCs are provide elsewhere1–4) .
In March, May, and November 2009, the performance of the LP-MWDCs, in which the gas pressure
was 10 kPa and 50 kPa, was evaluated using RI beams
with z = 17, in the commissioning of SHARAQ and
HRBL. We report the position resolutions and tracking eﬃ ciencies for the RI beams as a function of the
applied voltage.
In March and May, the primary beam used was 14 N
with an energy of 250 MeV/nucleon. RI beams of
3
H, 6 He, 9 Li, 10 B, 12 Be, and 11 C were produced by
a projectile-fragmentation reaction carried out using
14
N and a primary target of 9 Be. In November, the
primary beam used was 4 He with an energy of 320
MeV/nucleon. RI beams of 3 H and 3 He were produced
by the reaction of 4 He with the target. LP-MWDCs
and plastic scintillators were placed in focal planes F3,
F6, F-H7, F-H9, and F-H10 in BigRIPS and HRBL.
The dimensions of the scintillator at F3 were 100 ×
100 mm2 and the scintillator thickness was 1 mm. The
scintillator was used as a trigger counter. The dimensions of the scintillators at F-H7, F-H9, and F-H10
were 220 × 150 mm2 and the thickness was 3 mm.
Details of the experimental setup at each focal plane
is provided in the ref2) .
The anode signals from the LP-MWDCs were read
out, ampliﬁ ed, and discriminated by REPIC RPA130/131. The timing of the leading and trailing edges
was recorded by using CAEN V1190A/B multihit
TDCs. The signals read out from the plastic scintillators were ampliﬁ ed and discriminated by IWATSU
Charge to Time Converters (QTCs)7) . Information
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Fig. 1. (a) Relation between pulse width and leading-edge
timing acquired from the wires in one plane (b) spectra
of the pulse width and (c) spectra of the leading-edge
timing obtained by selecting the pulse width at 1100 V
and 10 kPa for 14 N.

Figure 1(a) shows the relation between the pulse
width and the leading-edge timing acquired from the
wires in the x layer for 14N at 1100 V. Figure 1(b)
shows the spectrum of the pulse width in x layer. The
black and red peak denote the signals from the wires
and those with the maximum pulse width selected from
each trigger event, respectively. The leading-edge tim-
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Fig. 2. The geometric conﬁ guration of the planes helps in
accurate position determination.

ing spectrum is shown in Fig. 1(c). The spectra of
the signals with the maximum pulse (red) width show
a reasonable drift distribution. The pulse width of
the beam can be discriminated from that of the � -rays
on the basis of the correlation between the maximum
pulse width.
In order to estimate the position resolution, the distribution of uu − uxy was investigated. Here, uu is a
hit position in the u layer, and uxy is a hit position
along the u axis and is calculated from the hit positions in layers x and y. The geometric conﬁ guration
of the planes helps in accurate determination of the
hit position u (see√Fig. 2.) The position resolution is
given by ∆uu − uxy / 2, where ∆uu − uxy is the full width
half maximum of the distribution of uu − uxy . Figure 3
shows the distribution of uu −uxy at 1100 V and 10 kPa
for 14 N. The beam size is 100 mm and 20 mm in the
horizontal and vertical directions, respectively, at this
F-H7 detectors. From the aforementioned distribution,
the position resolution can be estimated.
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,at gas pressures of 10 kPa and 50 kPa. Here, σ of
a Gaussian distribution is derived from ∆uu − uxy . Figure 5 shows the tracking eﬃ ciencies as a function of the
applied voltage. The tracking eﬃ ciencies approached
90% for the RI beams at 10 kPa and 50 kPa.
The position resolutions and tracking eﬃ ciencies of
the LP-MWDCs were evaluated as a function of the
applied voltage for the RI beam with z = 1–7 at 10 kPa
and 50 kPa. The position resolutions were 200–300 � m
(FWHM) for the beams with z = 2–7 at 10 kPa and
200–300 � m (FWHM) for the beams with z = 1–2 at
50 kPa. At 10 kPa and 1100 V, the LP-MWDCs had
a dynamic range of z = 3–7. The tracking eﬃ ciencies
reached around 90% for the beams at 10 kPa and 50
kPa.
References

Fig. 3. Residual distribution of uu − uxy at 1100 V and 10
kPa for 14 N.

Figure 4 shows the position resolutions as a function of the applied voltage, evaluated by the abovementioned method at gas pressures of 10 kPa and 50
kPa. The position resolutions were 200–300 � m for the
beam with z = 2–7 at 10 kPa and around 200–300 � m
for the beam with z = 1–2 at 50 kPa. At 1100 V, the
LP-MWDCs had a dynamic range of z = 3–7.
The tracking eﬃ ciency is deﬁ ned as the ratio of the
number of events satisfying 3σ of the residual distribution to the number of the beams counted by the plastic
scintillator placed the downstream of the LP-MWDCs
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Development of ionization chamber for superheavy elements
K. Ozeki, T. Sumita,∗1 K. Morimoto, K. Morita, and A. Yoneda
In superheavy element laboratory, we have been developing an ionization chamber (IC) to determine Z
and A of superheavy elements. This IC is intended to
measure the kinetic energy less than 100 keV/nucleon.
The anode electrode is segmented into six strips, which
are labeled 1-6 from upstream to downstream, for the
purpose of the measurement of dE/dx. A detailed configuration of the IC and the voltage applied to each
component of the IC are described in ref. [1].
P10 gas was filled in the IC. Figure 1 shows the energy spectra of α particles emitted by 241 Am obtained
under various pressures. The energy deposits in each
segmented electrode and the summation of the energy
deposits in each electrode (i.e., 1+2, 1+2+3, · · ·) are
shown. The intrinsic energy spread in the case of an α
particle with an energy of 4.763 MeV is 60 keV (rms).

the calibration constant determined from a previous
α-particle measurement.

Fig. 2. Correlation between estimated and measured energy loss of α particles

Figure 3 shows the correlations between measured
and estimated energy loss when the energy of 11 B is
assumed to be 5.62 MeV and 6.01 MeV. The dashed
lines show the correlation determined from α-particle
measurement. Although the correlation determined by
assuming the incident energy to be 6.01 MeV has better linearity than that determined by assuming the energy to be 5.62 MeV, the former is inconsistent with
the measured value of total energy loss.

Fig. 1. Energy spectra of α particles.

The energy deposits in each segmented electrode
were estimated using the Stopping and Range of Ions in
Matter code2) . Figure 2 shows the correlation between
estimated and measured energy loss. If the equipotential plane is deformed, dE/dx cannot be measured correctly because a part of ionization electrons escapes to
another electrode than that corresponding to the region in which the electrons are originally ionized. The
good linearity of the correlation between the estimated
and measured energy loss, as shown in Fig. 2, suggests
that the ionization electrons are collected at the corresponding electrodes by means of a successfully constructed parallel equipotential plane.
The operating characteristics were understood basically by α-particle measurement. Then, kinetic energy
of 11 B beam from Pelletron3) was measured. Beamline
parameters were set to extract 11 B of 6.01 MeV; the
terminal voltage was 1.50 MV and the charge of 11 B
was varied from 1− to 3+. However, several kinds of
particles were measured simultaneously; it was thought
that these particles have different Z, A, or q. Among
those particles, 11 B3+ -like events were analyzed. The
incident energy was determined as 5.62 MeV by using
∗1
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Fig. 3. Correlations between estimated and measured energy loss of 11 B.

Shifts in average ionization energy (W -value) of the
gas depending on the nuclide and energy of the incident particle has been reported4) . The discrepancy on
the incident energy measurement from the beamline
setting may be caused by the W -value shift.
Further measurements are planned for heavier elements such as 197 Au. First, it is necessary to characterize the Pelletron and beamline in order to determine
the nuclide and energy of the incident particle.
References
1)
2)
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Power spectrum detected by ion beam core monitor
H. Watanabe, S. Watanabe,• •1 R. Koyama,• •2 and M. Kase
A nondestructive ion beam core monitor has been
developed to measure the intensity of a beam current from
2008.1) It is particularly useful if one can continuously
monitor the ion beam current without interrupting the ion
beam. The core monitor has been installed into the RIKEN
Ring Cyclotron (RRC) output beamline to measure ion
beams and background noise. The RRC is driven by the
AVF cyclotron placed upstream of the RRC. The
acceleration RF power supplied for both cyclotron of the
AVF cyclotron and RRC was 14.5 MHz and 29.0 MHz,
respectively. We report here the power spectrum detected by
the ion beam core monitor.
We used a Fast Current Transformer (FCT) manufactured
by BERGOZ Instrumentation. The transformer, model
FCT-082-05:1-H-INS, consists of a toroidal core.
The RRC beam is equivalent to a single-turn coil on the
primary side of the transformer which induces a magnetic
flux in the toroidal core, resulting in an induced current in
the secondary coil. The bandwidth of the FCT is 32 kHz –
700 MHz. The fast response of the detector allows us to
observe the higher harmonics of the pulsed beam.
In order for the transformer to measure a current passing
through its center, the wall current imaging the ion beam
must be diverted around the outside of the device. The
beam pipe is electrically isolated by a PEEK sleeve of 4
mm width and the FCT is mounted close to the gap. A
SUS304 box cover forms the FCT electrostatic shielding as
well as the electrical connection between the interrupted
beam pipe outside the FCT. The signal from the FCT is sent
to a low-noise preamplifier. The gain of the preamplifier is
20 dB. The signals obtained from the preamplifier were
measured by a spectrum analyzer.
Since the bunch width of the RRC beam is very short, it
generates many harmonics and the higher order harmonics
have almost the same power as the fundamental one (14.5
MHz), shown in Fig. 1. Then the background noise consists
mostly of 29 MHz signal and its harmonics, shown in Fig. 2.
In Fig. 1, it is clear that the peaks of 14.5 MHz and its odd
number harmonics originated from the ion beam. It is
considered that the high-frequency noise current originated
from RF power of RRC passing through FCT center. In the
future, the noise current will be suppressed by the
arrangement of a suitable insulator.• • • •
••
Reference
1) H. Watanabe, S. Watanabe, R. Koyama, and M. Kase:
RIKEN Accel. Prog. Rep. 42, 139 (2009).
• •1
• •2

Fig.1 Power spectrum of 18O beam of 1.5 euA detected by
the FCT. Many higher order harmonics peaks of the RRC
(1f = 29.0 MHz) and the AVF cyclotron (1f = 14.5 MHz =
29.0 MHz / 2) were observed.

Fig.2 Power spectrum of background noise at beam off
detected by the FCT. Many higher order harmonics peaks of
the RRC (1f = 29.0 MHz) were observed.• •

Center for Nuclear Study, University of Tokyo
SHI Accelerator Service, Ltd
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Lithium doped Glass Scintillators for Low Energy Neutron Detection
M. Furukawa,∗1 M. Kurata-Nishimura, H. Otsu, and H. Sakurai
The aim of this work is to test 6 Li-doped glass (6 Liglass) and 7 Li-doped glass scintillators (7 Li-glass) for
low energy neutron detection and γ/neutron discrimination. Neutron detection depends highly on the energy. For high energy neutrons (> 1 MeV), any hydrogenous material (i.e. plastic) can be used to detect
the recoil proton in the (n, p) scattering reaction. For
lower energy neutron (< 1 MeV) neutrons are detected
through the (n, γ) or (n, α) reaction.
The 6 Li-glass is one of the best candidates for the
low energy neutron detector1) because of fast timing response and high cross section for the reaction:
n +6 Li → t + α + 4.78MeV. A positive Q-value implies
that very low energy neutrons can be detected. The
only disadvantage is that 6 Li is also sensitive to γ and
β rays. However pulse height discrimination can be
utilized to select neutrons from γ-ray background.
1

Experimental Setup and Data Acquisition

In this work, 6 Li- and 7 Li-doped glass scintillator
(SAINT-GOBAIN Crystal: GS20 and GS30, respectively) were used. Its composition was SiO2 (57%),
MgO (4%), Al2 O3 (18%), Ce2 O3 (4%) and Li2 O (18%).
The percentage weight of 6 Li in GS20 is 95% and the
percentage weight of 7 Li in GS30 is 99.9%. The Liglass have a diameter of 5cm and thickness of 1cm.
Three species of γ sources (22 Na, 137 Cs and 60 Co)
and a neutron source (252 Cf) were placed in front of
the Li-glass attached to a photomultiplier tube (PMT).
In order to conﬁrm a neutron signal, a 2 cm lead brick
was inserted between the 252 Cf source and the Li-glass.
A signal from the PMT was connected directly to the
storage oscilloscope (Tektronix: 3034B) . A linear ampliﬁer for PMT (10 times gain) was used for low amplitude signals. Waveform data were acquired using
tekXL on excel toolbar through network connection.
Voltages and time information for each triggered event
was stored event by event directly into an excel spread
sheet. An amplitude, a total charge, a charge in the
tail area, rise time and trailing time were evaluated
from the waveforms in csv format.
2

Results

Histograms of the amplitude distributions are plotted using 22 Na and 252 Cf in Figs. 1. The pulse
height distributions discriminate between neutron and
γ source obviously. It is conformed that the peak
around 0.06V for the 252 Cf is originated from neutrons
by comparing the distributions with and without the
∗1

Fig. 1. Histogram of the amplitude distributions of signals
from 6 Li-glass using 22 Na γ source and 252 Cf ﬁssion
source.

Department of Physics, McMaster University, Canada

Fig. 2. Histogram of the amplitude distributions of signals
from 6 Li-glass using 252 Cf with and without a 2 cm
lead brick. The lead brick absorbs γ rays lowering γ
ray counts and increasing neutron counts.

lead brick between the source and the detector as is
shown in Figs. 2. Rising times were also calculated for
an estimation of the time resolution and pulse shape
discrimination. It is found that the typical rise time
for neutron signal is less than 5 ns. Thus we can expect
the suﬃcient time resolution for the neutron detection
using 6 Li-glass. For the pulse shape discrimination,
further investigation is needed.
3

Conclusion

In this work, 6 Li- and 7 Li-doped glass were tested
for a neutron detector. The waveforms were measured
by the oscilloscope and recorded event by event automatically. By analyzing the waveform with a diﬀ erent
aspects, separation of neutron from γ was studied. The
pulse height distributions discriminate between neutron and γ source obviously for 6 Li-glass while no clear
diﬀ erence is observed for 7 Li-glass. It is expected that
6
Li-glass can provide a suﬃcient time resolution for
the neutron detection.
At the end, we would like to express special thanks
to Prof. Shimoda in Osaka University, who kindly provides us the 6 Li- and 7 Li-doped glass scintillator for
this work.
References
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Phys. 63 593 (1965)
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Pulse structure dependence of the proton polarization rate
T. Kawahara,∗1 T. Uesaka,∗2 Y. Shimizu, S. Sakaguchi and T. Wakui,∗4
A polarized solid proton target for RI beam experiments has been developed at the Center for Nuclear
Study, University of Tokyo1) . Protons are polarized
through the transfer of the electron population diﬀerence in the photoexcited triplet states of pentacene4) .
By using this method, proton polarization of approximately 20% has been achieved at a low magnetic ﬁeld
of 0.1 T and at high temperatures of 100 K. Although
this target has been successfully used in RI beam experiments2,3) , further improvement of proton polarization is desirable for future applications. To enhance
the photoexcitation power, we examined the pulsestructure dependence of the proton polarization rate.
For the optical excitation of pentacene molecules,
an Ar ion laser (Coherent TSM25) with a wavelength
range from 454.5 nm to 528.7 nm and a total maximum
output power of 25 W is used. Since this laser is a
continuous wave (CW) laser, light can be mechanically
pulsed by using an optical chopper (Fig. 1). The duty
factor can be easily varied by adjusting the degree of
the overlap of two chopper blades. The frequency of
the laser pulse can be changed by changing the rotating
speed of the optical chopper.

2 chopper blades

slits

Fig. 2. Time chart of polarization. When the crystal is irradiated by the laser, the electron polarization occurs.
Immediately after laser irradiation, microwave irradiation is eﬀected, and the magnetic ﬁeld strength is swept
in order to transfer the electron polarization to the protons.

frequency. The magnitude of proton polarization after
a 5-min buildup is deﬁned as the proton polarization
rate, which is measured by the pulsed NMR method.
The results are shown in Fig. 3, where the proton
polarization rate is plotted as a function of repetition
frequency.

Fig. 1. Optical chopper blades

With the help of this optical system,we can change
the duty factor from 5% to 50% and the repetition
frequency from 0.75 to 10.5 kHz. The pulse width is
determined from the duty factor and repetition frequency. These three parameters are related as
D = f t,

(1)

where D, f , and t are the duty factor, repetition frequency, and pulse width, respectively.
Measurements were carried out under the following
conditions. The crystal used was 14 mm in diameter and 3 mm in thickness. Protons were polarized at
200 K in a magnetic ﬁeld of approximately 60 mT.
Figure 2 shows a typical time chart of the polarization
process. This process is repeated at a certain repetition
∗1

∗2
∗3

Department of Physics, Toho University
Center for Nuclear Study, Graduate School of Science, University of Tokyo
Cyclotron and Radioisotope Center, Tohoku University

Fig. 3. Polarization rate measured by changing the duty
factor and repetition frequency.

In a previous study1) , the repetition frequency and
duty factor were reported to be 2.5 kHz and 5%, respectively. The measured data are normalized by the
previous data. At high frequency limits, the polarization rate is almost saturated and is proportional to
the duty factor. In the present study, we found that
the proton polarization rate takes the maximum value
when the repetition frequency is 10.5 kHz and the duty
factor is 50%. The polarization rate is improved by a
factor of 5 as compared to that reported previously.
To estimate the polarization rate, we built a simple
theoretical model of electron population. The polar-
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1

ization process involves three steps: electron polarization, polarization transfer from electrons to protons,
and relaxation of electron polarization. In this model,
we assume that the eﬃciency of the polarization transfer from electrons to protons is 100%. Electron polarization is the electron population diﬀerence between
the m = 0 and m =−1 states, which are the magnetic
substates of the triplet state of pentacene.
In the ﬁrst step, the electron population increases
according to the buildup function during laser irradiation. The buildup function is given as
t
fb,i (t) = Ai τi {1 − exp(− )},
τi

(2)

where τi is the lifetime of the triplet state, A is the
population rate and i is the magnetic substate of the
triplet state. After laser irradiation, the electron population diﬀerence is transferred to the protons, and
the electron population decreases according to the relaxation function. When the electron polarization is
transferred, the number of electrons in the two magnetic substates is reversed by cross polarization3) . The
relaxation function is given as
t
fr,i (t) = exp(− ).
τi

result and the present calculation. In Ref. 4, the lifetimes at 100 K are τ0 =26 µsec and τ− =83 µsec. The
lifetimes observed at 200 K are almost the same as
those at 100 K. The proton polarization rate calculated by our simple model reproduces the measured
data as shown in Fig. 5.

(3)

Here, the lifetimes of the two substates used in the
model are considered as free parameters.
The solid and dotted lines in Fig. 4 represent the
time development of the electron population in the m
= 0 and m = −1 states, respectively.

Fig. 5. Polarization rate calculated from our simple model
(solid curves) and the measured polarization rate. The
rates are calculated for duty factors of 5%, 10%, 15%,
20%, and 50%.

We have examined the pulse-structure dependence
of proton polarization rate. We found that the proton
polarization rate depends strongly on the pulse structure. At a duty factor of 50% and repetition frequency
10.5 kHz, the polarization rate is improved by a factor of 5. The pulse-width dependences are reproduced
with a simple model, by assuming the life time of the
triplet state at 200 K to be τ0 = 26 µsec and τ− =
83µsec. These values are almost equal to those measured at 100 K.
References
1) T. Wakui et al., Nucl. Instr. Meth. A 550 (2005) 521.
2) M. Hatano et al., Eur. Phys. J. A 25 (2005) 255.
3) S. Sakaguchi et al. Proceedings of ISPUN07, World Scientiﬁc (2009) 245.
4) M. Iinuma. Ph. D thesis, Kyoto University, (1997).

Fig. 4. Time development of electron polarization.

ρ0 and ρ− , the electron populations in the m = 0
and m = −1 states,respectively, are calculated by using
equations (2) and (3). The proton polarization rate is
derived as
dPp
∝ ρ0 − ρ− .
dt

(4)

The lifetimes τ0 and τ− are determined to be 26 µsec
and 88 µsec, respectively, by using the measurement

2
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New method of pulse shape analysis
for segmented Ge detectors by using moments
S. Go,∗1 S. Shimoura,∗1 E. Ideguchi,∗1 S. Ota,∗1 H. Miya,∗1 H. Baba∗2
We have been developing a position-sensitive Ge detector array, CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity). The array
consists of 18 detectors, each of which contains two
planer Ge crystals with an effective radius of 30 mm
and thickness of 20 mm. Each detector has a common
anode between two crystals and two 3 × 3 cathodes.
Fig. 1 shows the definition of the coordinates. The
interaction point of the γ-ray can be deduced by pulse
shape analysis. Our group has developed a method for
position extraction by using the analog pulse shape
technique1,3) .

Fig. 2. DSP system consisting of two 9-ch ADCs and our
daughter modules (TechnoAP, APU7110-A40) .

digitized time. The first-order moment corresponds to
the average of the pulse shape; the second to the RMS;
the third to the skewness.
Fig. 3 demonstrates the correlation between the
first moments from the measured data recorded by
DSP. This dependence is result obtained using the analog pulse shape technique, where the z-value of the
hit position can be extracted from the ordinate and
abscissa3) .

Fig. 1. Schematic view of detector.

In 2008, we started to upgrade the system by digital
signal processing (DSP), where the outputs from the
preamplifier are digitized by a 100-MHz flash ADC and
processed by digital filtering methods such as trapezoidal shaping and constant-fraction time pick-off (Fig.
2).
In order to use the DSP system for position extraction, we are attempting to develop a simple algorithm for the digitized data. The moments of the
digitized signals are introduced as candidates for developing such an algorithm2) . The n-th moment of the
signal is expressed as
tn =

Σi tni × f (ti )
dQ(ti )
, f (ti ) =
,
Σi f (ti )
dt

(1)

where Q(ti ) denotes the digitized data obtained from
the charge sensitive preamplifier, and ti denotes the
∗1

∗2
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Fig. 3. Correlation between first moments, using a 22 Na
source. The event near the cathode is selected when
the moments are calculated.

In order to extract three-dimensional-position, detailed comparison of the pulse shapes and pulse simulation are important. The time evolution of induced
charge signals on cathodes, pulse shapes, can be simulated by calculating the three-dimensional electric po-
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tential and by using the weighting potential proposed
in the Schokley-Ramo theorem4) . Fig. 4 shows an
example of the calculated weighting potential. On the
basis of this theorem, the time evolution of the induced
charge Q(ti ) is expressed as follows:

Fig. 4. Calculated weighting potential. In this case, a voltage of 1[V] is applied to the center electrode, and a
voltage of 0[V] is applied to the boundary.

Q(ti ) = n0 e(φw (Xh (ti ), Yh (ti ), Zh (ti ))
− φw (Xe (ti ), Ye (ti ), Ze (ti )),

(2)

where n0 denotes the number of carriers, and e is
the elementary charge. The position of the carriers (electrons and holes) at time ti is denoted by
(X(ti ), Y (ti ), Z(ti )), which is determined by the distribution of the static electric field, mobilities, and diffusion constants. φw is the weighting potential. Figure
5 shows the preliminary results obtained by assuming
that the electron and hole move in the z-direction with
constant velocities; in this case, the hit positions are
(0, 0, 5mm) and (0, 0, 15mm).

Fig. 5. Simulated charge signal induced in the cathode.
The dashed curve shows the contribution of the holes
and electrons. In this case, the γ-ray interacts at (0, 0,
5mm) and (0, 0, 15mm). The pulse heights are normalized to 1.

First, the extraction of the z-position will be carried
out by using the correlation between the first moments
from the simulated pulses. Extraction of the x- and ypositions will also be carried out using the simulated

2
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pulse shapes of the non-hit segments. These extraction
are currently underway.
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PHENIX silicon vertex tracker project
Y. Akiba, S. Baumgart, N. Cassano,∗1 S. Chollet,∗2 V. Cianciolo,∗3 A. Deshpande,∗1,∗4 O. Drapier,∗2
A. Drees,∗1 H. En’yo, K. Fujiwara,∗5 F. Gastaldi,∗2 Y. Haki,∗6 K. Hashimoto,∗6 R. Ichimiya, J. Kanaya,
M. Kasai,∗6 K. Kurita,∗6 M. Kurosawa, A. Lebedev,∗7 E. J. Mannel,∗8 R. Nouicer,∗9 C. Ogilvie,∗7 Y. Onuki,
R. Pak,∗9 C. Pancake,∗1 P. Riedler,∗10 E. Shafto,∗1 M. Sekimoto,∗11 W. Sondheim,∗12 M. Togawa, A. Taketani,
and the PHENIX VTX group
• The second annual review of VTX was held at
BNL in June 2009.
• The Q/A of the pixel sensor module is ongoing.
• The assembly of the pixel ladders is ongoing.2)
• An electronic checking system for pixel ladders is
developed.3)
• The production of pixel staves (mechanical support + cooling) has been completed at LBNL.
• The production of pixel read-out boards (SPRIO)
has been completed at Ecole Polytechnique.
• The production of pixel front-end-module (FEM)
has been completed at Stony Brook University.
• Test bench system of pixel ladders has been developed.4) One set of the system is installed at BNL.
• The Q/A of the strip sensors has been complete.
• The production of strip read-out card (ROC) is
ongoing and to be completed soon.
• The assembly of strip silicon modules is ongoing.
• The first strip ladder has been assembled.
• The development of the read-out electronics chain
for the strip system is nearing completion at
ORNL. The production of the RCC boards is ongoing. The production of the LDTB boards, the
strip buses, DIB, and CIB will start soon.
• The design of the mechanical support system and
cooling of the VTX has been completed.
• The abrication of mechanical support system of
VTX is ongoing at LBNL and will be completed
soon.
• On the software side the physics simulation of
VTX?) is ongoing.

We are constructing a silicon vertex tracker (VTX)
for the PHENIX experiment at RHIC. The primary
purpose of the detector is to carry out precise measurements of heavy-quark (charm and beauty quarks)
production in A + A, p(d) + A, and polarized p + p
collisions. The main physics topics addressed by the
VTX are as follows.
• Probing high-density partonic matter

◦ Energy loss of heavy quarks (charm and bottom quarks) in dense matter
◦ Elliptic flow of heavy quarks in dense matter
◦ Open heavy-quark production
◦ Medium induced modification of jets

• Measurement of the gluon spin polarization
∆G(x) of the nucleon
◦ ∆G(x) with heavy-quark production
◦ ∆G(x) with γ-jet measurement

• Nucleon structure in nuclei

◦ Gluon shadowing over a broad x range

These are key measurements that are required for future RHIC programs, both for the study of Quark
Gluon Plasma (QGP) in heavy-ion collisions and for
the measurement of the nucleon spin-structure functions.
The VTX detector consists of two inner layers of silicon pixel detectors1) and two outer layers of silicon
strip detectors. The detector covers |η| < 1.2 in pseudorapidity and ∆φ ≈ 2π in azimuth. The project is
funded by RIKEN, the US DOE, and Ecole Polytechnique. The US side of the project commerced in US
FY2007. The total budget is 4.7 M US dollars over
four years (FY2007-FY2010).
The significant developments made this year are as
follows.
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Silicon Pixel Detector for PHENIX Vertex Tracker†
A. Taketani, Y. Akiba, N. Apdula,∗1 S. Baumgart, C. Biggs,∗2 S. Chollet,∗3 O. Drapier,∗3 A. Dress,∗1 H. En’yo,
K. Fujiwara,∗4 F. Gastaldi,∗3 Y. Haki,∗5 K. Hashimoto,∗5 R. Ichimiya, Y. Ikegami, J. Kanaya, M. Kasai,∗5
T. Kobayashi,∗4 T. Kondo,∗4 K. Kurita,∗5 M. Kurosawa, J. LaBounty,∗2 E. J. Mannel,∗6 Y. Nomiya,
R. Nouicer, H. Ohnishi, Y. Onuki, R. Pak,∗2 C. Pancake,∗1 P. Riedler,∗7 M. Sekimoto,∗8 E. Shafto,∗1
S. Shimoda, W. Sondheim,∗9 M. Togawa, S. Watanabe,∗10 Y. Yamada, and the PHENIX VTX group
PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) will be upgraded with a silicon vertex
tracker (VTX) in 2010. It will enhance physics capability in both spin and heavy-ion programs. The VTX
covers | η |≤ 1.2 and ∆φ ∼ 2π with four layers of silicon sensors.1) It will be installed 2.5 cm away from the
beam line, which is located just outside with a radius
of 2 cm beam pipe. The VTX can be used to deteremine whether heavy quarks or light quarks are porduced;
this is possible since the VTX can track a displaced vertex corresspoinding to the long-lived charm and bottom mesons, whose cτ values are in the range of 100
to 400 µm. Further, the jet can can be determined by
measuring the momentum of the charged track within
its large acceptance of the VTX.
In the VTX, ypixel detectors are located on the two
inner layers and stripixel detectors2) are located on the
two outer layers. We, the RIKEN group, are in charge
of 30 pixel ladders, which is the smallest replaceable
unit in the detector. This article describes the progress
of the pixel ladders.
A pixel ladder consists of four sensor hybrids, a support stave, and two readout buses. The pixel size of
the sensor is 50 × 425 µm2 . One sensor has 256×32×4
pixels and is connected to four ALICELHCB1 chips by
bump bonding. Signals from the sensor are converted
to binary hit pattern data by using a preamplifier and
a discriminator. These binary data are transmitted as
digital signals to a silicon pixel readout (SPIRO) board
via a pixel bus and an extender. The SPIRO board
multiplexes data from eight ALICELHCB1 chips and
transmits the data to a front end module (FEM) thorough 1.6 Gbps serial optical links.
The process of gluing the sensor hybrids, support
stave, and readout buses in the ladder fabrication were
improved; glue was dispensed by using a metal and a
paddle instead of dispensing robot3) in the previous
years. The gaps between the hybrids and stave were
carefully adjusted manually under a microscope during
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the stacking process.
After the gluing process, the hybrids and readout
buses were connected by wire bonding. In the initial
stage test fabrication of the pixel ladder, a wire shorted
bewteen a bonding pad and the guard ring surrounding
the pad; hence the signal could not be transmitted.
Since it was not easy to visually detect the short. a
wire-bonding checker was developed.4) The checker can
be used to measure the resistance between the pad, and
the guard ring which is connected to the the ground.
When a short to the ground is detected, the associated
wires are replaced.
We fabricated two pixel ladders as production version by the following improved gluing procedure. The
ladders wer electrically tested by performing charge
injection tests, β-ray irradiation tests, and cosmic-ray
tests by using SPIRO and FEM. Their functinallity of
the ladders was confirmed.5)
The ladders were operated in 0◦ C environment. A
test bench box with a cooling system was developed.
An interlock system that helps to prevent any accidental damage to the ladders destruction of ladders by
accicidents was developed.6) The temparature and flow
rate of the cooling liquid were monitored. Further, the
humidity of the test bench box, which is filled with
dry N2 gas was measured. If these monitored values
deviate from a specific value, the interlock system will
shut off power supply to the ladder or close the valve
for the cooling liquid.
In summary, we developed some tools for fabarication quality assurance (QA) and ladder-funcationality
QA processes. The fabrication of PHENIX pixel ladders has been commenced. They will be installed and
will start opeartion in 2010.

Fig. 1. Assembled pixel ladder, Top: Dummy assembly before gluing. Cneter: Dummy after gluing. Bottom:
Fully assembled and functional ladder
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QA test bench for the PHENIX silicon pixel detector
M. Kasai,∗1 A. Taketani, C. Biggs,∗2 C. Pancake,∗3 E. Mannel,∗4 E. Shafto,∗3 H. En’yo, J. LaBounty,∗2
J. Kanaya, K. Kurita,∗1 K. Hashimoto,∗1 K. Fujiwara,∗5 M. Kurosawa, M. Togawa, M. Sekimoto,∗6
N. Apadula,∗3 R. Nouicer,∗2 R. Ichimiya, S. Baumgart, S. Shimoda,∗7 Y. Akiba, Y. Nomiya,∗7 Y. Onuki,
Y. Haki,∗1 Y. Ikegami,∗7 Y. Yamada∗7 and PHENIX VTX group.
A Silicon Vertex Tracker (VTX) will be installed for
PHENIX experiment at RHIC in 2010. The VTX will
enhance the physics capabilities of the PHENIX central arm spectrometers by providing precision measurements of heavy-quark (charm and beauty) production
in A+A, p(d)+A and polarized p+p collisions.
The VTX consists of pixel detectors at inner 2 layers (10 ladders and 20 ladders ) and strip detectors
at outer 2 layers, which cover pseudo-rapidity of |η|
≤1.2, and φ ∼2π in azimuth. Japanese group including Rikkyo university, RIKEN and KEK is responsible
for the pixel ladders.
We have started a mass production of the pixel ladder1)2)3) since last year. The assembled ladders have
to go through quality assurance(QA) test at RIKEN
and BNL. During QA test, there are possibilities of a
serious damage for example, the glued parts of each
material peel off and the coolant builds up condensation on the surface of the ladder, and so on. So we
made an interlock system on the ladder test bench in
order to prevent the serious damage on the ladder and
to be within an acceptable level. In this report, we describe the interlock system for construction of ladder
QA test bench.
Figure 1 shows a schematic view of QA test bench for
the pixel ladder. The ladder was connected to a Silicon
Pixel Interface Read Out (SPIRO) board which controls read-out chips and collects data and sends them
to the FEM (Front End Module) via optical cables.
The ladder is confined in a bench box filled with dry
nitrogen gas. NOVEC, which is cooled to 0◦ C by a
chiller to improve the resistance to radiation, flows into
the ladder, and returns to the chiller through a control
box. The control box is connected with three power
supplies (High Voltage for sensor bias, Low Voltage for
ladder, SPIRO4) ) to operate the ladder. And pixel silicon sensor needs a reverse bias voltage (50V) to make
it depleted. Low voltage (3.5V) is for operating readout chips.
The bench box is made to be as compact as possible, and is attached by the connectors for NOVEC
and nitrogen gas as shown Figure 2. A hygrometer is
placed to a center of the bench box. In order to main∗1
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tain air tightness of the test bench, extenders (Flexible
printed circuits) are pressed by the silicon rubbers. In
order to test the hermetic seal of the box, dry nitrogen
gas whose humidity is 0% flowed into it at the rate of
0.03L/min. Then humidity in the box is maintained
at 1.0%.

Fig. 1. A schematic view of ladder QA test bench.

Fig. 2. A bench box with NOVEC and nitrogen gas connectors.

Figure 3 shows a front and rear panel side of
the control box. A thermometer and temperature
controller, a humidity controller, a flow meter and a
solenoid valve are installed. We can monitor these values and set their thresholds.
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• H [%] : Humidity in the bench box
• T [◦ C] : Temperature of NOVEC (outlet from the
1

ladder)
• F [L/min] : Flow rate of NOVEC (outlet from the
ladder)
The LED indicators display the status of the each interlock monitors. Green shows normal, and red shows
the cause of the interlock.

Fig. 4. Ladder QA test bench at BNL
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Fig. 3. A control box for the interlock system.

We set these threshold conditions on the control
box.
(1) H is lower than 5%.
(2) T is lower than 5◦ C.
(3) F is higer than 0.5L/min.
Before we start ladder QA test, firstly a power supply
of the control box is turned on. Secondly, we flow dry
nitrogen gas into the bench box. Thirdly, the chiller
is operated at 0◦ C after H is lower than 5%. Finally,
three power supplies are turned on and the ladder can
work for QA test. If even one of the condition is not
satisfied, the interlock system works and the prohibition signal is sent to all power supplies.
Now the test bench including the interlock system
for ladder QA test has been completed and settled at
BNL as shown in Figure 5. We confirmed that the interlock system operated correctly. We built a second
test bench for RIKEN. Ladder QA test can be performed at RIKEN and BNL.
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Development of wire bonding electrical-short checker
for silicon pixel ladder in the PHENIX vertex tracker
Y. Haki∗1 , M. Kurosawa, Y. Akiba, S. Baumgart, H. En’yo, K. Fujiwara∗2 , A. Taketani, K. Hashimoto∗1 ,
R. Ichimiya, K. Kurita∗1 , M. Kasai∗1 , J. Kanaya, Y. Onuki, C. Pancake∗3 , M. Sekimoto∗4 , E. Shafto∗3 ,
M. Togawa and the PHENIX VTX group
The PHENIX detector at RHIC-BNL will be upgraded with a silicon vertex tracker (VTX) surrounding a beam pipe with four cylindrical layers1) . The
inner two layers include silicon pixel detectors (SPDs),
and the outer two layers include silicon strip detectors.
The RIKEN-Rikkyo group is currently developing an
SPD as part of the PHENIX VTX upgrade. The SPD
is made up of 30 assembly units called ladders, each
of which consists of a thermal plate, four sensor hybrids, and two pixel buses2) . A sensor hybrid is an assembly of a silicon pixel sensor and four readout chips
(ALICE1LHCb), which are bonded to the sensor via
bumps with a diameter of 20 µm. The readout chip has
8192 pixel cells arranged in 32 columns and 256 rows.
The pixel size is 50 µm × 425 µm. The pixel bus is a
copper-aluminum-polyimide base flexible printed circuit board. The signals from the silicon pixel sensor
are read out through the readout chip and pixel bus,
which are electrically connected by wire bonding, as
shown in Fig. 1.

Fig. 2. Pattern diagram and closeup image for the region
around the bonding pads of the readout chip.

A setup of the WBC is shown in Fig. 3. A half-ladder
is connected to a switch system (7002 SWITCH SYSTEM) with a flexible printed circuit board (pixel bus
and bus extender3) ) and a test card. The switch system changes the signal lines of the pixel bus, whose
resistance is known. A digital multimeter (2000 MULTIMETER) measures the resistance between a signal
line of the pixel bus and the guard ring (ground layer).
A Visual Basic program controls the switch system and
the digital multimeter via GPIB-to-USB interface (NI
GPIB-USB-HS) in the Windows XP environment.

Fig. 1. Ladder cross section.

A pattern diagram and closeup image around the
bonding pads of readout chip are shown in Fig. 2. A
guard ring is located at top of the bonding pads. Sometimes, dust particles introduced during the quality assurance (QA) process performed hybrid sensor are retained on the bonding pad. Electrical short occurs if
a wire is bonded to a dust-covered bonding pad and a
guard ring. This electrical short causes failure of data
transmission from the ladder. Therefore, an electricalshort checker must be used during the production of
the ladder. Thus, we have developed a wire-bonding
short checker (WBC) for the silicon pixel ladder.
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Fig. 3. Setup of wire-bonding short check system.

In the QA procedure, the criterion to be satisfied
for the electrical short is that the resistance between a
signal line of the pixel bus and the ground layer should
be less than 100 Ω. This is because the average resistance value of a signal line of pixel bus is 40 Ω. The
test voltage of the multimeter becomes as high as 10
V during high-resistance measurements under normal
conditions. The dielectric withstanding voltage of a
capacitor on the pixel bus is 6.3 V. In order to reduce
the test voltage, a protection zener diode is added to
the connection box. A characteristic curve obtained
the zener diode and a circuit diagram of the connection box are shown in Fig. 4. If the test voltage exceeds
the breakdown voltage (2.5 V in the present case), the
current i2 increases. Threfore, the voltage applied to
the capacitor on the pixel bus is controlled to be less
than 2.5 V.
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Fig. 4. A characteristic curve obtained for the zener diode
and a circuit diagram of the connection box.

The switching rate of the switch system is 2 Hz, which
is determined by the digital multimeter response rate.
With this switching rates, it is possible to detect the
occurrence of an electrical short between the bond
wires in less than 2 min for a half ladder.
The pixel ladders, passing the WBC have been confirmed to be problem-free in a beta-ray irradiation
test conducted in a subsequent QA cycle. Our wirebonding electrical-short checker can check the quality
of wire bonding within a short time and help achieve a
steady production rate for a trouble-free pixel ladder.
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Quality assurance test of silicon pixel ladder for RHIC-PHENIX
M. Kurosawa, Y. Akiba, H. En’yo, K. Fujiwara,∗2 Y. Haki,∗3 K. Hashimoto,∗3 R. Ichimiya,∗1 J. Kanaya, M.
Kasai,∗3 K. Kurita,∗3 Y. Onuki,∗1 C. Pancake,∗4 R. Petra,∗5 M. Sekimoto,∗1 E. Shafto,∗4 B. Stephen, M.
Togawa,∗6 and A. Taketani
PHENIX is an experiment aimed at studying the
spin structure of nucleons and studying hot and dense
matter at Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory (BNL). The
PHENIX detector will be upgraded with a silicon vertex tracker (VTX)1) in order to enhance its physics capabilities for spin and heavy ion program. The VTX
comprises a four-layer barrel detector built from two
inner silicon pixel detectors and two outer silicon strip
detectors. The main roles of the VTX are precision
measurement of decay position of heavy-flavor decays
and precision reconstruction of jet axis with its large
acceptance.
A silicon pixel ladder is the basic component of a silicon pixel detector. The two inner layers of the silicon
pixel detectors are made up of 30 silicon pixel ladders.
Mass production of silicon pixel ladders started by the
end of 2009. In order to ensure correct operation before
the assembly of the silicon pixel detectors, quality assurance (QA) tests of the silicon pixel ladders need to
be performed. This report presents the recent results
of the QA test for the fabricated silicon pixel ladders.
The structure of a silicon pixel ladder is shown in
Fig. 1. It consists of four silicon sensor modules, two

50 µm × 425 µm. Each pixel cell has an analog circuit
and a digital circuit as shown in Fig. 2. The analog

Fig. 2. An analog and digital circuit in a pixel cell.
.

circuit has a pre-amplifier followed by a shaper, a discriminator and a NAND gate to mask hot pixel. The
digital circuit consists of a synchroniser to the clock,
two digital delay units to store a hit for the duration
of the trigger latency, and a four-event FIFO that acts
as the multi-event buffer. The main test items are to
check these components in order to ensure that they
function correctly after assembling. The items to be
evaluated in the test are as flllows:
(1) Current consumption.
• The current consumption of the analog and
the digital circuits of the readout chips are
measured.
(2) JTAG functionality.
• It is confirmed whether the configuration settings in the chip can be read and written by
using the Joint Test Action Group (JTAG)
protocol.
(3) Mask functionality.
• The noisy pixels can be masked by a mask
functionality.

Fig. 1. The structure of silicon pixel ladder.

(4) Minimum threshold and noise level.
• For all chips, the minimum threshold in all
pixel matrices are determined.

readout buses and a cooling support. Each component
is glued with Araldite 2011. The silicon sensor module is an assembly of a silicon pixel sensor and four
readout chips2) (ALICE1LHCb) bump-bonded to the
sensor (bonded by VTTa) ) using bumps with diameters of 25 µm. The readout chip has 8192 pixel cells
arranged in 32 columns and 256 rows. The pixel size is
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(5) Mean threshold and mean noise for the complete
pixel matrix.
• The test pulse from the pulsar inside the chip
is transmitted to each pixel cell and the
mean threshold and noise levels are determined.
(6) Performance of the pixel ladder with the β
source (90 Sr).
• Faulty bump bonds and the maximum efficiency are evaluated by β-source measurement.
The setup of the QA-test system is shown in Fig.
3. The assembled sensor modules (ladder) are con-
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.

Fig. 5. Response of pixel ladder to a β source. The horizontal and vertical axes represent pixel position
along the column and row directions, respectively. Low gray-levels represent low number of hits.

Fig. 3. Setup for QA test.

Fig. 4. Threshold distribution for a chip.

.

.

nected to Silicon PIxel Read-Out (SPIRO) modules.
The SPIRO modules provide all electricity, control the
readout chip of the sensor module and read out pixel
data. The front-end module (FEM) is an interface between the SPIRO modules and the data acquisition
system. The NOVEC HFE-7200 was used to the cool
readout chips. In the QA test, the DAC values on each
readout chip were optimized. These DACs provide a
bias to the analog and digital circuits and are configured by using the JTAG interface. The minimum
threshold level for each chip was determined and hot
pixels were masked. In order to obtain a uniform pixel
matrix, the efficiency of each pixel was measured using
a test pulse by varying the amplitude of the pulse voltage. Then, the mean threshold level was determined.
Finally, the performance test of a pixel ladder with β
source was carried out.
So far, the QA tests of three pixel ladders have been
completed and the correct operation of the ladders has

been confirmed. The threshold distribution for a chip
is shown in Fig. 4. The measured mean threshold of
3,700 electrons was considerably low comparing with
to the 14,000 electrons of MIP. The typical response of
the pixel ladder with 16 readout chips to the β source is
shown in Fig. 5. The inefficient area at the bottom of
columns 1, 9, 17, and 25 is attributed to the imperfect
optimization of DACs.
In summary, QA tests of three assembled pixel ladders were carried out. The reference voltage for DACs
were optimized, and the response of the pixel ladders
to the β source were measured. The results confirmed
that the three pixel ladders operate correctly.
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Use of time-domain reﬂectometry for impedance measurement
of ﬁne-pitch and low-material-budget readout bus
of the PHENIX pixel detector
K. Fujiwara,∗1 A. Taketani, T. Kobayashi,∗1 T. Kondo,∗1 Y. Akiba, Y. Haki,∗2 S. Watanabe,∗3 M. Kasai,∗2
M. Kurosawa, H. En’yo, K. Kurita, M. Sekimoto, K. Hashimoto,∗2 J. Kanaya, Y. Onuki, M. Togawa,
S. Baumgart, R. Ichimiya, and the PHENIX VTX group
The PHENIX detector system at the relativistic
heavy ion collider (RHIC) at the Brookhaven National
Laboratory will be upgraded by installing a four-layer
silicon vertex tracker (VTX) in 20101). The VTX consists of two inner silicon pixel detectors and two outer
silicon strip detectors. It can enhance the capabilities
of the PHENIX detector system, enabling the identiﬁcation of heavy quarks via the measurement of the
displacement of vertices. This will facilitate investigations of new hot and dense nuclear matter produced
in heavy-ion collisions and the spin structure of nucleons produced in polarized proton-proton collisions
at the RHIC1) . Our group is responsible for developing and fabricating the silicon pixel detectors. A new
transmission line was introduced in the silicon pixel detector for studying the above-mentioned topics. The
radiation length of the transmission line is 0.22%2,3).
The charged-particle-induced signals in silicon pixel
sensors are fed to dedicated bump-bonded readout
chips and converted to binary data. One readout chip
generates 32 × 256-bit data, where 256 represents the
depth of the data. The binary data are transferred
to a SPIRO board4) via ﬁne-pitch and low-materialbudget pixel buses. The signals on the SPIRO board
are converted to optical serial data and transmitted to
the PHENIX DAQ system. The pixel bus has already
been produced.
This report describes the measurement of the characteristic impedance of the pixel bus by using timedomain reﬂectometry (TDR); the measurement was
performed at Tokyo Metropolitan Industrial Technology Research Institute (TIRI). A dedicated probe needle with a joystick was developed by NS Corporation.
The bus is fabricated using a ﬂexible printed circuit
(FPC) board with copper and aluminum conductors
set on the polyimide insulators2,3). Figure 1 shows a
cross section of the pixel bus.

∗1
∗2
∗3

Electronics Group, Tokyo Metropolitan Industrial Technology Research Institute
Department of Physics, Rikkyo University
Tokyo Metropolitan College of Industrial Technology

Through hall

120 µm
40 µm

Plating
Cu Foil (Layer 1)
Polymide

7 µm
3 µm
25 µm

Bonding sheet
Cu Foil (Layer 2)
Polymide
Cu Foil (Layer 3)
Bonding sheet

35 µm
3 µm
25 µm
3 µm
35 µm

Cu Foil (Layer 4)
Bonding sheet

25 µm
3 µm
7 µm
35 µm

Al Foil (VDD)

50 µm

Plating

Bonding sheet
Al Foil (GND)
Bonding sheet

35 µm
50 µm
35 µm

Fig. 1. Cross section of a pixel bus.

The bus has two signal layers made of copper, two
copper layers for manufacturing purposes, and a power
layer and a ground layer that are both made of aluminum to minimize the material budget. The production process involves (1) pattern etching, (2) layer
stacking, (3) laser drilling, (4) through-hole plating,
and (5) electrical continuity testing of each signal line.
The outline of bus is shared for ﬁnal shape. The bus
contains 128 data lines and 60 control and peripheral
lines in total. The area of the bus is 13.9 × 250 mm2 .
Hence, each signal and control line (copper line) is 30
µm wide and 3 µm thick; the minimum spacing between two such lines is 30 µm2,3) .
The signal propagation behavior and impedance
were predicted by HSPICE simulation. In this report,
we compare the calculated impedance value with the
value measured using the TDR system, Agilent 86100C
Digital Communication Analyzer with a 54754A TDR
module.
In general, the TDR system is used for the timedomain analysis of minute defects in coaxial cables or
microstrip lines5) . The TDR system consists of a highspeed pulser and an oscilloscope. A fast step-pulse is
injected into a signal line, and the reﬂected signal is
then observed on the scope. Changes in the characteristic impedance of the transmission line are explained
by the superposition of the injected pulse and reﬂected
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pulse in time domain.
Figure 2 shows a dedicated probe needle and a
joystick-type actuator developed by NS Corporation,
Musashino-shi, Tokyo. The needle has a tungsten contact for transmitting and receiving signals, a ground
pad, and a semi rigid cable with an SMA female connector.

develop a new quality assurance procedure and to improve the yield rate of the plated-through hole making.
References

Fig. 2. Dedicated probe needle with a joystick-type actuator.

Figure 3 shows the changes in the characteristic
impedance of a transmission line of a pixel bus as measured in time domain. The rise time of the injection
pulse is 35 ps. The typical value of the impedance
of the transmission line is approximately 120 Ω. The
characteristic impedance calculated by HSPICE simulation is in the range 110−140 Ω2) . Thus, it is conﬁrmed that the calculated value agrees with the measured one.
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Fig. 3. Characteristic impedance measured by TDR.

We checked that the signals from the readout chips
are transfered correctly during both measurement and
simulation2) . Thus, we formulated a design procedure
of FPC by using the HSPICE simulator and developed
an impedance evaluation method using TDR.
Using TDR measurements, defects in vias (platedthrough holes) can be detected after ﬁnal sharing. We
are continuing impedance measurement using TDR to
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GEM detectors for the experiment to measure the mass modiﬁcation
of vector mesons in nuclei at J-PARC
S. Yokkaichi for the J-PARC E16 Collaboration
We proposed an experiment E161) to measure the
vector meson decays in nuclei in order to investigate
the chiral symmetry restoration in dense matter. The
experiment is planned to be performed at the J-PARC
hadron experimental facility. The proposal of the experiment was granted scientiﬁc (“stage 1”) approval
by the PACa) in March 2007. For full approval, we are
required to show not only the experimental feasibility but also the prospects for acquiring suﬃcient funds
and even the prospects for beam line construction.
The aim of experiment is to perform the systematic
study of the mass modiﬁcation of vector mesons, especially φ meson, in nuclei. The mass modiﬁcation
of vector mesons in hot and/or dense matter is predicted on the basis of the QCD; due to the restoration of chiral symmetry in such matter. On the other
hand, taking only hadronic many-body eﬀects into account, mass modiﬁcations in matter are also predicted.
Many experimental studies have been conducted, and
the mass modiﬁcations in hot/dense matter have been
observed, including in KEK-PS E3252) , of which the
author were one of the collaborators. However, the
cause of the modiﬁcation has not yet been conﬁrmed;
in other words, there is no consensus on the interpretations of the phenomena. To determine the cause,
the systematic study of the modiﬁcation is required
in order to accurately compare the data with various
theoretical predictions.
A goal of this experiment is to measure the φ meson
decays in the e+ e− channel with the statistics that are
two orders of magnitude larger than those of the preceding experiment E325; namely, there are 1 ×105 to 2
×105 events for each nuclear target, H, C, Cu, and Pb.
Thus, we can deduce the dependences of the modiﬁcation on the matter size and meson momentum, which
have never been measured. At the same time, the e+ e−
decays of the ρ, ω, and J/ψ mesons can be measured.
For the experiment, we will use a 1010 -Hz, 30-GeV proton beam at the high-momentum beam line, which will
be constructed at J-PARC hadron experimental facility. To increase the statistics by a factor of 100, the
beam intensity is changed to achieve a factor of 10,
the acceptance of spectrometer is changed to achieve
a factor of 5, and the production cross section is increased by increasing beam energy to achieve a factor
of 2. To cope with the interaction rate at the target
that has increased by a factor of 10, to 107 Hz, new
spectrometer based on new technology should be built.
a)

Program Advisory Committee for Nuclear and Particle
Physics Experiments at the J-PARC 50-GeV Proton Synchrotron

The development of detectors for the experiment has
been performed. There are two key detectors in the experiment, both use the GEM (Gas electron multiplier)
technology. One is the Hadron blind detector (HBD),
which is to separate the electrons from the pions, and
the other is the GEM tracker, which is used to cope
with the high rate that is expected to reach 5 kHz/mm2
at the most forward region of the proposed spectrometer. HBD is being developed at RIKEN and GEM
Tracker is being developed at University of Tokyo,
while a basic study on the GEM is being performed
at both. The status of development of the GEM and
GEM Tracker are reported in this article; the status of
development of HBD is reported elsewhere3) in this report. With lead-glass EM calorimeters, GEM Tracker
and HBD compose an electron-ID detector module as
shown in Fig. 1.
Typically, a GEM is a thin kapton foil that has thin
copper electrodes on both sides and many small holes
(typically 70 µm in diameter, aligned in a triangular
lattice with a 140-µm pitch). The typical thicknesses of

Fig. 1. The schematic view of the electron-ID detector
module and drawings of GEM Tracker and HBD.
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1

kapton and copper are 50 µm and 5 µm, respectively.
The typical sensitive area is 100 × 100 mm2 . Gas
ampliﬁcation occurs in the high electric ﬁeld in the
small holes. Typical gas gain is 20 for a foil with an
electrode voltage of 340 V for such a typical 50-µmthick GEM in P10 b) gas; in order to obtain a suﬃcient
gain, three or four foils are stacked.
The GEM was originally developed at CERN4) ,
which was made using the chemical etching method.
In Japan, the plasma and laser etching methods were
adopted successfully to produce GEM at CNS, UTokyo and the RIKEN Cosmic radiation laboratory
5,6)
. Such domestic GEMs, especially 100 µm-thick
liquid crystal polymer(LCP) foil, had greater stability
and higher gain than that of the typical CERN-made
GEM; however, the domestic GEMs were three times
as expensive as the CERN-made. It should be noted
that the cost of chemical etching in mass production is
expected to be decreased, but the cost associated with
the laser is proportional to the number of holes and
number of GEMs; thus, the cost decrease due to the
mass production cannot be expected. In our experiment, the tracker and HBD should cover the largest
area among all existing GEM detectors in the world,
and thus, the size and cost are serious concerns.
The trial production of some types of GEMs for our
detectors was carried out by domestic companies. The
ﬁrst domestic production of a larger-size (200 × 200
mm2 and 300 × 300 mm2 ) 50 µm-thick kapton GEM
by chemical etching was carried out. The GEMs could
operate but their gain was lower than expected. The
control of the hole size in the etching process was not
very good, and the larger size than expectation might
have resulted in the lower gain.
Next, we successfully developed GEMs with a higher
gain by chemical etching of 50-µm-thick kapton with
smaller holes (diameters of holes are 45 ± 5 µm for
Kapton at the most narrow part, and 75 ± 5 µm for
Copper) and sizes of 100 × 100 mm2 and 200 × 200
mm2 . By the end of June 2010, sample with a size
of 300 × 300 mm2 and with identical hole size will
be delivered and tested. When their successful operation is conﬁrmed, GEM Tracker will be economically
constructed.
The test indicated that the domestic 100 µm-thick
LCP GEM made by laser-etching is suitable for the
HBD. In CF4 gas, which is required for the HBD3) , a
higher voltage is required to achieve the same gain as
that achieved in P10 gas. Thus, the stability requirement for HBD is more strict than that for the tracker.
For reducing the cost and increasing the size, some
trials to produce a 100-µm-thick LCP GEM based on
a diﬀerent technology are in progress. The chemical
etching of LCP was one of the tested technology, and
ﬁnally found to be unsuitable.
b)

2

Ar 90% + CH4 10%
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For the GEM Tracker, a thin read-out board with a
double-sided ﬁne-pitch strip was produced and tested
for comparison with the above GEMs using an electron beam of momentum 670 MeV/c and 2 GeV/c at
LNS-Tohoku and KEK, respectively. In electron measurement, reducing the amount of material is essential for reducing the radiative tail and the background
from the γ–conversion. Three GEM chambers using
the above GEMs and read-out boards, which consist
of three tracking plane, will be placed in the tracking
region; the total radiation length of the three chambers
is less than 1.2%.
The read-out boards are made of 25-µm-thick kapton with 700- and 350-µm-pitch copper strip. We aim
to achieve a position resolution of 100 µm in order to
achieve a mass resolution of 5 MeV/c2 for φ mesons.
The requirement is satisﬁed for the track injected the
tracker vertically; using P10 gas and 700 µm-pitch
strip read-out board with charge information of signals. On the other hand, for a tilted track, e.g., a track
at 30◦ to the vertical, the resolution is deteriorated to
150 µm or more. Further investigation is being carried
out by using timing information of signals, optimizing
the GEM HV conﬁguration and gas mixture, etc.
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Development of a thick-GEM TPC for the J-PARC E15 experiment
F. Sakuma and M. Tokuda,∗1 members of the J-PARC E15 Collaboration
[thick-GEM, TPC, J-PARC E15]
The J-PARC E15 experiment aims to determine the
simplest kaonic nuclear bound state K − pp by in-ﬂight
3
He(K − , n) reaction1) . The dedicated detector system consists of a beam-line spectrometer, a Cylindrical
Detector System (CDS), and a neutron TOF counter.
The key point of such measurement is to accurately
identify Λ and Σ decays in the CDS using their secondary vertex reconstruction because the expected decay modes of K − pp are pΛ/pΣ0 and pπΣ. In order to
perform these measurements, we have been developing
a Thick Gas Electron Multiplier (TGEM) Time Projection Chamber (TPC) as an inner tracker for the E15
upgrade. For the TPC, the spatial resolution in the Z
direction should be less than 1 mm, and the material
budget for detector acceptance should be minimized as
much as possible.
The TPC is cylindrical in shape with an inner diameter of 170 mm and an outer diameter of 280 mm and is
ﬁlled with P-10 gas at atmospheric pressure. The drift
length is 30 cm with ﬁeld cages of a double-sided Flexible Printed Circuits (FPC) having staggered strip electrodes. A photograph of the TPC is shown in Fig. 1.
We use a double-TGEM structure for ampliﬁcation,
and signals are read out with 4-mm-long and 20-mmwide pads on a standard PCB. The TGEM is economically constructed from double-clad 400-μm-thick FR4
plate using standard PCB techniques. It has mechanically drilled holes with diameters of 0.3 mm and chemically etched rims typically at 0.03 mm around each hole
to prevent electrical discharges. The TPC with TGEM
are advantageous because TGEM do not require support frames, which are essential when standard GEM
foils having thickness of 50 μm are used2) .

vider with a resistive chain, and the read-out pad with
a charge sensitive preampliﬁer. The required eﬀective
gain is about 104 , and the stability of the gain and
energy resolution should be about 20% and 10%, respectively. Figure 2 shows the eﬀective gain of the
double TGEM measured with 55 Fe having four types
of rim conﬁgurations, and Fig. 3 shows the stability
of the gain and the energy the resolution for the same
conﬁgurations. All types of TGEM achieve an optimal eﬀective gain of over 104 , but TGEMs with larger
rims require a higher voltage. Moreover, TGEMs without any rims and those with small rims (30 μm) work
rather stably; however, TGEMs with large rims (100
and 50 μm) are unstable. This instability of the largerims TGEM is possibly caused by the charging up of
the insulator that was not metalized, but this behavior
is not yet understood well. Further studies of the basic TGEM behavior and performance are in currently
progress.

Fig. 2. The eﬀective gain of the double TGEM.

Fig. 1. A photograph of the TPC.

In order to study the performance of the TGEM,
we used a prototype TGEM with an active area of
10 × 10 cm2 produced by REPIC Corp., Japan. Measurements were carried out with double-TGEM conﬁguration using a test bench consisting of a gas chamber, the TGEMs operating in cascade, a voltage di∗1

Department of Physics, Tokyo Institute of Technology

Fig. 3. The stability of the gain the and energy resolution
of the double TGEM.
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Development of Cylindrical Detector System (CDS) for J-PARC E15
Experiment†
K. Tsukada for J-PARC E15 collaboration
[ Nuclear physics, strangeness ]
Recently, significant progress has been made to
study on deeply bound kaonic nuclei. Although there
are several experimental reports on the search for
deeply bound kaonic nuclear states1–6) , results are still
controversial because there is no conclusive evidence
for the observation of such bound states. As has been
found in experimental and theoretical studies the binding energy and decay width of the K − pp state vary
from a few 10 MeV to around 100 MeV.
To address this issue, the J-PARC E15 experiment
was proposed. The aim of this experiment was to
search for the simplest kaonic nuclear bound state,
namely K − pp, via the in-flight 3 He(K − , n) reaction
using a 1.0 GeV/c K − beam7) . This experiment is
advantageous because it allows for the simultaneous
measurement of the missing-mass spectra of the primary neutrons and the invariant-mass spectra of the
expected decay particles, K − pp → Λp → pπ − p.
The E15 spectrometer has four components: a beam
line spectrometer, a cylindrical detector system (CDS)
with a liquid 3 He target, a beam sweeping magnet, and
a neutron time-of-flight (TOF) wall. The decay particles from the expected decay K − pp → Λp → pπ − p are
detected by the CDS, forward neutrons whose flight
length is approximately 15 m are detected by the TOF
wall. Incident kaons that pass through the target are
deflected by the beam sweeping magnet placed immediately after the CDS. By the assumption of the K − pp
binding energy to be 100 MeV/c2 , the expected spectrometer performance for the K − pp measurement is
9.2 MeV/c2 (σ) for the missing-mass resolution and 16
MeV/c2 for the invariant-mass resolution. The CDS
preparation status is described below.
In the CDS, all the detectors are configured cylindrically. The trajectory of the particles is reconstructed
with the Cylindrical Drift Chamber (CDC) on a cylindrical drift chamber (CDC), which operates in a magnetic field of 0.5 T generated by a solenoid magnet. A
cylindrical detector hodoscope (CDH) surrounds CDC
and is used for the trigger counter and the particle
identification hodoscope.. The solid angle of the CDS
at the center is approximately 7.4 sr.
The CDC consists of two 200 mm thick aluminum
end-plates, a carbon fiber reinforced plastics (CFRP)
tube with a thickness of 1 mm as the inner wall, and six
aluminum blocks placed outside the tracking region.
The CDC uses gold-plated tungsten with a diameter of
30 µmφ as sense wires and gold-plated aluminum with
a diameter of 100 µmφ as field and guard wires. The

total length along the beam axis of tracking volume
is approximately 840 mm. A 50:50 mixture of Ar and
ethane (1 atm) is used. The CDC has 15 layers of
hexagonal cells with a typical drift length of 9 mm; the
cells are grouped into 7 super layers (A1, U1, V1, A2,
U2, V2, A3). Information of a longitudinal position
along the beam axis is obtained by 8 stereo layers with
a typical tilt angle of 3.5◦ . The number of readout
channels is 1816, and the total number of wires in the
CDC is 8064. Commissioning of the CDC is currently
underway, and a typical spacial resolution of 200 µm is
achieved by measuring trajectories of the cosmic rays
in the absence of a magnetic field. The CDH consists
of 36 segments, each of which is individually mounted
on the inner wall of the solenoid magnet. Hamamatsutype R7761 fine-mesh photomultipliers (PMTs) with a
diameter of 1.5 inch are selected. The time resolution
of the CDH measured using cosmic rays is typically
71 ps, which indicates that the design goal has been
achieved. The CDC and CDH have been successfully
installed in the solenoid magnet, as shown in Fig. 1.
Excitation of the solenoid and evaluation of the CDC
and CDH performance in the magnetic field will be
carried out in the near future.

Fig. 1. Photograph of the CDS. The CDC and CDH are
installed in the solenoid magnet.
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Development of a Cylindrical Drift Chambber for an experimental
search for K − pp bound states at J-PARC
T. Hiraiwa,∗1 Y. Fujiwara,∗2 M. Iio,∗3 K. Itahashi,∗3 M. Iwasaki,∗3,∗4 H. Kou,∗4 H. Ohnishi,∗3 H. Outa,∗3 F.
Sakuma,∗3 M. Tokuda,∗4 D. Tomono,∗3 K. Tsukada,∗3 T. Yamazaki,∗2,∗3 and the J-PARC E15 Collaboration
1

Introduction

The J-PARC E15 experiment aims to search for
K − pp bound states using in-flight (K − , n) reaction
on 3 He1) . In this experiment, we measure the missing
mass in the in-flight (K − , n) reactions and the invariant mass of the decay such as K − pp → Λp → π − pπ −
, simultaneously. We newly developed a Cylindrical
Detector System (CDS) for the invariant mass study,
which mainly consists of a large solenoid magnet, a
Cylindrical Drift Chamber and hodoscope counters
(See Fig. 1).
In this report, the design and current status of Cylindrical Drift Chamber are presented.

at ground potential. The read-out electronics consist
of a amplifier-shaper-discriminator (ASD), LVDS-ECL
converter and a time-to-digital converter (TDC ).

Fig. 2. A schematic view of the Cylindrical Drift Chamber
(CDC). A left pannel shows a frame structure of the
CDC, and a right pannel shows a cell configuration of
the CDC.

3

Fig. 1. A schematic view of Cylindrical Detector System
(CDS).

2

Design for Cylindrical Drift Chamber

As shown in Fig. 2, a Cylindrical Drift Chamber
(CDC) has an inner diameter of 150 mm and an outer
diameter of 530 mm and the total length is 950 mm.
CDC consists of two aluminum end-plates of 20 mm
thichness, a 1 mm thick CFRP cylinder as an inner
wall, and six aluminum posts which are placed outside a tracking volume. Gold-plated tungsten wires
with 30 µm φ are used for sence wires and gold-plated
aluminum wires with 100 µm φ for guard and field
wires. All wires are supported by feedthroughs with
a bushing inserted at the end. A tracking volume of
CDC is filled with argon(50%)-ethan(50%) mixed gas
at 1 atm. CDC has total 15 layers of hexagonal cells
with typical drift length of 9mm, which corresponds
to 7 super layers (A1 U1 V1 A2 U2 V2 A3 ). The
number of the readout channels is 1816 and the total
number of wires is 8064. A high voltage is applied to
the field and guard wires and the sense wires are kept
∗1
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Performance test of CDC

The development of the CDC, including read-out
electronics, have been completed in mid-2009, and the
commissioning of the CDC started at the J-PARC
K1.8BR experimental area. Fig 3 shows a result of the
cosmic ray test, together with results of sumulations,
assuming the intrinsic resolution of 150, 200 and 250
µm. By comparing with the results of simulations, the
intrinsic resolution of 200 µm was achieved for straight
tracks.
In March 2010, the excitation test of the solenoid
magnet will be done, and the performance test of CDC
in the magnetic field will start.

Fig. 3. Layer dependence of the CDC resolution. The black
line shows a measured resolution from cosic ray test.
The red, green and blue lines corresponds to results of
simulations, assuming intrinsic resolution of 150, 200
and 250 µm, respectively.
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Development of a Hadron Blind Detector for the J-PARC E16
Experiment
K. Aoki, for the J-PARC E16 Collaboration
[HBD, GEM, Cherenkov detector, chiral symmetry, mass modiﬁcation, vector meson]
Introduction

light baffle

The J-PARC E16 experiment
was proposed to investigate the origin of hadron mass through the mass
modiﬁcation of vector mesons in nuclei. The vector
mesons (ρ, ω, and φ) are produced in p+A reactions
and the mass is reconstructed by using the e+ e− decay. A Cherenkov detector with a large acceptance
and ﬁne segmentation is required for electron identiﬁcation. The Hadron Blind Detector (HBD)3) , which
is a mirrorless and windowless Cherenkov detector, is
ideal for the purpose. It was originally developed for
the PHENIX experiment.
The HBD is a box containing pure CF4 , and the
inner bottom surface is covered with photocathodes
sensitive to Cherenkov light. A photocathode consists of a stack of Gas Electron Multipliers (GEMs) on
top of which CsI is evaporated. CF4 functions as an
ampliﬁcation gas and a Cherenkov radiator. The water and oxygen contamination levels should be kept at
∼ 10 ppm since they absorb vacuum ultraviolet light,
which is of interest. CsI is a deliquescent material.
radiator length
= 50 cm
60 cm

beam

10 cm

photocathode
(inside the HBD vessel)

Fig. 1. Photograph of the HBD prototype for J-PARC E16.

2

HBD prototype for J-PARC E16

We have developed a prototype of the HBD for the
J-PARC E16 experiment. Figure 1 shows a photograph of the prototype. The vessel has approximately
the same size as a module of the planned detector,
which consists of 26 modules. The length of the radiator is 50 cm. Figure 2 displays the photocathode that
partially covers the inner bottom surface of the vessel. a) It is constructed with two layers of LCP-GEMs
with a thickness of 100 µm with CsI on top of the layers. The Cherenkov photons are converted into photoelectrons by CsI. The photoelectrons are ampliﬁed
a)

In Fig. 1, the beam direction is left to right, while in Fig. 2,
the direction is from top to bottom.
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Fig. 2. Photocathode of the HBD prototype.

by the two layers of GEMs, and the ampliﬁed signal is
then read out using the pads. A mesh is placed over
the top GEM to manipulate the electric ﬁeld above
the top GEM. When a reverse bias ﬁeld is applied
between the mesh and the top GEM, electrons from
energy loss (dE/dx) are mostly swept out while photoelectrons are not. Therefore, the HBD is sensitive
to photoelectrons. The pad is hexagonally shaped and
the radius of the circle circumscribing it is 16.9 mm,
which is roughly equal to the size of a Cherenkov blob.
The use of a thicker GEM leads to a larger gain (∼ 500
with 400 V/50 µm) in the ﬁrst stage and larger tolerance to sparks, unlike the regular 50 µm kapton-GEMs
(∼ 10 with 500 V/50 µm) used for the PHENIX experiment. A large gain in the ﬁrst stage is important to
obtain a suﬃciently larger signal from Cherenkov photons than that from energy loss between the ﬁrst and
second GEMs.
A light baﬄe (an aluminum plate) was prepared to
cover the photocathode to shield the Cherenkov photons. Therefore, the diﬀerence in the results obtained
with and without the baﬄe would provide direct evidence of Cherenkov radiation.
The number of photoelectrons measured with the
PHENIX HBD is ∼ 22. Although there are diﬀerences
between the prototype and the PHENIX HBD, e.g., in
the thickness of the GEM and the spacing between the
GEMs, the diﬀerences are expected to be insensitive
to the number of photoelectrons. A rejection factor of
100 can be achieved with a threshold at ∼ 16 electrons.
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Fig. 3. Observed charge distribution with the baﬄe
(dashed line) and without the baﬄe (solid line). The
diﬀerence between these two distributions provides direct evidence of Cherenkov radiation.

3

Beam test

A beam test was performed using a positron beam
with a momentum of 670 MeV/c at the Research Center for Electron Photon Science, at Tohoku University, in December 2009. The HBD was sandwiched
between scintillators to conﬁne the triggered incident
electrons to an area of 1 cm × 1 cm, which was small
enough for the incident positron to hit a particular
pad. Therefore, the target pad and six neighboring
pads were read out and the values were summed to
obtain the Cherenkov signal. The water contamination level was ∼ 60 ppm and the oxygen contamination
level was ∼ 30 ppm. The contaminants were expected
to absorb ∼ 30 % of the Cherenkov photons.
Figure 3 shows the distribution of charge summed
over seven pads, which were expected to be larger than
the Cherenkov blob from triggered positrons. A reverse bias of 20 V/4 mm was applied. It is evident that
the prototype successfully detect Cherenkov radiation
from the positron beam. The number of photoelectrons was ﬁve or six. The prototype is the ﬁrst to be
made in Japan and can clearly detect Cherenkov radiation. However, it is not enough to achieve a rejection
factor of 100 while keeping reasonable eﬃciency.
4

Discussions on improvement

The loss of 30% of Cherenkov photons is due to absorption by residual water vapor and oxygen. Therefore, in principle, the loss can be reduced by eliminating the contamination, and such an improvement is
practically possible. However, it is diﬃcult to achieve
a contamination level of 10 ppm level for water in a
short test experiment since materials absorb water vapor and hold it for a long time. It takes more than a
month to achieve a level of ∼ 10 ppm with dry gas ﬂow

Fig. 4. Quantum eﬃciency vs photon energy for the prototype (circle) and the PHENIX HBD4) (box)

and this is not possible in a short test experiment. In
addition, a large amount of gas is needed. Therefore,
a gas circulation system are required. Such a system
is being developed for the E16 experiment.
To qualitatively understand the number of photoelectrons, the quantum eﬃciency (QE) of the photocathode is determined. The results are displayed in
Fig. 4. Although CF4 is transparent to photons up
to 11.5 eV, it is diﬃcult to measure the QE above an
energy of 10 eV (120 nm). Therefore, extrapolation is
needed to calculate the number of expected photoelectrons, which leads to a large systematic uncertainty.
As far as the measured energy range is concerned, a
diﬀerence in energy dependence is seen above 9 eV.
This indicates that there is room for improving the
QE of the prototype. A study is currently underway
to determine the reason for the diﬀerence.
5

Summary

We have built a prototype of the HBD for the JPARC E16 experiment. The prototype successfully
detected Cherenkov radiation, and the number of photoelectrons was ﬁve or six. The QE of the photocathode was also measured and compared with that of the
PHENIX HBD photocathode. A diﬀerence was seen
in the energy dependence of the QE above 9 eV, and
is the reason for this diﬀerence is currently being investigated. Improvement from QE and gas purity is
expected.
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Design and Construction of Station-3 Drift Chamber for
FNAL-E906 Experiment †
K. Nakano, Y. Goto, Y. Miyachi,∗1 , S. Miyasaka∗2 ,
S. Mizugashira∗2 , S. Sawada∗3 , T.-A. Shibata∗2 , and A. Taketani
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2

Introduction

E906/SeaQuest is a ﬁxed-target experiment for
which preparations are being made at Fermilab, USA.
In this experiment, a 120-GeV proton beam extracted
from the Fermilab Main Injector is used to measure
the cross section of the Drell-Yan process, q q̄ → γ ∗ →
µ+ µ− , in proton-nucleon reactions by detecting the
ﬁnal-state muon pair. The main goal of this experiment is to investigate the ﬂavor asymmetry of the sea
¯ in protons1) . In particular, we foquarks (ū and d)
cus on the asymmetry of sea quarks at a large xBj
(� 0.25), where xBj is the fraction of the momentum
carried by the scattered quarks.
The E906 detector should be capable of not only
detecting the muon pairs produced in the Drell-Yan
process but also eliminating the huge number of lowmomentum charged particles, particularly the muons
formed in the reaction p + N → π ± + X → µ± + X � .
Figure 1 shows the E906 detector setup, where the proton beam comes from the left-hand side. The target
used is liquid hydrogen or liquid deuterium stored in a
cryogenic target cell. A focusing magnet labeled as “F
Mag” in Fig. 1 condenses signal muons into the detector acceptance cone and sweeps out low-momentum
background muons. A large iron block placed inside
the focusing magnet acts as a hadron absorber and a
beam dump. Stations 1, 2 and 3 are multi layer drift
chambers (DCs). At these stations, the positions of
the passing muons are detected, and the tracks and
momenta of the muons are reconstructed with an analyzing magnet labeled as “K Mag” in Fig. 1; this magnet deﬂects the muons in the horizontal direction. Station 4 comprises alternate layers of drift tubes and iron
absorbers. It identiﬁes high-momentum muons by selecting the particles that penetrate the absorbers to
a suﬃcient depth. Each station has one or two hodoscopes for triggering muon-pair events.
The proton beam becomes available in October
2010. Data will be recorded intermittently over a period of three years. We, the E906 Japanese group, take
charge of the construction and operation of Station 3.
This article reports the design and construction of a
new drift chamber for Station 3.

∗1
∗2
∗3

Performance Requirements

To optimize the position and size of all the detectors, the expected signal statistics for various detector
settings have been evaluated using a Monte Carlo program. The optimal conditions are as follows. Station
3 positioned 19 m away from the target, and the size
of the acceptance of Station 3 is 3.2 m in the vertical
direction and 2.2 m in the horizontal direction. The
position resolution required at Station 3 is less than
400 µm. The expected background rate has been evaluated using the GEANT detector simulator2) . It is at
maximum 5 kHz/cm2 at Station 3; hence, at this station, the DC is required to detect muons up to this
rate without loss of detection eﬃciency and gas ampliﬁcation gain.
The DC at Station 3 consists of six layers called U,
U’, X, X’, V and V’. For precise measurement of the
muon track position in the bending (horizontal) direc�
tion, all the wires are aligned vertically, while U( ) and
(� )
◦
V are tilted by 14 . A mixture of argon and ethane
(50:50) is used because it is a standard gas mixture
commonly used for other drift chambers.
3

Design

First, the entire structure of Station 3 is examined.
Because the size of the Station 3 acceptance cone (3.2
m × 2.2 m) is large, we decided to divide this station into two parts so that the design and construction
could be completed within a given period (1.5 years).

Yamagata University
Tokyo Institute of Technology
KEK

Fig. 1. Schematic of detector setup (top view).
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eﬀect of electron diﬀusion, which is well below the required overall position resolution of 400 µm.
4

Construction

The drift chamber design was ﬁnalized in July 2009.
Immediately after, construction work was commenced
in Japan. The frame was completed by the end of
September. All the wires were placed in late November, and the Mylar windows were closed. Figure 4
shows an image of the Station 3 DC recorded in January 2010. The argon-ethane mixture is ﬂowed in order
to perform various basic tests before the DC is transported to Fermilab. The DC will be installed in the
experimental hall in July 2010, and tested with the
ﬁrst proton beam in October.
References
1) J. Arrington et al., Proposal of E906 Experiment,
http://www.phy.anl.gov/mep/drell-yan/proposals/.
2) CERNLIB Webpage, http://cernlib.web.cern.ch/cernlib/
3) CERNLIB Webpage, http://garﬁeld.web.cern.ch/garﬁeld/

Positron drift lines from a wire
y-Axis [cm]

The top half is covered by the new DC that we constructed, and the bottom half is covered by the existing DC at Fermilab. In this conﬁguration, the frame
of the two chambers occupy a part of the Station 3 acceptance. We have conﬁrmed that multiple scatterings
of muons in the frame material are suﬃciently small to
satisfy the required momentum resolution.
On the basis of studies that will be described later,
we adopted the cell structure shown in Fig. 2. The supposed HV values are −2.8 kV for the ﬁeld and cathode
wires and −1.4 kV for the guard wires. The gas ampliﬁcation gain is expected to be O(105 ), as decided by
studies performed using the Garﬁeld gas-detector simulator3) . Two layers such as X and X’ are staggered to
one-half of their cell width so that the left-right ambiguity in the drift direction is eliminated. Since the
HV values are common to all cathode wires, the two
layers can share a cathode-wire plane so that the total number of wires and the amount of frame material
used are reduced. The number of sense wires, and thus
readout channels, is 768, and the number of ﬁeld and
guard wires is 4368.
Figure 3 shows the paths and contour lines of electron drift in one cell. Because the E-ﬁeld strength is
so adjusted that the electron drift velocity is almost
constant (saturated), the drift length becomes proportional to the drift time. The drift-time deviation has
also been evaluated using Garﬁeld; it is ∼2 ns or 100
µm (for a drift velocity of 50 µm/ns), including the

Cell: FNAL E906 St.3 DC
Gas: C2H6 50%, Ar 50%, T=300 K, p=1 atm

Isochrone interval: 0.02 [µsec]
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0.4
0.2
0

guard wire (φ 80 µm)

-0.2
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Fig. 3. Paths and contour lines of electron drift simulated
with Garﬁeld for X cell. This ﬁgure shows the unit cell
for X, i.e., a sense wire is at the center and is surrounded
by eight ﬁeld/cathode wires.

X
cell height (20 mm)

X’
cell width (20 mm)
guard-wire space (10 mm)

V

V’

Fig. 2. Cell structure of new drift chamber for Station
3. X and X’ wires run perpendicular to the plane of
this paper, and U, U’, V and V’ wires are tilted by
14◦ . The distance between neighboring tilted wires is
10 cos(14◦ ) = 9.7 mm. Blue boxes represent unit drift
cells.
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Fig. 4. Photograph of new drift chamber for Station 3.
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Computing and Network Environment at RIKEN Nishina Center
T. Ichihara, Y. Watanabe, and H. Baba
We have been operating Linux/Unix NIS/NFS cluster systems1,2) at the RIKEN Nishina Center. The
major part of the systems is installed in the 1F server
room of the RIBF building that is equipped with emergency power supply and UPS systems, which ensure
the non-stop operation of the computing system, even
during power outages.
Figure 1 shows the current configuration of the
Linux/Unix servers at the Nishina Center. We are
adopting Scientific Linux3) as the primary operating
system; this operating system has been developed at
the Fermi National Laboratory and is widely used at
accelerator research facilities worldwide and by the nuclear physics and high-energy physics communities.
The host RIBF is used as the mail server, NFS server
of the user home directory /rarf/u/, and NIS master
server. Approximately 500 user accounts are registered
on this server. fibre channel RAIDs with capacities of
10 TB and 5.6 TB with fibre channel hard disk drives
/rarf/w/ and /rarf/d/ are connected to the RIBFDATA01 server for data analysis and raw data storage
for the RIBF experiment. The host RIBF00 is used as
an ssh login server to provide access to users from the
outside the Nishina Center; it is also used as a generalpurpose computational server, printer server, and a
gateway to the RIBF intranet. Public-key authentication is used for ssh login to improve security. New
SSL server certificates have been installed in RIBF and
RIBFUSER for secure encrypted communication.
Postfix is used as the mail transport software and
Dovecot is used for IMAP and POP services. These
software packages enable secure and reliable mail delivery. The hosts RIBFSMTP1/2 are mail front-end
servers, and they are used for tagging spam mails and
isolating virus-infected mails. Sophos Email Security
and Control (PMX) was installed on these servers in
March 2008 and it has been working well and serving the intended purposes. The probability of being
identified spam by PMX is approximately 99%.
An anonymous ftp server, FTP.RIKEN.JP, is managed and operated at the RIKEN Nishina Center. We
have changed the hardware of the server from Sun Fire
V40z to HP ProLiant DL380G6 to improve the IO performance. This server is has a speed of 10 Gbps and
connected to the Local Area Network (LAN) using the
dual-port 10GbE NIC with a PCI express interface.
The average network transfer rate of this server is approximately 50 MBps, and it is one of the most heavily
loaded server in RIKEN. A 26 TB SATA RAID system
with quad-port 8 Gbps Fibre Channel interface has
been added to this server. Major Linux distributions,
which include Scientific Linux, CentOS, Ubuntu, Fe-
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Fig. 1. Configuration of RIBF Linux cluster.

dora, Debian, OpenSUSE, Mandrake, Slackware, and
Vine are mirrored daily at the ftp server for the convenience of the facilitating high-speed access to their
users. Archives on the server are available via anonymous ftp, http, and rsync protocols.
The development of the RIBF Data Acquisition system (DAQ) is described elsewhere.4)
Most of the users of the Nishina Center have e-mail
addresses of one of the following forms:
username@ribf.riken.jp and username@riken.jp.
The former represents an e-mail address of the mail
server (RIBF) of the RIKEN Nishina Center, while
the latter represents an e-mail address of the mail
server (POSTMAN) of the RIKEN Advanced Center
for Computing and Communication.
References
1) http://ribf.riken.jp/
2) T. Ichihara et al.: RIKEN Accel. Prog. Rep. 42, 198
(2009).
3) https://www.scientificlinux.org/
4) H. Baba et al.: In this report.
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Time-Stamping System for RIBF experiments
H. Baba, T. Ichihara, T. Ohnishi, S. Takeuchi, K. Yoshida, Y. Watanabe, S. Ota,∗1 and S. Shimoura∗1
The development of time-stamp-based data acquisition (DAQ) systems is currently in progress at several
accelerator facilities1,2) . Today, time-stamping systems become one of the basic requirements in nuclearphysics experiments. They are required for complex
triggering measurement and they facilitate the interconnection between diﬀerent DAQ systems. Here, we
report the newly developed time-stamping system for
RIBF experiments.
In this system, 48-bits-deep time stamps with a precision of 10 ns (100 MHz) are used. This time speciﬁcation corresponds to a period of one month, which is
suﬃcient to perform a series of experiments. The timestamping system is installed in each sub-DAQ system,
and all data are stored together with the time-stamp
information. Once the data is stored, the data of the
required events can be extracted in accordance with
the coincidence condition. This facilitates the coincident measurement with individual triggers using several DAQ systems.
The conﬁguration of the time-stamping DAQ system is shown in Fig. 1. The clock signal is transmitted to each sub-DAQ system. According to its
trigger, each sub-DAQ accumulates data. The timestamp-based event builder, which is newly developed,
constructs complete event by using separately stored
data obtained from each sub-DAQ system. Its coincidence condition is programmable. This time-stamping
system is constructed by modifying the existing RIBF
DAQ3) system so that includes time-stamp information. The seamless integration of the individual trigger
system and the common trigger system is achieved.
In order to manage the time-tamp information,
Logic Unit for Programmable Operation (LUPO) modules are developed one with CAMAC and another with
VME form. A LUPO module is a simple logic module
based on Field Programmable Gate Array (FPGA) for
general purposes. A user can implement customized
circuits on the FPGA for functions other than the time
stamping function, for example, for the input register,
output register, interrupt register, coincidence register, scaler, rate divider, and gate and delay generator.
Figures 2 and 3 show photographs of CAMAC LUPO
and VME LUPO, respectively. The main components
and speciﬁcations are listed below.
• Components
–
–
–
–

∗1

User FPGA
CAMAC/VME interface CPLD
50-MHz crystal oscillator
8 LED

Center for Nuclear Study, University of Tokyo

DAQ A

FEC

DAQ B

FEC

FEC
FEC

CCEB

CCEB
Trigger B

Trigger A

Raw
Raw
Data
Data

TSEB
Data

Data
Storage

Clock
Analyzer
TSEB

Fig. 1. The configuration of the time-stamp-based DAQ
system. CCEB is the common trigger + common deadtime-based event builder. FEC is the front-end computer for CAMAC/VME. Details on CCEB and FEC
are given in Ref 1. TSEB is the time-stamp-based event
builder.

– 4 NIM inputs
– 4 NIM outputs
– 34-pin MIL connector for LVDS I/O and
LVTTL I/O
• FPGA Speciﬁcation
–
–
–
–
–

Xilinx Spartan 3E (XC3S500E)
500-K system gate
73-Kbits distribute-RAM
350-Kbits block-RAM
4 digital clock managers (including DLL)

CPLD is installed as a interface for the CAMAC and
VME buses to simplify the communication protocols.
Because of this interface, the FPGA circuit can be
constructed without taking into consideration the differences between CAMAC and VME. A 34-pin MIL
connector is used for 16 LVDS I/O and 32 LVTTL
I/O. The LVDS and LVTTL are selected on the basis of FPGA constraints. The FPGA has 4 digital
clock managers including a delay-lock-loop (DLL) circuit. The DLL provides the functions of the clock-skew
elimination and the frequency synthesis.
The time-stamping function is implemented on
LUPO. The block diagram of the time-stamping circuit is shown in Fig. 4. The DLL circuit generates a
100-MHz clock signal from a 25-MHz external clock
or a 50-MHz internal oscillator. Even if the internal
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Programmable
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Counter
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Switch
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4 NIM Outputs
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FIFO Memory
48 bit
x
1024 cell
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Counter

Fig. 2. CAMAC version of LUPO.

100 MHz clock
50 MHz
Oscillator

DLL
Internal

Fig. 4. The block diagram of the time-stamping circuit
which is implemented in FPGA.

8 LEDs
Interface
CPLD

4 NIM Inputs
16 LVDS I/O
32 LVTTL I/O
Programmable

CAMAC / VME
Interface

The developed time-stamping system was used in experiments held in November and December 2009. One
of the experiments was for the measurement of the
(t,3 He) transfer reaction4) using the SHARAQ spectrometer. The other experiment was the β-decay measurement using the ZeroDegree spectrometer. These
two experiments showed that the time-stamping system is very useful. This system is expected to be used
in various experiments at RIBF in the future.

User
FPGA

4 NIM Outputs

References
Fig. 3. VME version of LUPO.

oscillator is capable of achieving a frequency accuracy
on the order of 10−6 , the clock-count diﬀerence between diﬀerent modules will be 100 counts within 1
second. In order to obtain measurements that are coincident to within 10 ns, an external clock should be
used to synchronize the modules. Usually a 25-MHz
external clock is used to transmit the clock signal to
generic NIM circuits; however, if the bandwidth of the
transfer path is suﬃciently high, a 100-MHz external
clock without DLL can be used. Using the trigger signal, the counter value is determined and stored in the
FIFO memory. The FIFO is constructed with builtin FPGA block RAM, and can store upto 1024 time
stamps with 48-bits-deep. A clear signal is used as
a timing reference, and it resets the counter value to
0. For the timing synchronization, two signal lines for
the external clock and for the clear signal are required.
The selection of the internal and external clock can be
switched by a CAMAC/VME command.
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Development of data acquisition system for short-time decay by
using Flash ADC
K. Morimoto, D. Kaji, H. Baba and F. Tokanai∗1
[GARIS, short life decay, DAQ, super heavy element, production and decay]
A data acquisition (DAQ) system has been upgraded
for super heavy element research performed using the
Gas-filled Recoil Ion Separator (GARIS). In order to
measure the very short lifes (0.1-10 µs) of α decays and
spontaneous fission, an additional signal digitizer has
been installed in the original system.
Super heavy elements studied by using GARIS1) and
GARIS-II2) , especially in the heaviest region on the
nuclear chart, may have a very short life. The original
GARIS readout electronics cannot separate sequential
decays that occur at intervals shorter than 5 µs because
of the pileup in the shaping amplifier. The shaping
time is set at 2.5 µs in order to maintain good energy
resolution. We modified the original readout system by
using the Flash ADC (FADC) so that it can be used
to detect shorter decay intervals.
Figure 1 shows the configuration of the system. The
system consists of the original GARIS readout electronics and the newly added pulse shape acquisition
(digitization) part. The original GARIS DAQ system
consists of preamplifiers, shaping amplifiers, and peaksensing ADCs, which are connected to the positionsensitive silicon strip detector (PSD) mounted in the
focal plane of the GARIS. The front-side anode of the
PSD comprises 16 resistive strips with a pitch of 3.75
mm. The hit position can be determined from the
center of gravity of the pulse height in each strip.
Preamplifiers and FADC (SIS-3301 100 MHz 14 bit)
are added to the readout on the rear side of the PSD.
The signal shapes obtained from the rear-side preamplifier are digitized over a period of 20 µs at 50 ns intervals. The decay energies can be obtained from the
pulse hight E1 for mother nuclei and E2 for daughter,
and the decay time δt can be obtained by analyzing
the digitized pulse-shape data. The system can distinguish between two fast sequential decays if the time
interval between them is longer than 0.1 µs.
This system was used in experiments3) to search for
a new isotope 234 Bk in the reaction 197 Au(40 Ar,3n).
These experiments were performed by using (1)
GARIS + PSD mounted on the focal plane and (2)
a combination of GARIS, a gas jet, and MANON4) . A
total of 119 decay chains were observed; all these decay
chains were assigned to subsequent decays from 234 Bk.
218
Ra and 214 Rn, which have very short life times (15.6
µs and 0.27 µs, respectively) were contained in the decay chains. Sequential fast decay of these isotopes was
observed in the digitized preamplifier signal. Figure 2
∗1

shows an example of α decay of 218 Ra (E1) and 214 Rn
(E2). The energies and decay times can be clearly seen
in the obtained data. Detailed analysis of the system
performance is in progress.
References
1) K. Morita et al.: Eur. Phys. J. A21, 257-263 (2004).
2) D. Kaji et al.: RIKEN Accel. Prog. Rep. 42, 179 (2009)
.
3) D. Kaji et al.: RIKEN Accel. Prog. Rep. 43, (2010) .
4) H. Haba et al.: J. Nucl. radiochem. Sci. 8, 55 (2007) .

Department of Physics, Yamagata University

- 224 -

1




















ȴ䡐


䠎



Pulse height

Fig. 1. Signal processing diagram of the newly developed GARIS data aquisition system.
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Simple multichannel DAC, ADC, and interface for remote control
from multiple computers
M. Wada and P. Schury∗1
[DAC, ADC, Serial Peripheral Interface]

∗1

Institute of Physics, Tsukuba University

The ADC card contains a 24-bit Σ-∆ ADC chip
(LTC2449 from Linear Technology) with eight diﬀ erential input channels (or 16 common mode input channels) and a precision reference voltage chip (MAX6350
from Maxim Integrated Circuit). Voltages ranging
from � 0.3 V to +5.3 V are acceptable for all input
pins of the ADC. To measure negative voltage inputs,
two instrumentation ampliﬁers (LT1107 from Linear
Technology) are mounted on this card. It also has
some peripheral circuits for an on-board temperature
sensor and two high voltage dividers. The card has onboard dropper voltage regulators (LM317, LM337) for
stable- and low-noise power supplies for the precision
ADC chip. During the test measurement of this card,
the noise levels for the maximum acquisition period of
120 ms was found to be below 1 µV (Fig. 2).
The isolated SPI distribution card (Fig. 3) accepts
a single SPI input and 3-bit digital inputs in order
to deliver four independent SPI channels, which can
be connected to the ADC and DAC cards. Each SPI
output channel is electrically isolated by an ISO7241
digital isolator chip from Texas Instruments. In this
way, all the DAC or ADC cards can be isolated from
each other. Usually, the SPI bus is logically shared by
multiple devices, and a CS (Chip Select) signal selects
an active device on the bus. In the present design,
all signals are gated by CS in order to avoid any noise
propagating from the digital signals when other devices
are active.
We use two types of interface cards for the SPI in-

Event Number

Physics experiments often require control of many
devices and measurement of many experimental conditions. For example, in our multireﬂection time-ofﬂight mass spectrograph1) , tens of independent highprecision high voltages have to be precisely controlled,
and the actual voltages applied to the electrodes should
be accurately measured in order to ensure a high performance of the spectrograph. Usually, such data are
properly monitored and manipulated by computers by
using analog-to-digital converters (ADC) and digitalto-analog converters (DAC) for sophisticated feedback
control. We have been using commercial PCI-bus interface cards with an industrial PC running under
a real-time Linux operating system as well as National Instruments interface cards which can be conveniently used with LabVIEW software, for our RF ion
guide experiments2) . However, these commercial interface cards do not always satisfy our demands, especially when we need more input/output channels, lower
costs, more compactness, or a higher performance that
is better than that of commercially available solutions.
Many low-cost discrete chips which can satisfy our experimental requirements, are readily available. Earlier,
it was rather complicated to handle bulk chips in actual
experiments; however, modern chips have standard interfaces such as Serial Peripheral Interface (SPI), in
which all functions are integrated onto a single chip.
Evaluation kits of these chips are often available that
help us for developments.
Simple DAC, ADC, and isolated SPI distribution
cards for general purpose use in experimental devices,
which can be connected to host computers via tiny
commercial SPI interface cards having ethernet or USB
connections were developed in-house. Figure 1 shows
a block diagram of the method.
The DAC card has a 32-channel 16-bit DAC chip
(AD5372 from Analog Devices) and four 16-pin connectors for direct output. This output range is programmable within ±10 V by software as well as by
the reference voltage. The DAC board is also capable
of summing two outputs to form a single output with
diﬀ erent gain; this is done by a precision operational
ampliﬁer (OPA4117). Therefore, a virtual 23-bit DAC
can be used, although its absolute accuracy is limited
by the quality of the reference voltage and the noise
and temperature dependence of the related circuits.
The digital interface of the card is SPI and it requires
power supplies of ±12 V and +5 V.

Measured Voltage [μV]

Fig. 2. Histogram of the data measured by LTC2449 ADC
when a diﬀerential input pair was connected to the
ground and the acquisition period was 120 ms. The
standard deviation of the noise was deduced to be 0.34
µV.
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Fig. 1. Block diagram of the DAC, ADC, SPI interface cards, and peripheral devices. The thick boxes
indicate in-house developments.

terface to a computer. One is an Ethernet-SPI interface card (RNC-201X from Sysmex-RC), which easily
interfaces with a network device. Any host computers using the TCP/IP protocol can communicate with
any SPI devices via this card. A simple combination of
the DAC card and the RNC-201X acts as a networked
multichannel DAC device. A drawback of this interface card is that the network capability is limited by
the “protocol-on-a-chip” design. For example, only a
single TCP connection is allowed at a time. If multiple host computers intend to connect to a device, it
becomes diﬃcult to arbitrate in an eﬃcient manner.
Another particular problem faced in the case of the
RNC-201X card is that the SPI communication with
an analog chip is half-duplex. Many ADC chips such
as LTC2449 can be programmed while simultaneously
reading the converted data if the SPI communication
is full-duplex. Therefore, half-duplex operation could
limit the maximum performance of the ADC.
The other SPI interface card we use is a USB-SPI interface card (Miniboard from Nano River Technology).
It is a simple USB 1.1 device that can be connected to
a variety of computers. The control program using

this USB device is based on the standard open-source
library LibUSB and an upper-level Application Programming Interface (API) library written in C++ that
is provided by the manufacturer. We can use this USB
interface card directly from a host computer; however,
we wish to use it as a network device. Therefore, we
add one more interface layer between the device and
the host computer by including a single-board industrial PC. The PC is operated by a variant of real-time
Linux, Linux-RTAI. Using such a standard operating
system ensures a versatile network capability.
The real-time Linux operating system has been used
in our data-acquisition systems and remote-control
systems for many years. Among numerous useful functions of the real-time operating system, we use the
semaphore function for mutual exclusion of resources
for the present purpose. A versatile network server
program library described in the Stevens’ textbook3)
is used for the device. It permits multiple TCP connections from diﬀ erent processes or from diﬀ erent computers. In such cases, mutual exclusion is essential for
hardware devices or critical data in order to avoid conﬂicts.
The analog interface cards and related commercial
interface cards that were developed in-house allow us
to build versatile control/monitor setups with very low
cost-performance ratios, while building sophisticated
feedback systems with relatively less eﬀ ort. We will
initially use these devices with the precision high voltage supplies of our mass spectrograph.
References
1) P. Schury et al.: RIKEN Accel. Prog. Rep. 42 189
(2008).
2) K. Okada et al.: Phys. Rev. Lett. 101, 212502 (2008).
3) W. R. Stevens: “Unix Network Programming”, Prentice
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Installation of MuTRG-MRG and DCMIF
and Conﬁrmation of Stable Operation during Data Acquisition
K.R. Nakamura,∗1 Y. Fukao, T. Mibe,∗2 I. Nakagawa, N. Saito,∗2 A. Taketani,
for the PHENIX MuTr FEE Upgrade Group
[nucleon spin, W-boson, polarized parton distribution, electronics, trigger]
For the study of the sea-quark polarization in a nucleon, measurement of the single-spin asymmetry in
W boson production in a 500-GeV polarized protonproton collision is planned at PHENIX1) . A W boson
is identiﬁed by the high-momentum muon from the decay. For the eﬃcient detection of W bosons, the readout electronics of the PHENIX muon tracking chamber
(MuTr) must be upgraded so that a new trigger system
can be mounted. This trigger system quickly measures
the coarse radius of the track curvature by using the
MuTr digitalized hit information and selects only the
high-momentum track2) .
The key components in this upgrade are two
back-end electronic devices: a data-merging board
(MuTRG-MRG) and an interface board for the datacollection module (MuTRG-DCMIF). MuTRG-MRG
receives the MuTr digitalized hit data from the frontend electronic device called ampliﬁer-discriminatortransmission board (MuTRG-ADTX) and transmits
reformatted data to Local Level-1 trigger board (LL1).
MuTRG-DCMIF, on the other hand, receives the same
data that MuTRG-MRG sends to LL1 when a trigger
is ﬁred and sends the data to the data-collection module (DCM). MuTRG-MRG also controls the MuTRGADTX remotely. The functions and requirements of
MuTRG-MRG and MuTRG-DCMIF are described in
detail elsewhere3) .
For the trigger system, 64 MuTRG-MRG boards and
8 MuTRG-DCMIF boards are necessary. These boards
were developed and evaluated during 2007 and 20084) ,
and they passed quality assurance tests at KEK.
During the 2009 RHIC collision period (from Feb
to Jun 2009), half the number of MuTRG-MRG and
MuTRG-DCMIF boards (32 + 4), corresponding to
one half of the MuTr acceptance, were installed. These
modules were set with a practical conﬁguration, but it
was ensured that the MuTr hit data was not sent to
LL1, and data was acquired with the PHENIX DAQ
system. In this long-range operation, instability was
caused by a few minor errors. After careful investigations, we concluded these errors are mainly due to loose
connection between the LAN cables and the connectors. Thus, we plan to improve the stability by replacing these connectors. The slow control system used for
MuTRG-ADTX functioned appropriately during the
∗1
∗2
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operation. The data accumulated by MuTRG-MRG
and MuTRG-DCMIF were analyzed for evaluating the
performance of the trigger system5) .
The rest of MuTRG-MRG and MuTRG-DCMIF
boards were installed during the 2009 RHIC shutdown period. The stable operation of these modules
was conﬁrmed with the PHENIX stand-alone DAQ
for MuTr. With this installation, the installation of
MuTRG-MRG and MuTRG-DCMIF boards was completed. Figure 1 shows the complete setup of the backend electronics. In addition to this installation, a GUI
software for the steady and smooth control of MuTRGMRG and MuTRG-DCMIF was also developed.
In summary, we have completed the installation of
MuTRG-MRG and MuTRG-DCMIF for the new trigger system. These modules are ready for the next 500GeV proton-proton collision in the RHIC.

Fig. 1. The installed MuTRG-MRG and MuTRG-DCMIF
boards.
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Single-Event Transient Test Results of Control IC of Point-of-Load DC/DC Converter
Y. Yano*1, N. Ikeda*1, S. Kuboyama*1, H. Ohzono*2, O. Shimada*2, H. Otomo*2, H. Mutoh*2, T. Kambara*3, and M. Kase*3
Recent space syste ms use high-s
peed and hi
ghperformance electronic devices such as a M icro Processing
Unit (MPU) and Field Programmable Gate Ar ray (FPGA).
These devices req uire l ow-voltage a nd high-current i nput.
When power is supplied through long wires, their resistance
causes a voltage drop at the input of t hese de vices. As a
result, t he i nput vo ltage could b e below t he sp ecification
limit. This problem can be solved by using a Point-of-Load
(POL) DC/DC conv erter, which is installed near th ese
devices. A P OL c onverter co nsists o f a co ntrol IC a nd
several c omponents, a nd t he pe rformance of t he P OL
converter depends greatly on the control IC.
Figure 1 shows an example of the output voltage drop in a
POL converter; this is du e to a Sin gle-Event Transient
(SET) at the control IC. An SET is a temporal variation in
the output voltage or current of the circuit due to a passage
of a heavy ion from deep space through a sensitive device.
A l arge c hange i n v oltage or cur rent ca used by S ET c ould
cause m alfunction or data er ror t o t he co nnecting devices.
Therefore, we pe rformed he avy-ion i rradiation t est using
the cyclotron at RIKEN to i dentify which part of the circuit
is sen sitive to SET . Kr ions were used; energy, Li near
Transfer Energy (LET), and range of Kr ion in Si were 977
MeV, 29.2 MeV-cm2/mg and 124 µm, respectively.
Heavy Ion Incidence
Output voltage drop

Vout
1V/div

Effect of SET

OUTH
5V/div
OUTL
5V/div

10μsec/div

Fig.1 SET observed at the analog block of the control IC
during Kr irradiation at RIKEN.
The co ntrol IC i s c omposed of se veral blocks suc h a s
analog and logic circuits, shown in Figure 2. We covered a
part of the block with a s mall piece of m etal duri ng
heavy-ion i rradiation. B y c overing di fferent a rea a nd
comparing the responses, we can identify the bloc k that i s
sensitive to SET . SET cro ss sectio n is calcu lated as the
reciprocal of the average ion fluence i n a si ngle SET
occurrence. T his cross section corre sponds to t he size of
the SET-sensitive area and is a good index that can be used
to determine SET sensitivity.
First, we performed irrad iation tests to find th e m ost
sensitive element in the IC. The result showed that the
＊1
＊2
＊3
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smallest SET cross section was obse rved whe n the anal og
block was covered; this indicates that the element contained
in the analog block is the most sensitive to SET.

Fig.2 Block diagram of control IC
The cross section of t he analog circuit was approximately
1,000 µm 2 under the irra diation condition for our study.
This is a c onsiderably la rge a rea, and a MOSFET in th e
voltage reference circuit ( Vref) is th e only ele ment th at h as
such a la rge a rea. Therefore, we c oncluded th at this
MOSFET is the origin of the SET in most cases.
Then we considered how the output voltage drop shown in
Figure 1, occurred. V ref is a very im portant circu it that is
connected to various circ uits in the IC. Figure 3 shows the
SET sen sitive circu it in t he an alog block. We speculated
that the pr ocess by w hich V ref af fects t he output voltage
drop is as follows (see Figure 4):
1. A hea vy i on st rikes t he MOSFET i n Vref, and th e Vref
voltage drops (Fig.3).
2. An er ror amp lifier d etects a c hange in th e ou tput
voltage with reference to V ref. The voltage drop in V ref is
also detected as an error, shown in Figure 4 as “VER“.
3. A Pulse-Width Modulation (PWM) signal is generated
by com paring V ER with Oscillato r (OSC). Th erefore,
PWM duty temporarily decreases due to the VER drop.
4. T he o utput vol tage drops as resul t o f t he t emporary
decrease in PWM duty.
R

R

C

VER

－
＋

R

Error AMP
Vref

Fig.3

－

PWM

＋

OSC

SET-sensitive circuit

Fig.4 Effect of SET

We ha ve cl arified t hat t he d rop i n t he output voltage
occurred in the V ref circu it an d th at th e M OSFET was the
most SET -sensitive ele ment. Th e resu lts were co nsidered
for the redesign of the IC to achieve a better SET tolerance.
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Feasibility of RI-beam-based wear analysis for industrial materials
T. Kambara, A. Yoshida, Y. Yanagisawa, N. Fukuda, D. Kameda, T. Kubo, H. Haba, A. Nagano,∗1
and R. Uemoto∗1
Parts of machines such as internal combustion engines are generally exposed to severe conditions such as
harsh chemical environments, high temperature, and
mechanical friction. Hence, the wear and corrosion of
the material determine the reliability and lifetime of
the parts. Recently, new materials and surface treatment techniques for such mechanical parts have been
developed in industries for achieving better eﬃciency
and safety, low energy consumption, and long product lifetime. For such developments, it is crucial to
carry out real-time monitoring of the wear and corrosion of the mechanical parts of machines operating
under various conditions. One method of wear analysis involves incorporation of radioisotopes (RIs) in the
material and detection of the γ rays emitted from the
mechanical parts or the wear particles mixed with the
circulating lubricant; the analysis of the γ rays from
the mechanical parts helps monitor the degradation of
the material. A conventional method to produce RIs
in a material involves irradiation of protons from an
accelerator to induce nuclear reactions in the material.
However, this method requires high-dose irradiation of
the proton beam and hence causes radiation damage to
the material, and for some elements, RIs with suitably
long lifetimes and decay modes cannot be produced by
such reactions.
An alternative method has been proposed1) to overcome this problem; in this method, RI nuclei are incorporated into the material from an external source as
an RI beam, instead of activating the nuclei in the material by particle irradiations. In this case, a proper RI
nuclide can be selected, irrespective of the composition
of the material, and radiation damage is signiﬁcantly
reduced because the number of incident particles is
small. The depth proﬁle of the RI distribution can be
controlled by controlling the energy of the RI beam.
We evaluated the feasibility of this method at
RIKEN by performing an RI implantation experiment
at the RIPS to measure the eﬃciency and depth proﬁle of the implanted RI. We selected 22 Na (T1/2 = 2.6
y) as a tracer nuclide since its lifetime is suitable for
wear analysis and it emits γ rays eﬃciently; 22 Na undergoes β + decay to aﬀord two 511-keV γ rays, while
a 1275-keV γ ray is emitted from the daughter 22 Ne.
In this experiment, a 63-MeV/nucleon 23 Na beam
was accelerated by the RILAC and the RIKEN Ring
Cyclotron and was led to the RIPS with a maximum
intensity of 300 pnA. The primary beam was made
incident on a production target, a 1.5-mm-thick Be
foil, and the secondary 22 Na beam was separated and
∗1

guided to the F3 target position. The purity of 22 Na
in the beam was approximately 85%. At the F3 target
position, the RI beam was made to pass through a set
of energy degraders with adjustable and ﬁxed thicknesses so that it could be stopped in a test sample,
which was a stack of Al foils.
After 14 h of implantation with the primary beam
having the maximum intensity, the γ rays emitted from
the sample were analyzed using a Ge detector. Figure
1 shows the γ-ray spectrum recorded approximately
4.5 h after the implantation. The measured radioactivity of 22 Na was approximately 25 kBq, which corresponded to around 3 × 1012 nuclei in the sample. The
yield eﬃciency of the implanted 22 Na was estimated
to be around 2.8 × 106 /s per 10 pnA of the primary
23
Na beam. This value was in good agreement with
that calculated using the RI-beam production rate and
the transportation eﬃciency of the RIPS. The depth
distribution of 22 Na, estimated from the radioactivity
measured at each Al foil in the stack, ranged between
50 µm and 150 µm, with the maximum at about 100
µm from the surface. The γ-ray spectrum also showed
the presence of 24 Na (T1/2 = 15 h), whose radioactivity was 660 Bq; this nuclide was probably produced by
nuclear reactions between the Al nuclei in the sample
and the 22 Na beam.
The present results show that RI-beam implantation
with the RIPS is feasible for wear analysis of mechanical parts. Technical and operational improvements
must be carried out so that the radioactivity of the
implanted 22 Na increases to 1 MBq.

Fig. 1. γ-ray spectrum of the implanted sample.
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In-beam Mössbauer experiment on stress-induced iron diffusion in silicon
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In-beam Mössbauer spectroscopy involving Coulombexcitation and recoil-implantation techniques has previously
been applied to the study of dynamical processes of
impurity diffusion in metals and semiconductors 1, 2). The
final lattice locations of the probe atoms were determined
by observing hyperfine interactions between the nuclear
probes and the electrons surrounding them in solids.
Furthermore, the jump frequencies corresponding to cage
motion of interstitial 57Fe in -Zr 1) and long-range
diffusion of interstitial 57Fe atoms in Si 2) were observed at
50 K and 600 K, respectively. Recently, at the RIKEN RI
beam facility, in-beam Mössbauer experiments on 57Mn/57Fe
impurities in silicon have been performed at temperatures
up to 1200 K by using nuclear fragmentations and by
applying the implantation technique3, 4). In these
experiments, relaxation due to interstitial 57Fe jumps and
subsequent defect reactions with vacancies that result in the
formation of substitutional 57Fe atom have been directly
observed and compared with a kinetic model that includes
defects and the 57Fe probes. The purpose of the present
experiment is to study stress-induced diffusion of the iron
atoms in silicon under an external stress.
An n-type float zone silicon wafer was cut into a
rectangular disk of dimensions 20 × 10 × 0.53 mm and was
fixed between a pair of ceramic blocks in a tensile testing
machine. The tensile testing machine has been developed in
order to apply external stresses of up to 20 MPa. By
applying a compressive stress along the [011] direction, the
Si wafer was bent, and this resulted in a tensile strain on
one side of the wafer and compressive strains on the other
side. A pulsed 40Ar beam with an energy of 4 MeV/u and a
period of 1 s was obtained from the AVF cyclotron and
was transmitted to a thin 57Fe target. The 57Fe nucleus was
Coulomb-excited into the levels at 137 keV, 367 keV, and
707 keV. The 14.4 keV isomers 57mFe that were populated
through the de-excitation of these levels emerged from the
target and were implanted into the Si wafer. The Mössbauer
spectra of 57Fe were acquired at room temperature by using
a parallel plate avalanche counter (PPAC) when 57mFe was
implanted in the tensile region.
The Mössbauer spectra obtained for 57mFe implanted in
an n-type FZ-Si sample under external stress are shown in
Fig. 1. The spectrum obtained before applying the external

120

20 MPa

100

120

0 MPa

after removing stress

100
-2

0

Velocity [mm/s]

2

Fig. 1. Mössbauer spectra for isolated 57Fe in silicon under
the external stress after implantation. The singlet at the
left-hand side corresponds to interstitial Fe+, and at
right-hand side to substitutional Fe.
stress was well fitted by two sets of Lorenz functions
representing the substitutional and interstitial Fe+,
respectively. This spectrum is consistent with the previous
result reported by P. Schwarbach2). When an external stress
of 20 MPa was applied, the shape of the spectrum changed
into one presumably farmed by a broad singlet and a sharp
singlet. Although the statistical errors are not good enough
for finer analyses, line broadening that suggests
stress-induced diffusion of 57Fe atoms. The diffusion
coefficient corresponding to the observed line width is of
the order of 10-9 cm2/s. This result is consistent with our
previous results from the transmission Mössbauer
experiments, 5) and the value is larger than that reported for
relaxed Si by six orders of magnitude 6). Furthermore, the
peak position of the interstitial line is shifted toward the
substitutional line. This phenomenon is explained by
motional averaging, which is considered to be due to
exchange jumps of the 57Fe probes between substitutional
and interstitial sites within a time scale of the lifetime of
57m
Fe ( ~100 ns).
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E. Yagi,*1 K. Sakuma,*2 N. Higami,*2 S. Hagiwara,*2 K. Mori,*2 M. Yoshii,*2 S. Koike,*3 T. Hayashi,*2 and K. Ogiwara
Hydrogen (deuterium)-defect interactions in metals have
been important subjects as fundamental properties of
hydrogen and also from the technological interest in the
fusion reactor materials. On the atomistic state of hydrogen
(deuterium) interacting with defects, a number of
experiments have been performed on implanted deuterium,
because implantation introduces deuterium and lattice
defects simultaneously into specimens. As its lattice
location, different types of sites displaced from a tetrahedral
(T) site or an octahedral (O) site, which are equilibrium
sites for dissolved deuterium, have been reported from
channelling experiments and, for the occupancy of such
displaced sites, different interpretations have been
proposed; trapping of deuterium by vacancies or trapping in
an anisotropically distorted lattice induced by implantation.
Therefore, the state of deuterium is still in question. For
hydrogen (H), recovery of H-doped metals irradiated at low
temperatures has been investigated by electrical resistivity
and the positron-lifetime measurements, but the lattice
location has not been studied, because a channelling method
to locate hydrogen was not available despite its usefulness.
Since the behaviour of hydrogen is not necessarily the
same as that of deuterium as recognized in the difference of
a phase diagram in the metal-H (D) systems, studies on
hydrogen are indispensable. Therefore, in the present study,
the effect of ion-irradiation on the lattice location of
hydrogen dissolved in Nb, NbH0.023, is studied by the
channelling method utilizing a nuclear reaction 1H(11B,
a)aa with a 11B beam of about 2 MeV, which has been
developed to locate hydrogen dissolved in metals.1) In this
method, hydrogen can be detected by measuring emitted a
particles, whose energy ranges from zero to about 5 MeV.
The specimen is a Nb single-crystal. Hydrogen was
doped from the gas phase. The channelling analyses were
performed at room temperature for <100>, <110> and
{100} channels. The yield of 11B ions backscattered by Nb
atoms and the yield of emitted a particles were measured as
a function of the incidence angle y (angular profiles)
with respect to the channel direction in question by tilting
the specimen (angular scan). The irradiation was made at
room temperature with 11B+ ions of 2.03 MeV up to a dose
of about 1.4×1016/cm2 at a dose rate of about 3×1011/(cm2
• sec) at an angle more than 3.5° off from the channelling
direction in question, i.e., in the random direction. This
irradiation produces only Frenkel defects in the near surface
region shallower than 0.2 mm, which is probed in the
†
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channelling analysis, because the projected range of
incident 11B+ ions is 1.35 mm.
Figure 1 shows the channelling angular profiles obtained
after the irradiation. From the comparison with the profiles
calculated for 5 different types of sites as in a previous
paper,2) the lattice location of hydrogen was determined to
be a site displaced from an original T site by 0.45–0.55 Å
towards its nearest neighbour lattice point (Fig. 2). Taking
into account the results of electrical resistivity and
positron-lifetime measurements hitherto made on the
recovery of electron-irradiated H-doped Nb, it is concluded
that this irradiation-induced site change of hydrogen from T
sites is due to trapping of hydrogen
by
irradiation-introduced monovacancies. Hydrogen is located
at a site displaced from one of the T sites attached to a
vacancy towards that vacancy. This site is completely
different from those proposed for implanted deuterium.

Fig. 1. Channelling angular profiles obtained at room
temperature after irradiation with 2.03 MeV 11B+ ions up to
a dose of 1.4×1016/cm2.

Fig. 2. Atomic configuration of hydrogen trapped by a
monovacancy. Hydrogen (△) is located at a site displaced
from one of the T sites (●) attached to a vacancy (□) by
0.45–0.55 Å towards that vacancy.
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Excitation spectrum of Au atoms in superfluid helium
Y. Matsuura,∗1 T. Furukawa, T. Kobayashi, A. Hatakeyama,∗3 K. Fujikake,∗1
M. Tachikawa, ∗1 and Y. Matsuo
Superfluid helium (He II) is expected to be an effective environment for determining the nuclear spins
and moments of short-lived unstable nuclei by using
laser spectroscopic method1) . We plan to measure
Zeeman splittings and hyperfine structure splittings
of atoms with unstable nuclei by the optical pumping
and laser-radio frequency/microwave double resonance
spectroscopy. Atoms implanted into He II show a blueshifted and broadened excitation spectrum because of
the atomic-bubble effect in He II2) . One can take advantage of this property for the optical pumping of a
variety of atomic species because it is not necessary
to fine-tune the laser frequency. The other advantage
of using He II is that highly sensitive optical detection
can be achieved since the emitted photons can be completely separated from the laser excitation light on the
basis of their wavelength because of the large difference
between the emission and excitation wavelengths. So
far, we have succeeded in the optical pumping of alkali atoms Cs and Rb3) and a group 11 element,Ag4) .
In order to achieve efficient optical pumping, the wavelength of the laser should be at the peak position of the
excitation spectrum in He II. Therefore, the excitation
spectrum of Au atoms in He II has to be measured.
The experimental setup is shown in Fig.1. The apparatus consists of a cryostat chamber (Oxford) with
quartz windows, an optical detection system, and three
lasers. A Au sample is placed 1 cm above the quartz
cell (70 × 70 × 70 mm3 ) that is filled with He II by
transferring liquid he by exploiting the fountain effect.

800 nm, pulse energy: 150µJ, repetition rate: 500 Hz,
pulse width: 200 fs). The generated atoms are irradiated by a UV laser pulse, which is generated by the frequency doubling of a pulsed dye that is laser pumped
by an excimer laser (wavelength: 308 nm, repetition
rate: 10 Hz, pulse width: 18 ns); this frequency doubling is achieved using a BBO crystal. We observed
laser-induced fluorescence (LIF) by sweeping the wavelength of the UV laser from 254 nm to 265 nm. In
order to maintain the phase-matching condition of the
frequency-doubling BBO crystal, we installed an autotracker (Inrad, Model: AT-II) along with the BBO
crystal. LIF was detected by a photomultiplier tube
(PMT) using a monochromator that was set to the Au
emission wavelength of 267 nm, which is close to the
S-P transition wavelength of Au in free space (267.594
nm). Additionally, we simultancously monitored the
power of the UV laser in order to normalize of the
laser power because LIF intensity is proportional to
the incident laser power. Figure 2 shows the normalized LIF intensity plotted against the UV-laser wavelength. The maximum excitation wavelength was obsened to be around 263.5 nm, with a pluse width of
2 nm. We concluded that the most efficient optical
pumping of Au atoms in He II would occur at a wavelength of 263.5 nm. In the near future, we plan to induce atomic polarization of Au atoms and determine
their nuclear moments by the optical pumping with
the laser of 263.5nm in near future.

Fig. 1. Experimental setup.
Fig. 2. Excatation spectrum of Au atoms.

At first, the solid Au sample was sputtered using
Nd:YAG laser (wavelength: 532 nm, pulse energy: 3
mJ, repetition rate: 10 Hz, pulse width: 10 ns) to produce Au clusters. Next, the clusters are dissociated
into atoms by using a femtosecond laser (wavelength:
∗1
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Installation and beam commissioning of new multi-channel µSR
spectrometer “CHRONUS” and beam commissioning at RIKEN-RAL
D. Tomono, T. Kawamata, Y. Hirayama∗1 , M. Iwasaki∗1 , I. Watanabe, K. Ishida and T. Matsuzaki
A research project aimed at investigating various
types of matters under several extreme conditions,
such as high pressure, low temperature and laser irradiation by the µSR technique1) has been underway;
the high-intensity beam at the RIKEN-RAL muon facility is begin used in this project. In order to further promote the project, the multichannel spectrometer named CHRONUS (multi-CHannel Riken muON
Universal Spectrometer) has been newly developed in
the Port-4 area; this spectrometer enables us to perform experiments in parallel by dividing the doublepulsed muon beam between Port-2 and Port-4 using
kicker magnets. On the basis of a performance feasibility test2–4) , we designed a spectrometer consisting
of 606 decay positron counters, a counter mold and
frame, ﬁber light guides, multianode photomultiplier
tubes covered with magnetic ﬁeld shields, and a new
data acquisition system.
Zero Field coil

Electron/Positron counter mold

Transverse Field coil

Longitudinal Field coil

muon beam

Zero Field coil
100

Fig. 1. Schematic illustration of the magnets and counter
system in the spectrometer.

Figure 1 shows a vertical view of the spectrometer.
All magnets had good homogeneity within a deviation
of 0.1%. A pair of large longitudinal ﬁeld coils were
mounted coaxially along with the muon beam, transverse ﬁeld coils were mounted on the top and bottom,
and three pairs of zero-ﬁeld coils were wound around
the sample; all coils were ﬁxed in a square aluminum
frame. Fully polarized slow muons were implanted in
the sample; the muons stop at speciﬁc sites and interact with the local magnetic ﬁeld while undergoing
spin precession at the Larmore frequencies. Since decay positrons are emitted preferentially in the direction
of the instantaneous muon spin, an internal magnetic
ﬁeld in the sample can be measured by decay positron
counters that are mounted coaxially inside of the bore
of the longitudinal ﬁeld magnet. The time evolution
of the asymmetry A(t) is written as
A(t) =

NF (t) − αNB (t)
,
NF (t) + αNB (t)

where NF and NB are the instantaneous number of
muon decays for a total of 303 forward and backward
counter assemblies, respectively. The parameter α is
a setup-dependent correction factor. The number of
∗1

Fig. 2. Top: typical muon decay time spectra for forward
and backward counters, as obtained by using a silver
target at H=0 and HTF =20 G; bottom: the corresponding asymmetry spectra for H=0 and HTF =20 G,
represented by closed and open circles, respectively.

segments enables us to reduce distortion of the time
spectrum caused by pile-up signals. In the period between June and the present, the above mentioned components have been assembled and installed, and a spectrometer has been commissioned using a muon beam.
A silver plate with a diameter greater than the beam
diameter was mounted at the center of the spectrometer. After an appropriate threshold level was set by the
method explained in Ref.2,3) , time spectra were measured under a transverse magnetic ﬁeld of 20 G and
under the zero ﬁeld.
Figure 2 shows the preliminary time spectra for forward and backward counters as well as the corresponding asymmetry spectra obtained at room temperature.
The background level is suppressed to less than 10−5
of the number of events at the time zero. The amplitudes of the asymmetry spectra are found to be approximately 15%; these amplitudes are smaller than
those expected on the basis of the solid angle of the
counters (20%). Further analysis is being carried out
to increase the amplitude. In addition, muonium precession was measured using a SiO2 plate in order to
conduct homogeneity test on the Helmholtz coils. An
oxygen-free copper target was used along with a helium
ow cryostat to observe the temperature dependence of
the asymmetry spectra down to 5 K. These commissioning data is being analyzed in order to prove that
the spectrometer can be used for practical µSR measurement. A remote control system for various devices
is being implemented and the operation of devices such
as a cryostat system will begin.
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Data Acquisition System for µSR Experiment at Port-4 of
RIKEN-RAL Muon Facility
T. Kawamata, D. Tomono, I. Watanabe, K. Ishida, and T. Matsuzaki
[µSR, data acquisition system]
Presently, muon spin rotation/relaxation/resonance
(µSR) experiments are carried out using a spectrometer named “ARGUS” at Port-2 of the RIKEN-RAL
Muon Facility. ARGUS is equipped with 192 plastic scintillation counters for recording timing signals
from decay positrons/electrons. The obtained signals
are digitized by time-to-digital converters (TDCs) and
saved as time histograms at each counter by the EXP
software running on a Linux personal computer (PC)
1)
. The data acquisition system (DAQ) used for ARGUS consists of CAMAC modules and MACS-EXP
software running on a PC. The dead time of the DAQ
is dominated by the low data transfer rate between CAMAC and the PC, because CAMAC and the PC are
connected by the old SCSI technique. In µSR experiments, the software MACS running on a Windows PC
controls external conditions such as the temperature
and magnetic ﬁeld of the sample and controls EXP via
a communication ﬁle. The obtained histogram data
are converted to asymmetry data and analyzed using
a software WiMDA2) running on a Windows PC.
Recently, we have installed a new spectrometer
named “CHRONUS” in Port-4 of the RIKEN-RAL
Muon Facility, in order to perform µSR experiments
at a high data acquisition rate; a high-intensity muon
beam is used for the experiments. CHRONUS has 606
small plastic scintillation counters to avoide counting
losses for multiplex hits. A new DAQ system must
be installed in CHRONUS for acquiring and analyzing
large amounts of data from the 606 counters.
The hardware conﬁguration of the DAQ system is
such that the signals from 606 plastic scintillation
counters are converted to digital signals by 38 16channel VME discriminators (CAEN V895). Then,
the digital signals are converted to time information by
ﬁve 128-channel VME multihit TDCs (CAEN V1190).
The data stored in the output buﬀers of the TDCs
are transferred to a Linux PC via a VME-PCI optical
link bridge (CAEN V2718). Data transfer can be completed before the next spill because of the high data
transfer rate of V2718. Moreover, no beam loss occurs during data transfer because the output buﬀer of
the TDCs can be read out independent of the data acquisition process. Two VME-USB2.0 bridges (CAEN
V1718) are used to control the discriminators.
Because many users carry out µSR experiments, it
is necessary that the user interface of the DAQ system is the same as that of the DAQ system of ARGUS, to avoid confusion. Therefore, we replaced only

Fig. 1. Diagram showing the relation between the user and
the software and processes in the new data acquisition
system used for µSR experiments. The rounded rectangles show the processes managed by the KiNOKO
system.

EXP with a new DAQ system, KiNOKO,3) which is
a general-purpose DAQ system based on the distributed object technology and written in C++. Basically, the KiNOKO system consists of seven processes;
controller, collector, analyzer, buﬀer, recorder, viewer,
and logger. KiNOKO can be customized by the addition, removal, or realignment of these processes and/or
customized processes. A customized process is built by
the inheritance of the classes prepared by the KiNOKO
system. Figure 1 shows the customized Kinoko system
used for µSR experiments. In this system, the raw data
acquired by the collector from the TDCs are analyzed
by the customized analyzers (TDC analyzer, multiplicity analyzer, etc.) and transferred to the buﬀer. The
viewers and customized recorders (raw data recorder,
histogram recorder, etc.) obtain data from the buﬀer
for online display and data storage, respectively. Test
experiments reveal that the DAQ system can successfully transfer data without data loss. We plan to add
a new process communicator to facilitate remote operations from MACS via a communication ﬁle, similar
to that used for EXP. We are debugging the communicator at present and are planning to complete the
installation of this DAQ system in the near future.
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Development of a new Lyman-α laser for generation of ultraslow muons
K. Yokoyama, N. Saito, O. A. Louchev,＊1 K. Ishida, M. Iwasaki and S. Wada
Development of the high intensity, low energy muon
(LE-µ+) source is of importance in various fields such as
particle, atomic, and condensed matter physics because of
its narrow energy spectrum and low temperature. Bakule et
al. have been developing a pulsed LE-µ+ source at the
RIKEN-RAL muon facility in UK by photo-ionizing
muonium, and obtained an overall generation efficiency of
3×10-5, generating ~15 µ+/s, which may not be sufficient
for practical uses1). To improve the yield, it is crucial to
develop a high-intensity Lyman-α (Ly-α) laser light (122
nm) for exciting muonium from the 1S to 2P state, before
ionization by another UV light at 360 nm. We are currently
developing a new Ly-α laser system that can generate ~100
µJ/pulse, which is 100 times the energy generated by the
existing laser system at RIKEN-RAL.
Since no optical crystals are transparent at the
wavelength of the Ly-α line (ωLy-α), nonlinear optical
processes in gaseous media have been used to generate
vacuum UV light. Here, we use the two-photon resonant
four-wave mixing process in Kr gas. As shown in Fig. 1, ω1
(212.55 nm) excites a Kr atom through the two-photon
absorption process, then ω2 (815~850 nm) generates ωLy-α
by difference frequency generation. Since Kr has negative
dispersion at ωLy-α, it is necessary to add Ar gas, which has
positive dispersion at ωLy-α, so that the gas mixture satisfies
the phase-matching condition. It is known that by this
method, relatively high conversion efficiency (~10-4) and
tunability (121.5~122.2 nm) can be achieved.
To achieve ωLy-α with 100 µJ/pulse, it is necessary to
generate ω1 with a pulse energy as high as 100 mJ because
the conversion efficiency is proportional to P12P2, where P1
and P2 are the laser power for ω1 and ω2, respectively. For
this purpose, we use the Nd:GdVO4 crystal, which was
recently developed by the authors2). This crystal has a gain
spectrum centered at 1062.9 nm with ~2 nm bandwidth,
thus the crystal can be used as a gain medium at 1062.75
nm, for which the fifth-order harmonics is 212.55 nm.
Therefore, the crystal is considered as an ideal gain medium
for a fundamental wavelength of ω1. The seed laser for the
fundamental wavelength is a distributed-feedback laser
diode (DFB-LD) that gives narrow linewidth (~2 GHz),

Fig. 1 Energy diagram of four-wave mixing process in Kr.
＊1

MegaOpto Co., Ltd., Saitama, Japan

Fig. 2 Laser system for generation of ω1.
which is important because the energy of two-photon
absorption of ω1 is well defined. Since it is estimated that
we require ~1 J/pulse of the fundamental wavelength to
obtain ω1 with 100 mJ/pulse (10 %), we have to build a
couple of amplification stages, as shown in Fig. 2. The
amplified fundamental is converted to ω1 by a nonlinear
frequency-conversion system. We use an LBO (lithium
borate) crystal for the second harmonic generation and
CLBO (Cesium lithium borate) crystals for the fourth and
fifth order harmonic generation to achieve 10% conversion
efficiency. The CLBO crystal has high conversion
efficiency and relatively high damage threshold at ω1,
making it an ideal crystal for long-term stable operation.
For the ω2 laser, we use the DFB-LD as an oscillator in a
manner similar to the case of ω1, and then we amplify it by
optical parametric amplification using an LBO crystal. As
in the case of ω1, our goal for ω2 is also 100 mJ/pulse. This
should not be very difficult because technologies are more
established for the wavelength range unlike the case of ω1.
ω1 and ω2 are made collinear and focused on a gas cell
containing the Kr/Ar mixture to generate ωLy-α.
Unfortunately, there have been no systematic studies so far
on the conversion efficiency of ωLy-α as a function of
parameters such as the ratio of partial pressures of the gases,
absolute pressure, laser intensity, and laser spatial profile.
We need to measure fundamental optical parameters such as
the third-order susceptibility of Kr when the atom is in an
excited state, to simulate the best conditions for generating
ωLy-α. To generate ~100 µJ/pulse of ωLy-α with 100 mJ/pulse
of ω1 and ω2, the conversion efficiency should be
approximately ~10-3, which makes this development itself
already challenging. We have started building the laser
system and performing simulations. We aim to achieve the
above-mentioned goals during the second half of 2010 and
install the Ly-α laser at RIKEN-RAL by early 2011 for the
experiment on slow-muon production.
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Studies on Muon Spin Relaxation of n-Si Conduction Electrons
Produced in p-GaAs Overlayer by Lasers and Injected by Electrical Method

E. Torikai1, K. Nagamine2, 3, I. Shiraki1, K. Shimomura３, R. Kawakami2, H.W.K. Tom2, P. Bakule４, F.L. Pratt４, K. Ishida, K. Ohishi, K.
Yokoyama2, Y. Matsuda5, K. Takeda6, T. Ujihara6, T. Saka7, andT. Kato7

It has been proposed that spin-dependent exchange
scattering of the polarized electron in ortho muonium
(ortho-Mu, μ+e-, a bound state of a positive muon and an
electron in which the spins of both particles aligned in the
same direction) can help to detect the conduction electron
spin polarization (CESP) in semiconductors [1]. Recently a
proof-of-principle experiment on this muon method was
successfully carried out in a strain-free n-type GaAs
(containing 3×1016 cm-3 Si) by measuring the change in the
μ+ polarization corresponding to the change in the
polarization direction under both longitudinal fields (LF)
and zero field (ZF) [2, 3].
The production and detection of CESP in Si is known
to be difficult because of an indirect band-gap and a small
spin-orbit interaction. There exists only a limited
knowledge on hot electron injection through ferromagnetic
layer grown on Si[4, 5]. The proposed muon method is
expected to be most effective for detecting CESP in Si.
Here, the behavior of the un-polarized conduction electron
(CE) found during the course of the CESP studies is
reported.
The experiment was conducted at the RIKEN-RAL
Muon facility located at ISIS of Rutherford Appleton
Laboratory. A pulsed 4-MeV μ＋ beam was used. Tunable
laser light with a wavelength of around 815 nm energy of
1.52 eV, and a repetition frequency of 25 Hz was generated
by using an OPO system pumped by a 355-nm Nd:YAG
laser. The linearly polarized laser output is converted to
100% circularly polarized (CP) light to illuminate the
sample. The average power of the laser was nearly 1.5
mJ/pulse, which corresponds to 6×1015 cm-3 photons/pulse.
The sample used in the present measurement (Fig. 1)
was the same as that used in the KEK experiment [1]. Here,
laser excited CE in a p-GaAs (0.14 μm in thickness) layer
was electrically injected into an n- Si substrate (290 μm in
thickness) through a GaAsP buffer layer (2 μm in thickness)
under the influence of the intrinsic electric field of the pn
junction which had a strength of 20 V/ 300 μm (670 V/ cm).
Because of the sample thickness, most of the injected
muons are stopped in the n-Si substrate , whose doping rate
is estimated to be 1014 cm-3 on the basis of resistance data.
There have been several experimental studies for the
characterization of the muon states at low temperatures in
this type of Si sample and the following observations
weremade [6]: 30% was Mu state located at
BC-site(BC-Mu), 10% was in diamagnetic state and the
missing fraction of muon polarization was 0.70.
From the “Off-On” effect observed in the LF
decoupling data, we can conclude that the state in which
response to laser is observed is BC-Mu because in the state
in which response to the laser is observed, the Mu are
decoupled by the LF by following a correct decoupling
1
Interdisciplinary Graduate School of Medicine and Engineering,
University of Yamanashi
2
Physics Department, University of California, Riverside
3
Muon Science Laboratory, IMSS, KEK
4
ISIS, Rutherford Appleton Laboratory
5
Graduate School of Arts and Sciences, University of Tokyo
6
Graduate School of Engineering, Nagoya University
7
Daido Institute of Technology

Fig. 1 The schematic
structure
(GaAs/GaAsP/Si) and
band gaps of the sample
used in the present
experiment and in the
KEK experiment[1].

procedure using a known hfs constant [6]. At the same time,
the laser “On” effect can be considered to process the
characteristic of time-delayed nucleation. Thus, the
interaction between the lasers and BC-Mu can be
considered to be due to the CE induced by lasers and
transported through the Si substrate by the intrinsic pn
junction voltage mentioned above.
In order to observe the diffusion length of the CE,
measurements were carried out to determine the
dependence of the “Off-On” effect on the position at which
the muon stops. By changing the thickness of the range
absorber, the muon energy can be adjusted and the position
at which the muon stops in 200-μm thick n-Si substrate can
be changed.
In the present measurement, the expected dependence
on the position at which the muon stops was clearly
observed. Within the currecnt spatial resolution, the average
time-delay of 300-ns was observed by changing stopping
position by 100-μm; this indicates average CE velocity of
10-6c (c: light velocity).
In order to understand the nature of the CE produced
at p-GaAs and transported into the n-Si substrate through
the interfaces, the dependences on the laser timing with
reference to the muon pulse was measured. It was found
that the “Off-On” effect exists even for a negative timing of
3 μs; the electron produced by lasers 3 μs before muon
arrival does exist and interact with BC-Mu.
A trial was conducted to detect CESP, as in the
n-GaAs experiment. By using 100% circularly polarized
lasers with an energy of 1.5 mJ and a wavelength of 815 nm,
a limited polarization effect was observed. The effect in
terms of “Para-Anti”, which refers spins of Mu and CE
parallel and anti-parallel, was 0.12(0.11)% out of
-4.13(0.05)% “Off-On” effect.
In conclusion, the CEs in Si were optically produced in
p-GaAs overlayer and electrically injected by intrinsic p-n
voltage; CEs showed the following novel behaviors : a) the
transport velocity is of the order of 10-6c, and b) a large
fraction of CEs have a long life time of the order of μs.
[1] E. Torikai et al.: Physica B 289-290,558 (2000).
[2] K. Yokoyama et al.:Physica B 404, 856 (2009).
[3] K. Yokoyama et al.:RIKEN-APR 42, 234 (2008).
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Study of the pressure-induced charge-transfer phase transition in
(C5H11)4N[FeIIFeIII(C2O2S2)3] by μSR spectroscopy
M. Enomoto,＊1 N. Kida,＊1 I. Watanabe,＊2 T. Suzuki,＊2 Y. Ishii,＊2 and N. Kojima＊1

＊1
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Advanced Meson Science Laboratory, RIKEN
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We have previously investigated the magnetic properties
of
mixed-valence
iron
complexes,
(n-CnH2n+1)4N[FeIIFeIII(dto)3] (dto = C2O2S2, n = 3, 5), in
which both ferromagnetic transition and a novel
charge-transfer phase transition (CTPT) take place.1) During
the CTPT, an electron transfer coupled with spin transition
between FeII and FeIII occurs to minimize the free energy in
the whole system. The spin states of the [FeIIFeIII(dto)3]
layer strongly depend on the size of an intercalated cation.
On the basis of the magnetic-susceptibility and 57Fe
Mössbauer spectroscopy, it was determined that the CTPT
takes place around 120 K in the complex with n = 3, while
it does not take place between 2 and 300 K in the one with n
= 5. The low-temperature phase (LTP) with FeII (S = 0) and
FeIII (S = 5/2) causes ferromagnetic transitions at TC = 7 K
in the complex with n = 3, while the high-temperature phase
(HTP) with FeII (S = 2) and FeIII (S = 1/2) gives rise to
ferromagnetic transition at 19.5 K in the complex with n = 5.
2)
In the case of the complex with n = 5, the CTPT with
wide thermal hysteresis is observed in the temperature
dependence of the magnetic susceptibility at pressures
above 0.5 GPa.3) Moreover, the Curie temperature shifts
from 19.5 K to 7 K at 0.5 GPa, which implies that the LTP
responsible for the low Curie temperature of 7 K appears
above 0.5 GPa in the complex with n = 5. Recently, we
have measured the muon spin relaxation (μSR) for the
CTPT of the complex with n = 3. An anomalous increase in
the
dynamic
temperature-dependent
muon-spin
depolarization rate with a thermal hysteresis loop is
observed between 60 and 140 K; over this temperature
range, a corresponding anomalous decrease in the magnetic
susceptibility with a thermal hysteresis loop is observed for
the complex with n = 3. This anomaly is not observed in the
case of the complex with n = 5. The origin of this anomaly
has been successfully determined to be the dynamic process
of electron transfer between FeII and FeIII, and its frequency
has been estimated from LF-μSR measurements to be about
0.1 MHz . This result is the first observation of a dynamic
electron-transfer process in such mixed-valence complexes
by μSR measurement.4) On the basis of these observations
for (n-CnH2n+1)4N[FeIIFeIII(dto)3], the dynamic process of
the CTPT for the complex with n = 5 under high pressure
can be studied using μSR measurements. Since total
magnetization was observed in the magnetic-susceptibility
measurement, it is difficult to distinguish the spin states of
each iron site. Till date no microscopic magnetic
investigation has been performed under high pressure for

20.2
20.0
19.8
19.6

○:

applying pressure

◆:

reducing pressure

19.4
0.2 0.3
0.4
0.5
0.6
0.7 P / GPa
Fig. 1 Pressure dependence of the asymmetry change
the complex with n = 5 to study the changes in the magnetic
state. Such investigation is particularly important for
understanding the dynamic properties of the CTPT. The
μSR technique is suitable for distinguishing the static and
dynamic magnetic states.
In order to investigate the pressure-induced CTPT for the
complex with n = 5, we have carried out μSR measurement
for the complex with n = 5 at 150 K under high pressures
ranging from 0.3 to 0.64 GPa using 4He-gas-operated
pressure device at the RIKEN-RAL Muon Facility of the
Rutherford Appleton Laboratory. The gas-operated system
has the advantage of that the correct pressure is applied to
the sample over the whole measurement temperature range.
As shown in Fig. 1, the asymmetry for the sample with n =
5, which includes the signal from Cu-Be pressure cell,
remains almost constant up to 0.55 GPa, while it rapidly
decreases with increasing pressure above 0.6 GPa. In this
experiment, pressure hysteresis has been ignored. Further,
applying pressure induces CTPT, which causes spin
fluctuation. This spin fluctuation leads to a decrease in the
asymmetry. The pressure dependence of the asymmetry
change
is
consistent
with
the
result
of
magnetic-susceptibility measurement under high pressure in
a liquid medium.
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Investigating the role of protons in the unusual muon-spin relaxation
of single molecule magnets†
T. Lancaster,∗1 S.J. Blundell,∗1 F.L. Pratt,∗2 I. Franke,∗1 A.J. Steele,∗1 P.J. Baker,∗2 Z. Salman,∗3 C. Baines,∗3
I. Watanabe,∗4 S. Carretta,∗5 G.A. Timco,∗6 and R.E.P. Winpenny,∗6
[Molecular magnet, muon-spin relaxation]

A(t) (%)

Molecular nanomagnets (MNMs)1) comprise clusters
of exchange-coupled transition metal ions which often
have a negative anisotropy constant favoring a ground
state with a large eigenvalue of the electronic spin component Sz . MNMs have been successfully probed using
techniques such as magnetization, heat capacity, neutron scattering and electron spin resonance. In contrast, measurements made using muon spin relaxation
(µ+ SR) have proven difficult to interpret. In order
to address the question of what the muon probes in
MNM systems we have made identical µ+ SR measurements on protonated and deuterated samples of Cr7 Mn
(S = 1) and Cr8 (S = 0) (structure shown in Fig. 1).
To compare the Cr7 Mn and Cr8 systems, measurements were made over the temperature range 2 ≤ T ≤
100 K. In this regime the spectra for S = 1 Cr7 Mn
(Fig. 1(a)) were found to be described
by the relax√
ation function A(t) = A1 exp(− λt) + Abg , where Abg
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Fig. 1. µ+ SR spectra for protonated and deuterated (a)
Cr7 Mn and (b) Cr8 materials, measured at T = 4.5 K.
Inset: structures of the molecules.
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accounts for any background contribution from muons
that stop in the sample holder or cryostat tails. This
behavior is typical of that observed previously in MNM
materials and arises because of the complex dynamic
distribution of local fields within the material sampled
by the muon ensemble.
The spectra measured for the S = 0 Cr8 samples
are quite different (Fig 1(b)). In this case the relaxation rate is far smaller and resembles a KuboToyabe (KT) function fKT (∆t) with ∆ = γµ B 2 
where γ = 2π × 135.5 MHz T−1 is the muon gyromagnetic ratio and B is the local magnetic field at a
muon site Our conclusion from these measurements is
that the muon is sensitive to the disordered nuclear
moments in Cr8 . This is confirmed by the application
of a small longitudinal magnetic field which quenches
the relaxation. Most importantly, the dramatic difference between the measured spectra and relaxation
rates for S = 0 Cr8 and S = 1 Cr7 Mn samples (Fig. 1)
strongly suggests that the muon response in MNM systems with S = 0 stems from dynamic fluctuations of
the electronic spin. In the absence of an electron spin
in Cr8 , the muon spin is relaxed by quasistatic disordered nuclear moments.
The temperature dependence of the relaxation rate
λ for the protonated (λh ) and deuterated (λd ) Cr7 Mn
samples was measured. On cooling below T ∼ 50 K,
the relaxation rate λ increases before saturating below
∼ 10 K. with the onset of the increase and the saturation occurring at similar values of T for both materials.
This T -dependence is common to nearly all MNM systems that have been previously measured with µ+ SR.
At high T we see that λd > λh . It is likely that at
these high temperatures the electronic spins are fluctuating very fast and are at least partially motionally
narrowed from the spectra. Upon cooling the increase
in λ is greater for the deuterated sample, with λd becoming greater than λh below ≈ 15 K. Most significantly the saturation of the relaxation at T < 10 K
occurs with λd > λh . The T -dependence of the ratio
λd /λh increases on cooling.
A full account of this work may be found in Ref.1) .
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Muon-spin rotation and relaxation on the one-dimensional coordination
polymer magnet [Co(hfac)2•HNN] (HNN = hydro nitronyl nitroxide)
Takayuki Ishida,1 Yoshitomo Okamura,1 Yasuyuki Ishii, and Isao Watanabe
The first single-chain magnet [Co(hfac)2•AnNN] was
discovered by Gatteschi et al.1) (see below for the molecular
structure, with R = p-CH3O-C6H4). The single-chain magnet
nature is identified with magnetic hysteresis from a singlechain origin without any interchain interaction. On the other
hand, we reported the highest coercivity (HC = 52 kOe at 6
K) for [Co(hfac)2•BPNN] (R = p-n-C4H9O-C6H4)2) and
clarified its long-range ordered state below 40 K in the µSR
study.3) The smallest radical species (HNN; R = H) is also
available for paramagnetic bridges, and α-[Co(hfac)2•HNN]
(CoHNN) was earlier characterized as a single-chain
magnet.4) We reexamined whether CoHNN behaves as a
bulk magnet.

The µSR measurements on CoHNN were carried out at
the RIKEN-RAL Muon Facility in the UK. We investigated
detailed zero-field muon-spin relaxation over a wide
temperature range (Fig. 1a). We obtained a superposition of
slow- and fast-relaxation curves. The time spectra were
analyzed using a double exponential equation with
modification of the Kubo-Toyabe function. The relaxation
rate constant (λslow) and the total initial asymmetry A(0) are
plotted as a function of temperature (Fig. 1b). A sharp peak
of λ was observed at 27 K, and a plateau of A(0) was
observed below 27 K. Extremely slow depolarization and a
constant A(0) are indicative of completely frozen systems
such as magnetically ordered systems. The temperature at
which λ diverges is usually defined as a magnetic phasetransition temperature.
Below 22 K, wiggling spectra were recorded (Fig. 2a).
The oscillation due to the muon Larmor precession clearly
indicates the presence of an appreciable internal magnetic
field attributed to spontaneous magnetization. The
coherency of the rotation implies the presence of a
magnetically ordered state. The small amplitude of the
oscillation may be related to the size of the magnetic
domain. The frequency and amplitude are almost constant
up to 22 K; in other words, on warming, the long-range
ordered state disappears suddenly around 22 K without any
decrease of the internal field (ca. 200 G; Fig. 2b).
Taking into account the present µSR results together with
the results of our previous experiments, 4) the magnetically
ordered state of CoHNN can be interpreted as follows. On
cooling from 27 K, which can be defined as an intrinsic TN,

CoHNN enters into the quasistatic magnetically ordered
state. The appearance of the quasistatic long-range ordered
state below 22 K is sensed by muons. The dynamics
observed from ac susceptibility measurements below TN can
be attributed to the freezing of domain-wall motion, as in
the case of [Co(hfac)2•BPNN].3)
In conclusion, the one-dimensional magnet CoHNN
undergoes a magnetic phase transition at 27 K, and the
domain-wall motion freezes below 22 K at the timescale of
µSR.
(a)

(b)

Fig. 1. (a) ZF-muon spin relaxation observed for CoHNN.
(b) Temperature dependence of the depolarization rate
constant (λslow) and corrected initial asymmetry (A(0)).
(a)

(b)

Fig. 2. (a) ZF-muon spin rotation observed for CoHNN.
Solid lines represent best-fit curves. (b) Internal field (from
the oscillation frequency) as a function of temperature.
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Zero-Field and Longitudinal-Field µSR Studies of
Quasi-One-Dimensional Organic Conductor, TMTTF2 PF6
Y. Ishii, M. Nagasawa∗1 , I. Watanabe, T. Suzuki, T. Matsuzaki H. M. Yamamoto, and R. Kato
After the discovery of the ﬁrst organic pressureinduced superconductor, (TMTSF)2 PF6 (TMTSF =
tetramethyltetrathiofulvalene) at 12 kbar in 19801) ,
a family of quasi-one-dimensional (Q1D) organic conductors, (TMTSF)2 X and (TMTTF)2 X (TMTTF =
tetramethyltetraselenafulvalene, X = monovalent anion), has been investigated extensively. A wide variety
of ground states such as the spin-Peierls (sP) state, antiferromagnatic (AF) state, spin-density wave (SDW)
state and superconducting (SC) state appear depending on the pressure or choice of anion X. The spinPeierls transition is one of the unique phenomena in
Q1D antiferromagnetic spin chain systems. However,
there are only a few materials that undergo the sP
state. This is because antiferromagnetic chains often
enter a three-dimensional magnetic ordered state, such
as AF and SDW state, because of interchain coupling.
In this study, we aim to investigate the magnetic properties of the sP state of the PF6 salt.
Single crystals used in this study were synthesized
by the standard electrochemical method. ZF- and LFµSR experiments were carried out using the ARGUS
spectrometer installed at port 2 of the RIKEN-RAL
Muon Facility in the U. K.2,3) . The facility provides a
intense pulsed muon beam. Randomly oriented crystals with a total weight of 120 mg were wrapped in
a silver foil, and the wrapped sample was formed to
a disk-like shape. The sample was cooled to 0.26 K
using a 3 He cryostat.
Figure 1 shows the ZF-µSR time spectra at temperature above and below TsP . Above TsP , the ZF-µSR
time spectra are almost unchanged and the spectra
show exponential-like relaxation. Below TsP , the relaxation rate is signiﬁcantly enhanced and the µSR
time spectra do not show simple exponential relaxation as the temperature decreases. Moreover, below
1 K, a strange change in the µSR time spectrum is observed when a ﬁeld is applied. Figure 2 shows the lowtemperature muon time spectra obtained for µ0 HLF =
0.1 mT. The spectrum correspond to 0.26 K can be ﬁtted to the function A(t) = AS exp(−(λt))×cos(ωt+θ).
The internal ﬁeld at the muon site, Bint , can be calculated as Bint � 10 G by using the relation Bint = γµ /ω,
where γµ = 2π×13.5534 kHz/G is a gyromagnetic ratio
of the muon spin. Interestingly, under zero-ﬁeld conditions, no signiﬁcant change was observed in the µSR
time spectra between 1.5 K and 0.26 K. This suggests
that some kind of unconventional magnetic ordering
may appear at lowt emperatures. Further investigations are necessary to clarify this unconventional be∗1

Department of Physics, Tokyo Denki University

Fig. 1. ZF-µSR time spectra of TMTTF2 PF6 at temperature above and below TsP = 18 K.

Fig. 2. Low-temperature µSR time spectra of TMTTF2 PF6
at µ0 HLF = 0.1 mT.
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High-Pressure µSR Study of an Organic Spin-Peierls Material
MEM-[TCNQ]2
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Fig. 2. µSR time spectra of MEM-[TCNQ]2 for 300 and
590 MPa.

µSR time spectra obtained below 100 MPa are
shown in ﬁg. 1. At 2.5 K, an exponential-like fastdamping component of small magnitude is observed
at both 0 and 100 MPa. This component should
be a characteristic feature of the spin-Peierls ground
state5) . However, it is diﬃcult to ﬁnd out this exponential component analytically, because in the obtained µSR time spectra, a paramagnetic component
from the pressure cell is dominant. Detailed analyses
are underway. On the other hand, there are no signs
of a spin-gap or of magnetic ordering above 300 MPa
even at the base temperature. This suggests that the
ground state above 300 MPa is a paramagnetic one.
This result is quantitatively inconsistent with previous
high-pressure magnetic measurements6,7) .

10

Fig. 1. µSR time spectra of MEM-[TCNQ]2 for 0 and 100
MPa.
∗1

2

40 K
2.5 K

1) S. Huizinga et al.: Phys. Rev. B 19, 4723 (1979).
2) T. Matsuzaki et al.: Nucl. Instr and Meth. A 480, 814
(2002).
3) K. Nagamine et al.: Hyperﬁne Interact. 87, 1091 (1994).
4) I. Watanabe et al.: Physica B In Press.
5) S J Blundell et al.: J. Phys.: Condens. Matter 9, L119
(1997).
6) D. Bloch et al.: Physica 119 B, 43 (1983)
7) S. Takagi et al.: Mol. Cryst. Liq. Cryst. 376, 377 (2002).

MEM-[TCNQ]2
100 MPa

20

10

References

40 K
2.5 K
2

MEM-[TCNQ]2
300 MPa

20

0
0

Raw Asymmetry / %

Long-range magnetic order cannot be induced in
ideal one-dimensional spin system. The spin-Peierls
(sP) transition, which is a unique phenomenon in quasi
one-dimensional antiferromagnetic spin chain systems,
gives rise to a gap in the magnetic excitation spectrum.
The driving force for the sP transition is the magnetoelastic coupling between the one-dimensional spin structure and three-dimensional lattice vibrations. Very few
materials exhibit sP transition. This is because antiferromagnetic chains often become three-dimensional
magnetic ordered state because of interchain interaction.
MEM-[TCNQ]2 (N-Methyl-N-ethyl-morphorinium[7,7’,8,8’-tetracyanoquinodimethane]2 ) forms one dimensional stacking structure of TCNQ molecules. This
compound exhibits spin-Peierls transition at transition
temperature TsP = 18 K1) . We carried out µSR measurement of MEM-[TCNQ]2 under high-pressure since
it is expected that sP state is destabilized by applying pressure because the inter-chain coupling should
increase with pressure.
Single crystals of MEM-[TCNQ]2 were grown from
an acetonitrile solution, which contained TCNQ and
MEMiodine, by a slow diﬀusion method. The product
was obtained as ﬁne black needles with a typical length
of 1 mm. High-pressure µSR experiments were carried
out using the ARGUS spectrometer that is installed
at the RIKEN-RAL Muon Facility in the UK2–4) . The
facility can provide a high-momentum muon beam that
can pass through the window of a high-pressure cell.
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µSR study on the spin-singlet state in cluster magnet GaNb4 S8

†

∗1

Department of Materials Science and Engineering, Kyoto
University

0.5

0.8

0

0

0.8

0.4

0.6

0.2
0.4
0

2

4

6
8
t (µsec)

Ts
20

1

0.6

0

λ
β

100 K
25 K
4.5 K

40

60

80

5
-1
λ (10 sec )

1

β

A mixed-valent magnetic cluster system, in which
atoms in the cluster share unpaired electrons, is very
attractive as an intermediate system between a localized spin system and an itinerant electron magnet.
As a category of such materials, the ternary chalcogenides AB4 X8 (A = Ga, Al, Ge; B = V, Mo, Nb, Ta;
X = S, Se), having cubic GaMo4 S8 structure (space
group F 4̄3m), are of particular interest1–4) . In the
compounds, the cubic (B4 X4 )n+ and the tetrahedral
(AX4 )n− ions are weakly coupled in the NaCl manner,
resulting in hopping conduction between the clusters.
These compounds are generally semiconducting with a
narrow bandgap. In the (B4 X4 )n+ ion, one can ﬁnd
a tetrahedral cluster (tetramer) of magnetic B-atoms
in which d electrons form cluster orbitals. Intracluster
and intercluster interactions result in a wide variety of
magnetic properties.
GaNb4 S8 has attracted attention as a Mott insulator in which 4d electrons are localized in Nb4 clusters
due to electron correlations and also as one of pressureinduced superconductors1) . In the compound, the Nb4
tetramers have a local moment with S = 1/2. The
magnetic susceptibility of the compound obeys the
Curie-Weiss law with the eﬀective moment (µeﬀ ) of
1.73 µB /f.u. and the Weiss constant (θ) of −298K1) .
The large negative Weiss constant suggests that the
antiferromagnetic (AF) coupling exists between the
clusters. The compound exhibits a structural phase
transition from the high-temperature cubic state to
the tetragonal state (P 4̄21 m) at a temperature (Ts )
of 32 K2) . This phase transition is possibly due to
the Jahn-Teller instability of the degenerate molecular orbital of the the Nb4 tetramers. Our zero-ﬁeld
(ZF) and longitudinal-ﬁeld (LF) µSR studies5) indicate that the magnetic ground state in GaNb4 S8 is a
non-magnetic spin-singlet state. The details are provided below. From the lattice symmetry2) , it is suggested that the spin-singlet state is formed because of
formation of the Nb8 octamer from two Nb4 tetramers.
The ZF and the LF µSR experiments on GaNb4 S8
were conducted at the RIKEN-RAL Muon Facility at
the Rutherford-Appleton Laboratory in the UK in the
temperature (T ) range of 4.5−100 K in a LF of 0−3950
G. All experiments were performed using polycrystalline samples obtained from the solid-state reaction
of pure elements sealed in evacuated quartz tubes.
Even at the lowest temperature, the ZF µSR spectra, shown in Fig. 1, exhibit no oscillation due to
the muon precession caused by the static internal ﬁeld.
This clearly indicates the absence of a magnetic long-

Asymmetry (arb. units)

Y. Tabata,∗1 Y. Kajinami,∗1 T. Waki,∗1 I. Watanabe, H. Nakamura∗1
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Fig. 1. T -dependence of λ and β. Above 27.5 K, the value
of β is ﬁxed at 1. Inset: Typical Examples of ZF-µSR
spectra at T = 4.5, 25, and 100 K. The solid curves
represent the ﬁt by the damped KT function described
in the text. Below Ts , the spectra are ﬁt with a phenomenological stretched exponential function.

range order at temperatures below Ts . The relaxation
curve can be ﬁtted by a phenomenological damped
Kubo-Toyabe (KT) function with a stretched exponential function given by Pµ (t) = exp[−(λt)β ]GKT
z (∆, t),
2
1 2 2
1
2 2
where GKT
z (∆, t) = 3 + 3 (1−∆ t ) exp(− 2 ∆ t ). The
KT relaxation rate ∆ is almost independent of temperature and the damping rate λ exhibits a gradual increase with a decrease of temperature below 40 K. The
exponent β is considered a free ﬁtting parameter at low
temperatures, and above 27.5 K, its value is ﬁxed at
1 because λ is too small to determine β precisely by
ﬁtting the data. Thus, the cusp-like anomaly of λ at
around 25 K may be an artifact of the curve-ﬁtting.
The stretched exponential relaxation is not decoupled
by an applying LF up to 3950 G; this clearly indicates that the increase in λ below Ts mainly due to the
dynamic internal ﬁeld resulting from ﬂuctuating electronic spins. These results can be considered as sporadic dynamics of spin ﬂuctuations in the spin-singlet
sea6) , and they also indicate that the spin-singlet state
of GaNb4 S8 is formed because of the formation of Nb8
octamers from two Nb4 tetramers.
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Magnetic order of the frustrated triangular lattice antiferromagnet
HCrO2 †
H. Kikuchi,∗1 Y. Fujii,∗2 I. Watanabe,∗3 T. Suzuki,∗3 and T. Kawamata∗3
[Spin frustration, antiferromagnet, magnetic order]
Geometrically frustrated magnets have attracted
much interest recently because their high degeneracy
generates new phenomena such as spin liquid state. A
triangular lattice antiferromagnet (TAF) is a typical
frustrated magnet and has been studied extensively.
HCrO2 is a model compound of the TAF. Edge-sharing
CrO6 octahedra form a layer in the c plane, and Cr3+
ions (S = 3/2) form the triangular lattice. The Weiss
temperature of HCrO2 has been estimated to be -276
K from magnetic susceptibility measurements above
77 K [1]. About two decades ago, Y. Ajiro et al. [2]
measured the X-band ESR (electron spin resonance)
spectra of HCrO2 and discussed the temperature dependence of the ESR linewidth in terms of the Z2
vortex excitation, which is a topological defect predicted for the Heisenberg triangular-lattice antiferromagnet [3]. They observed that the ESR linewidth of
polycrystalline HCrO2 diverged at around 20 K, which
agrees with the predicted temperature for the Z2 vortex phase transition. No magnetic study of HCrO2 has
been performed since the study in [2]. We measured
the µSR spectra of HCrO2 and DCrO2 to investigate
the magnetic properties of these frustrated magnets.
Powder samples were synthesized using a hydrothermal method.

HCrO

Asymmetry

20

Zero-ﬁeld (ZF) and longitudinal-ﬁeld (LF) µSR
spectra were measured at the RIKEN-RAL Muon Facility at temperatures down to 0.1 K and for ﬁelds up
to 3950 Oe. Figure 1 shows temperature dependence of
the ZF-µSR time spectra of HCrO2 . At high temperatures the spectra can be ﬁtted with Gaussian curve.
Below about 20 K, a fast relaxing component rapidly
develops so that exponential decay becomes prominent
at lower temperatures. The observation clearly indicates that a magnetic transition occurs at around 20
K. However, since no spin rotation was observed even
at the lowest temperature of 0.1 K, it is suggested that
the magnetic phase below 20 K is characterized not by
a long-range order, but a short-range order. Figure 2
shows the LF dependence of the time spectra of HCrO2
measured at 0.1 K. Almost no change is observed when
the magnetic ﬁeld is increased to 1000 Oe. At the highest magnetic ﬁeld of 3950 Oe, decoupling of the muon
relaxation is still insuﬃcient, suggesting that the magnetic moments are dynamic even at 0.1 K.
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µSR Study of Ordered Phases in Triangular Ising-like
Antiferromagnets CsCoCl3 and CsCoBr3
T. Kawamata, Y. Nishiwaki,∗1 T. Kato,∗2 T. Nakamura,∗3 Y. Tanabe∗4 and I. Watanabe
[µSR, frustration system]
Recently, cooperative phenomena with different degrees of freedom in a frustration system have attracted
interest. In particular, RbCoBr3 is a unique frustration compound with spin and lattice frustration,
as suggested by a new spin-lattice model,1) which is
introduced in the frustration of not only spin systems but also lattice systems, say “lattice frustration”.
RbCoBr3 has been classified as an ABX3 -type compound. The ABX3 -type compounds are well-known
frustrated magnets, which have chains formed by facesharing BX6 octahedra. This model shows that the
spins of the Co2+ ions and those of the lattice chains
change their alignments cooperatively to minimize the
energy for releasing the frustrations.
RbCoBr3 undergoes several magnetic and structural
phase transitions. It has been suggested by neutron
scattering measurements2) that a partial disordered
(PD) phase appears below TN1 = 37 K and that
a three-sublattice ferromagnetic (3FR) phase appears
below TN2 = 32 K, with a decreasing in temperature.
However, our previous µSR result3) suggested that the
3FR phase appears at temperatures between TN1 and
TN2 . The two frequency components, ∼ 4 MHz and ∼ 8
MHz, observed between TN1 and TN2 during µSR measurements are consistent with those determined by our
dipole field calculations on the 3FR phase, while the
calculations on the PD phase indicate the existence of
only one frequency component. Furthermore, the spinlattice model predicts that the 3FR phase in RbCoBr3
appears in a very small temperature regime at around
TN1 .1) Therefore, there is a possibility of the 3FR phase
appearing between TN1 and TN2 . In order to determine
the exact number of frequency components in the PD
phase, we carried out µSR experiments on CsCoCl3
and CsCoBr3 , in which the PD phase is known to be
established at low temperatures.
CsCoCl3 and CsCoBr3 are ABX3 -type compounds,
and hence, in these compounds, magnetic phase transitions occur at TN1 = 21 K, TN2 = 9 K and TN1 =
28 K, TN2 = 13 K, respectively. The PD phase of
CsCoCl3 and CsCoBr3 is observed between TN1 and
TN2 . µSR measurements have been carried out in the
past on CsCoCl3 using pulsed muon beam at KEK
and dc beam at TRIUMF. The results suggested the
existence of only one component of the muon-spin ro∗1
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Fig. 1. Temperature dependence of precession frequency
obtained by Fourier analysis of (a) CsCoCl3 and (b)
CsCoBr3 .

tation at ∼ 4 MHz.4) We must carry out experiments
on CsCoCl3 again because there is a possibility of the
high-frequency component remaining undetected owing to the low statistics of the data obtained in the previous experiments. The present µSR measurements on
CsCoCl3 and CsCoBr3 are performed at the RIKENRAL Muon Facility.
Clear muon spin rotation is observed below TN1 ∼
21 K and ∼ 28 K in the µSR spectra of CsCoCl3
and CsCoBr3 , respectively. Figure 1 shows the temperature dependence of the precession frequency of
CsCoCl3 and CsCoBr3 obtained by Fourier analysis
of the spectra. Only one broad component is observed
in the PD phase between TN1 and TN2 in both compounds. This result suggests that there is only one
broad component in the PD phase in an ABX3 system.
Accordingly, it is likely that the magnetically ordered
state between TN1 and TN2 in RbCoBr3 is the 3FR
phase, which contradicts with the results suggested by
the neutron scattering experiment2) .
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µSR Studies of the 2D Triangular-lattice Spin-liquid System
κ-ET2 Cu2 (CN)3
F.L. Pratt∗1 , S. Kawamura∗2 , T. Lancaster∗3 , S.J. Blundell∗3 , P.J. Baker∗1 , Y. Shimizu∗4 , K. Kanoda∗5 and
I. Watanabe∗6
[Spin liquid, magnetism]
The S=1/2 triangular-lattice antiferromagnet (AF)
with nearest neighbour Heisenberg interactions was
one of the first candidates to be considered for a spinliquid (SL) ground state in the resonating-valencebond (RVB) picture1) . Although subsequent studies
indicated that non-collinear three-sublattice AF ordering is the ground state (Fig.1a), the SL state may be
recovered when higher order interactions are taken into
account (Fig.1b)2,3) . These interactions are significant
in strongly-correlated electronic systems just on the
insulating side of a Mott transition4,5) , such as the
organic system κ-ET2 Cu2 (CN)3 studied here6) , which
shows SL properties down to at least 20 mK7) .

In the RVB SL phase, the spinon excitations are expected to be mobile and implanted muons may be used
to study their dynamical properties. An example of the
field dependent muon spin relaxation resulting from
unpaired electronic spins in κ-ET2 Cu2 (CN)3 is shown
in Fig.2. The field dependence can be represented by
the sum of two contributions, the first term dominates
at low fields and has the form of a Lorentzian that reflects localised spin fluctuations with a single dominant
relaxation time. The second term has the characteristic logarithmic dependence of a 2D diffusion process
and is assigned to relaxation of the muon by the mobile
spinons present in the SL phase.
80 K
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Fig. 2. Electronic contribution to the longitudinal muon
spin relaxation in κ-ET2 Cu2 (CN)3 measured at 80 K.
The field dependence can be represented by the sum
(solid line) of contributions from localised and diffusing
spin excitations, with the mobile excitations dominating the relaxation for fields above 2 mT.
Fig. 1. (a) The three-sublattice ground state of S=1/2
spins on a triangular lattice with simple nearestneighbour Heisenberg interactions. (b) Higher order interactions can stabilise the RVB SL phase and one of the
many degenerate configurations is shown here. Thick
lines represent valence bonds and two mobile spinon
excitations are also shown.
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µSR study around a quantum critical point in heavy-fermion
compounds Ce2 RhIn8−x Snx †
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One of the most exciting topics in modern condensed matter physics is the interplay between diﬀerent electronic ground states near a quantum critical
point (QCP)1) . In f -electron compounds, a quantum
critical phase transition appears due to the competition between magnetic ordering (via RKKY interactions) and paramagnetic phase (via Kondo singlet
formation). It is observed that unconventional superconductivity and/or non-Fermi-liquid behavior is
often exhibited in the vicinity of a QCP, where the
Curie or Neel temperature of a magnetically ordered
state approaches 0 K. Recently, it has been found that
Ce2 RhIn8 has two diﬀerent QCPs; this was observed
when pressure was applied2) and when chemical substitution of Sn for In was carried out3) . In order to study
the diﬀerence between the magnetic properties of the
two QCPs, we ﬁrst performed µSR measurements of
the Ce2 RhIn8−x Snx before performing the measurements of the Ce2 RhIn8 under pressure. The µSR
measurements were carried out at the RIKEN-RAL
Muon Facility in the U.K. Single crystalline samples
of Ce2 RhIn8−x Snx (x = 0.0, 0.1, 0.5, 0.7) were mounted
on a high-purity silver plate such that their c-axes were
parallel to the initial muon spin polarization.
Figure 1(a) shows the ZF-µSR time spectra of
Ce2 RhIn8 . At temperatures above TN , the time spectra consist of two components; the ﬁrst component
shows the slow relaxation due to random local ﬁelds
from nuclear magnetic moments, and the other component shows that the relaxation is indipendent of time.
More speciﬁcally, we have A(t) = APz (t) + AAg , where
A and AAg are the initial µ-e decay asymmetries of
the sample and the silver backing plate, respectively.
Pz (t) = exp(−∆2 t2 ), where ∆/γµ is the rms value
of the random local ﬁeld. [Here, γµ (= 2π × 135.54
MHz/T) is the muon gyromagnetic ratio.] Note that
the second component is a constant because the relaxation rate of the silver backing plate is negligible (∼ 0).
The time spectra were reproduced well by the above
formula with ∆ = 0.214(5) µs−1 . For T < TN , we
found that the spectra can be described well by A(t) =
A1 exp(−σ12 t2 ) cos(2πf t + ϕ) + A2 exp(−σ22 t2 ) + AAg ,
where σ1 and σ2 are the relaxation rates, f is the muonspin precession frequency under a local ﬁeld Hloc , and
ϕ is the initial phase. As shown in Fig. 1(a), a clear
precession signal was observed and TN is estimated to
be 2.8 K. A ﬁtting procedure similar to that for the par-
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Fig. 1. ZF-µSR time spectra of (a) Ce2 RhIn8 and (b)
Ce2 RhIn7.5 Sn0.5 . Inset shows TN vs. Sn concentration.

ent compound was used for the Ce2 RhIn7.9 Sn0.1 data,
and TN was estimated to be 1.8 K.
Figure 1(b) shows the ZF-µSR time spectra of
Ce2 RhIn7.5 Sn0.5 . While the relaxation rate above
2 K is almost independent of temperature, there is a
gradual increase in the relaxation rate with decreasing temperature. Muon-spin precession signal was
not observed at the lowest temperature; this indicates
that there is no magnetic ordering at this temperature. The time spectra were described by A(t) =
APz (t) + AAg using the stretched exponential function Pz (t) = exp[−(λt)β ], where λ is the relaxation
rate and β is the power of the exponent. The change
from Gaussian (β = 2) to single exponential decay
(β = 1) that occurs with decrease in temperature can
be seen in the ﬁgure. The rate λ is almost independent of temperature above 0.5 K, and starts to increase
rapidly with a decrease in temperature below 0.5 K.
Such fast relaxation without any detectable oscillation
is a common signature of disordered magnetism that
is either static or dynamically ﬂuctuating. Application
of longitudinal ﬁelds showed that these magnetic signals were completely decoupled between 100–200 mT
at 0.3 K; this observation is consistent with a static distribution of local ﬁelds. This suggests a spin-glass-like
phase, which has been observed in isostructural material Ce2 IrIn8 4) . Muon-spin precession was not observed in the sample of x = 0.7 and λ was approximately constant at ∼ 0.29 µs−1 .
As a summary of our results, the magnetic phase
diagram of Ce2 RhIn8−x Snx as a function of x is shown
in the inset of Fig. 1(b). Next, we intend performing
µSR measurements in Ce2 RhIn8 under pressure.
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tors revealed that the superconductivity in this series of compounds basically possesses multiple superconducting gap nature. Indeed, we clarified that
two superconducting gap of distinct sizes realizes in
KFe2 As2 (Tc = 3.5 K).7) In our previous NQR (nuclear quadrupole resonance) and specific heat measurements, we utilized 3 He refrigerator: we could perform
experiments only down to about 0.3 K. Therefore, we
are planning to perform zero-field (ZF) µSR measurements on KFe2 As2 down to about 50 mK in next R383
proposed experiments. Temperature dependence of
relaxation rate derived from muon time spectra may
clarify the superconducting gap symmetry and sizes of
gaps in detail.
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Much attention has been paid after the discovery of
superconductivity in F-doped LaFeAsO with a superconducting transition temperature Tc = 26 K.1) In over
electron-doped iron-pnictide superconductors, pseudogap like behavior was observed in normal state.2) Contrary to high-Tc cuprate, theoretical explanation for
this phenomenon is not entirely of the magnetic origin
but of specific band structure origin.3) From the viewpoint of ZF µSR, we examined the existence of magnetic fluctuation in over electron-doped iron-pnictide
superconductors.
In Fig. 1, we show the muon time spectra of
LaFeAsO1−x Fx with Tc = 19 K, which is confirmed
to locates in over-doped region from a-axis lattice parameter. The muon time spectra remain the same at
all the measurement temperatures. This result clearly
revealed that the origin of the pseudo-gap like behavior is not magnetic one. We also examined sample dependence of this temperature behavior of muon time
spectra and found that there is no sign of magnetic
fluctuation for all the measured samples (Tc = 27, 23,
and 19 K).
K-doped (hole-doped) BaFe2 As2 is the firstly reported oxygen-free iron-pnictide superconductor with
Tc = 38 K.4) We reported the 75 As nuclear magnetic
resonance (NMR) measurement of this hole-doped superconductor Ba1−x Kx Fe2 As2 with different lattice
parameters and different superconducting volume fractions (Tc ∼ 38 K).5) 75 As-NMR spectra revealed that
the magnetically ordered and superconducting phases
are microscopically separated. In our samples synthesized by high pressure method, antiferromagnetic
(AFM) ordered state remains up to x =0.4. The internal magnetic field evaluated by zero-field 75 As-NMR is
suppressed by the substitution x. However, it is also
robust with x. This tendency is quite similar to the
pressure dependence of the internal magnetic field in
the parent material BaFe2 As2 .6) This reflects the firstorder nature of this phase transition.
Recent experiments on iron-pnictide superconduc-
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Fig. 1. Muon time spectra of LaFeAsO1−x Fx (Tc = 19 K).
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Effect of Pressure on the Stripe Dynamics in La2-xSrxCu1-yZnyO4 with x = 0.13
I. Watanabe, Y. Ishii, T. Kawamata, T. Suzuki, T. Adachi1), Y. Tanabe1,2), Y. Koike1), R. Khasanov3), and D. Andreica4)
The main p urpose of the experiment in th is p aper is to
investigate the effect of pressure on the stabilization of the
stripes of spins and holes in high-Tc superconducting oxides
[1]. The high-Tc sup erconductivity is stro ngly co rrelated
with th e stab ilization and destabilization of Cu sp ins for a
hole concentration of ap proximately 1/ 8 per C u at om for
which the dynamically fluctuating stripes are consi dered to
be st abilized hence, c ontrolling t he st ripe dy namics i s
important to determine to the po int of superconductivity. It
has bee n re ported t hat t he stabilization of st ripes ca n b e
controlled by appl ying a small pressure o f 0. 2 GPa [2] .
However, rec ently, i t ha s bee n pointed out t hat t he
electronic st ate o f st ripes does not cha nge c onsiderably by
even under a pressure hi gher t han 0.2 Gpa [3] . T hus, t he
effect of pressure on stripe dynamics is still a con troversial
subject.
In order to clar ify th e ef fect of pressure on str ipe
dynamics, we chose La 2-xSrxCu1-yZnyO4 (LSCZO) with x =
0.13 as th e target material for our study. In th is system, the
static stab ilization of st ripes is clearly o bserved at low
temperature and at a specific hole concentration of around x
= 0 .115 ev en w hen y = 0. The stripes are com pletely
destabilized at x = 0.13, a nd fluctuating outside t he µSR
characteristic ti me-window [4-6]. In ad dition to th is, our
group has clarified that the dynamics of st ripes at x = 0.13
can b e easily co ntrolled by su bstituting Cu with t he
nonmagnetic atom Zn [6]. It is expected that at x = 0.13, the
stripes are at the borde r between stabilized and destabilized
states. We s peculate t hat if stri pe dynamics can be
controlled b y ap plying pressu re, we will be able to detect
a cha nge i n stripe dynamics by ap plying p ressure o n
samples that contain a small amount of Zn. This means that
when we apply p ressure to a Zn -substituted sam ple, i n
which t he dynamic st ripes a ppear t o be st abilized, we c an
detect the disappearance of the signs of the stabilized states
of Cu spins.
We h ave alread y car ried ou t high-pressure µSR
measurements on a sample with x = 0.13 and y = 0.0025 by
applying pressure o f 0 .81 GPa. W e carried ou t the
measurements at Pa
ul Scherrer Institute (PSI)
in
Switzerland an d reported the resu lt in th e APR rep ort o f
2008. From these m easurements, we di d n ot observe any
effect of pressure on the sta bilized stripes . In t he prese nt
study, we ap plied high pressure u p t o a m aximum of 1.2
GPa t o a sam ple wi th x = 0.13 and y = 0. 005; for t his
sample, t he st abilization of st ripes i s o bserved a ppears
below 10 K [6]. T he high-pressure measurem ent was
carried out at the GPD at PSI in Switzerland, as before.
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Figure 1 shows the tem perature dependence of the
muon-spin-precession am plitude i n TF = 2 0 G of LSC ZO
with x = 0.13 and y = 0.005. The top panel shows the data
obtained ambient pressure, and the bottom panel shows the
data m easured at 1.24 GPa. Bo th p anels show th at th e
muon-spin-precession
decreases wi
th decreasi
ng
temperature. This indicates t he appearance of the stabilized
state of t he st ripes. Using a broadened F ermi funct ion, the
magnetic transitio n tem perature was esti mated to be
approximately 6.7 K at ambient pressure and 6.0 K at 1.24
GPa. The effect pressure is quite small, and the difference in
the m agnetic t ransition tem perature is ap proximately 1 0%.
Thus, it can be stated said that statically stab ilized stri pes
cannot be dest abilized by applying a low press ure of 0.2
GPa [2].
At presen t, we are
planning t o determin th e
superconducting states under pressure for the same samples
that were used PSI. By com paring the e ffect of pressure
on stripe dynamics of samples in superconducting state, we
expect to u nderstand the rel ationship bet ween the pres sure
and stripe dynamics.

Figure 1: Temperature dep endence of the amplitude of the
muon-spin precession in TF 50 G for the sample with x = 0.13 and
y = 0.005 . The top panel shows the r esult of µSR m easurement
and th e bottom panel shows the result of µSR m resurement at a
high-pressure of 1.2 GPa.
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µSR study of iron-substitution eﬀects on the Cu-spin dynamics in
the overdoped regime of La2− x Srx Cu1− y Fey O4
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is anomalously suppressed. Above 20 K, the spectrum shows Gaussian-like depolarization due to the
randomly oriented nuclear spins. On the other hand,
fast depolarization of muon spins is observed below 20
K, followed by marked missing of the initial asymmetry at 1.9 K. The change of the spectra indicates the
development of the magnetic correlation at low temperatures. Moreover, this result suggests a strong effect of the Fe substitution on the Cu-spin dynamics as
well as at p ∼ 1/8.5) The next step is to investigate
the p dependence of the spectra around x = 0.22.
In summary, we have found from ZF-µSR measurements fast depolarization of muon spins at low temperatures below 20 K for x = 0.225 and y = 0.01
in LSCFO where the superconductivity is anomalously suppressed. This suggests the development of
the stripe correlations through the Fe substitution in
LSCFO around x = 0.22. Therefore, there exists an
intimate relation between the stripe correlations and
superconductivity in the overdoped LSCO.
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La2-xSrxCu1-yFeyO4

1.0

Normalized Asymmetry

Since the early stage of the research of the high-Tc
superconductivity, much attention has been paid to the
physics in the overdoped regime. In particular, around
x = 0.22 in the overdoped regime of La2−x Srx CuO4
(LSCO), signiﬁcant anomalies have been observed so
far; a slight depression of the superconducting (SC)
transition temperature, Tc ,1,2) a development of the
Cu-spin correlation at low temperatures.3) These are
suggestive of a possible development of the so-called
stripe correlations of holes and spins4) around x =
0.22, because these are analogous to those observed
around x = 1/8 where the stripe correlations are much
developed.
Recently, Fujita et al. have revealed from the elastic neutron-scattering experiment that incommensurate magnetic and nuclear peaks are observed through
the partial substitution of Fe with a large magnetic moment (Fe3+ : the spin quantum number S = 5/2) for
Cu in LSCO around the hole concentration per Cu,
p, = 1/8.5) As the superconductivity is strongly suppressed through the Fe substitution around p = 1/8,6)
it is suggested that the Fe substitution is eﬀective for
the stabilization of the charge-spin stripe order around
p = 1/8.
Based on the above results, we have investigated Fe-substitution eﬀects on the electronic properties around x = 0.22 in the overdoped regime of
La2−x Srx Cu1−y Fey O4 (LSCFO) from measurements of
the electrical resistivity, ρ, and magnetic susceptibility.7) It has been found around x = 0.22 that ρ exhibits a pronounced upturn at low temperatures and
that Tc is anomalously depressed. These results suggest that the dynamical stripe correlations are stabilized by Fe, leading to the marked suppression of
superconductivity around x = 0.22 in LSCFO. This
is, however, a very circumstantial conclusion deduced
from only the electronic properties. Therefore, in order to ﬁnd out a direct evidence for the Fe-induced
stripe order from the study of the Cu-spin dynamics,
we have performed zero-ﬁeld (ZF) µSR measurements
in the overdoped LSCFO. Polycrystalline samples of
LSCFO were prepared by the ordinary solid-state reaction method. The ZF-µSR measurements were carried
out at temperatures down to ∼ 2 K at RIKEN-RAL.
Figure 1 shows ZF-µSR time spectra of LSCFO with
x = 0.225 and y = 0.01 where the superconductivity
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Fig. 1. Zero-ﬁeld µSR time spectra at various temperatures
for La2−x Srx Cu1−y Fey O4 with x = 0.225 and y = 0.01.

- 254 -

RIKEN Accel. Prog. Rep. 43 (2010)
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Below 2 K, on the other hand, the spectrum changes
to exponential-like behavior and fast depolarization of
muon spins is observed at 0.27 K. This change of the
spectra indicates the development of the magnetic correlation at low temperatures. Moreover, this change
is quite similar to that observed in Zn-substituted
LSCZO,2,3) suggesting the possible development of the
stripe correlations also in Zn-substituted BPSCZO. As
for the p dependence, it is found that the fast depolarization is observed in the whole SC regime, though it
becomes weak gradually with increasing p. This suggests that the stripe correlations exist throughout the
SC regime.
In summary, we have found in ZF-µSR measurements fast depolarization of muon spins at low temperatures below 2 K in BPSCZO with y = 0.03 in a
wide range of p where the superconductivity appears.
This suggests the development of the stripe correlations in the monolayer Bi-2201 cuprate as well as in
the La-214 cuprate. Accordingly, the intimate relation
between the stripe correlations and superconductivity
might be concluded to be universal in various high-Tc
cuprates.
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1.2

Normalized Asymmetry

In the history of the high-Tc physics, the relationship between the magnetism and superconductivity
has been a central issue. In especial, the so-called
dynamical stripe correlations of spins and holes have
attracted considerable attention both experimentally
and theoretically.1)
Since 2001, we have performed systematic zeroﬁeld (ZF) µSR measurements in the whole superconducting (SC) regime of Zn-substituted La-214 cuprate
La2−x Srx Cu1−y Zny O4 (LSCZO) and have found out
an intimate relation between the stripe correlations
and superconductivity.2,3) However, one may doubt
the universality of this relation in various high-Tc
cuprates due to predominant eﬀects of the stripe correlations and the possible eﬀect of disorder in the CuO2
plane through the Sr substitution on various physical
properties in La2−x Srx CuO4 .
The Zn-substituted monolayer Bi-2201 cuprate
(Bi,Pb)2 Sr2 Cu1−y Zny O6+δ (BPSCZO) is one of the
best high-Tc systems showing almost all characteristics of the high-Tc superconductivity, i.e., the socalled pseudo-gap, quantum critical point and inhomogeneous SC state. Moreover, this is another highTc system in which the hole concentration can be
changed widely from the insulating lightly doped to
non-SC heavily overdoped regime controlling the excess oxygen content, δ, without large eﬀects of disorder.4) In the Zn-substituted double-layer Bi-2212
cuprate Bi2 Sr2 CaCu2−2y Zn2y O8+δ , on the other hand,
it has been suggested that Zn-induced development of
the magnetic correlation is observed but weaker than
that in the La-214 cuprate,5) suggesting that eﬀects of
the stripe correlations are weaker in the Bi-2212 than
in the La-214 cuprate. These results encourage us to
study the impurity-induced development of magnetic
correlation in BPSCZO.
Therefore, we have investigated Zn-substitution effects from µSR measurements in a wide range of hole
concentration per Cu, p, of BPSCZO. Polycrystalline
samples of BPSCZO with y = 0 − 0.03 were prepared
by the ordinary solid-state reaction method. The µSR
measurements were carried out at temperatures down
to ∼ 0.3 K at RIKEN-RAL.
Figure 1 shows ZF-µSR time spectra of the underdoped BPSCZO with p = 0.077 and y = 0.03.
Above 2 K, the spectrum shows Gaussian-like depolarization due to the randomly oriented nuclear spins.
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Fig. 1. Zero-ﬁeld µSR time spectra of (Bi,Pb)2 Sr2 Cu1−y Zny O6+δ
with p = 0.077 and y = 0.03 at various temperatures
down to 0.27 K.
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the analysis function of A(t) = A0 GZ (∆, t) for the optimally doped BSCYCO with x = 0.2. The GZ (∆, t)
is the static Kubo-Toyabe function. With decreasing
temperature below 150 K, it is found that ∆ increases
gradually, followed by a steep increase below Tc . The
steep increase in ∆ below Tc is due to the large inhomogeneity of the local magnetic ﬁeld inside a sample
caused by SC vortices. On the other hand, the gradual
increase below 150 K is possibly due to the creation of
SC vortices and/or SC islands showing diamagnetism7)
in the SC ﬂuctuation state, which is consistent with the
result of STS in BSCYCO.8) Therefore, it appears that
SC vortices and/or SC islands exist even above Tc in
the optimally doped BSCYCO.
In summary, we have found from LF-µSR measurements of the optimally doped BSCYCO that the local ﬁeld at the muon site becomes inhomogeneous below 150 K far above Tc . This suggests the existence
of SC vortices and/or SC islands above Tc in high-Tc
cuprates.
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There have been an increasing number of studies
on the electronic state in high-Tc cuprates. Among
them, the so-called electronic inhomogeneity in the
CuO2 plane has been one of recent interests in high-Tc
physics. In the underdoped regime, microscopic inhomogeneity of the superconductivity has been suggested
from the scanning tunneling spectroscopy (STS),1)
magnetic susceptibility, χ, and speciﬁc heat, C.2)
Moreover, a pseudo-gap state has been observed from
various kinds of measurements at high temperatures
above the superconducting (SC) transition temperature, Tc . One interpretation of these phenomena is
that strong-coupling superconductivity with a very
short coherence length is realized so that the SC ﬂuctuation is very large, leading to the pseudo-gap state
above Tc and the inhomogeneous SC state below Tc .
In the overdoped regime, on the other hand, the superconductivity was regarded as a homogeneous weakcoupling one as in the case of BCS-like conventional
superconductors. Recently, however, it has been suggested from χ3,4) and C 5) measurements in the overdoped regime of La2−x Srx CuO4 (LSCO) that a microscopic phase separation into SC and normal-state
regions takes place. When the separated two phases
in the overdoped regime consist of a hole-rich normal Fermi-liquid state region and a hole-poor strongcoupling SC one, a large SC ﬂuctuation is expected to
be observed above Tc even in the overdoped regime.
Although the existence of SC vortices above Tc due
to the large SC ﬂuctuation has been pointed out from
the observation of a large Nernst eﬀect under magnetic
ﬁeld,6) the details have not yet been clariﬁed, because
the large Nernst eﬀect do not give a direct evidence for
the existence of SC vortices. On the other hand, µSR
measurements may be one of conclusive ways conﬁrming the existence of SC vortices, because µSR spectra
are sensitive to the inhomogeneity of the local magnetic
ﬁeld in a sample caused by SC vortices. Therefore, we
have investigated the possible existence of the SC vortices above Tc in LSCO and Bi2 Sr2 Ca1−x Yx Cu2 O8+δ
(BSCYCO) from the underdoped to overdoped regime.
Polycrystalline samples of LSCO and BSCYCO were
prepared by the ordinary solid-state reaction method.
The µSR measurements were performed at temperatures below 300 K under zero ﬁeld, longitudinal ﬁeld
(LF) and transverse ﬁeld conditions at RIKEN-RAL.
Figure 1 shows the temperature dependence of the
distribution width of local ﬁelds at the muon site, ∆,
estimated from the best ﬁt of LF-µSR spectra using

x = 0.2

0.20

0.15

0.10

Tc
0.05

LF = 20 G
0.00

0

50

100

150

200

250

300

T (K)

Fig. 1. Temperature dependence of the distribution width
of local ﬁelds at the muon site, ∆, estimated from LFµSR spectra using the function of A(t) = A0 GZ (∆, t)
for the optimally doped Bi2 Sr2 Ca1−x Yx Cu2 O8+δ with
x = 0.2.
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ALC-μSR Investigation of Model Porphyrins
I. Watanabe, A. Kikuchi, T. Suzuki, T. Kawamata, A. Stoykov,

＊1

and R. Scheuermann＊1

Unfortunately, we did not observe a ny cl ear AL C
resonance signal in other samples that contained the Fe spin
at the center of the porphyrin ring. In these samples, strong
depolarization be havior i s observed. We ar gue t hat t he
absence of the A LC sign al w ould be due to th e str ong
depolarization be havior of t he m uon s pin cause d by t he
strong fluctuation of Fe s pins. Th us, i t wa s im possible t o
estimate the muon-stopping positions in those samples.
In order t o a void t his problem, we are planning t o
prepare sam ples th at will have t he sam e stru cture as the
measured m odel p orphyrins but n o Fe s pin at t he ce nter
position. Since core stru ctures of model porphyrins are not
very di fferent from each other , we expe ct sim ilar ALC
signals for al l sam ples. C onsequently, we c an ass ume t hat
the locations of muons in al l model po rphyrin sam ples
would be th e same. If th is is th e case, we wou ld ab le to
directly co mpare th e fl uctuation frequ encies of th e
fluctuating internal field at the muon site.
We plan to ca rry out ALC- μSR measurement of the se
samples i n 201 0 at PS I usi ng t he sa me experi mental
apparatus. In addition to this experiment at PSI, we plan to
measure the Fe-spin dynamics at the ISIS to determine the
fluctuation frequency of eac h sam ple. We exp ect t hat t he
results of t hese expe riments wo uld cl arify the rel ationship
between local structures of heme and the functions of heme
proteins.

ALC Signal (au.)

The m ain pu rpose of t his stu dy is t o clarify th e
relationship between l ocal st ructures a round the central
metal i on, Fe, an d f unctions of hem eproteins be cause t he
functions of hem eproteins vary wi th by not onl y their
3D-structures but also the electronic state around the Fe ion
in h emeproteins. Samples of m odel-porphyrins Fe( TPP)X
(X = (Imidazole)2, Cl) a nd Fe(por)X (X = (Imidazole)2, Cl)
were prep ared. It should b e noted t hat th e latter con tained
protoporphyrin IX, which i s id entical to th e m oiety of
hemeproteins. The valence of Fe i on in all samples are 3+.
This means that these m odels are suitable for investigating
the “oxidized state” of hemeproteins.
In 2009, our main goal was to obtain information about
the l ocation of m uons i n m odel p orphyrins. B efore
considering the dynamics of Fe spi ns in model porphyrins,
it is i mportant to answer the following question; where are
muons located in porphyrin ? If t his pr oblem i s not
addressed, it would b e fu tile to carry out st udies t o
determine the spin dy
namics because the m uon-spin
depolarization behavior is determined by the magnitude and
the fl uctuation fre quency of the i nternal fi eld at t he m uon
site. In pat icular, t he f ormer de pends o n t he distance
between the muon and Fe spin. If the position of the muon
is different in each sample, it would be difficult to disc uss
the internal field from the Fe spin.
In order to satisfy th is requ irement, we studied an
Avoided Level Crossing (ALC) resonance measured at PSI
in Switzerland using a continuous muon beam. The injected
muons stop at the potential minimum position in the sample
and sometimes form a charact eristic bound state wit h
surrounding e lectrons. I n such a case, t he surrounding
electrons i nduce hy perfine f ields at the muon site. These
hyperfine fields affect resonance positions of the muon spin
when e xternal m agnetic fi elds are ap plied. T hus, w hen
such resonance signals are observed in fiel ds, the c hemical
states of muons in materials can be discussed.
The m easurement has bee n pe rformed onl y at ro om
temperature a t the ALC a rea using a superconducting
magnet from zer o to ab out 3 T. Figu re 1 sho ws ALC
resonance signals of TPP model porphyrin, which does not
have Fe spin a t t he cent er o f t he porphyrin ri ng. We have
clearly observed four resonances in this sample. This result
means that t here are at least four m uon st opping-positions
thet have different chemical states in TPP. The depth of the
signal is ap proximately corresponds to the fraction of each
muon st ate. T hus, m ost of muons f orm sim ilar chem ical
states with the signal main ALC resonance obtained at 0.75
T. In ord er to estim ate t he m uon-stopping position,
calculation of electric potential is required.

＊1

Magnetic Field (T)
Figure 1: ALC resonances of TPP at the room temperature.

Bulk Muon Group, PSI, Villigen, Switzerland.
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µSR study of structure-dependent electron radical dynamics in
polythiophene and its derivatives†
Risdiana,∗1 Fitrilawati,∗1 R. E. Siregar,∗1 R. Hidayat,∗2 A. A. Nugroho,∗2 M. O. Tjia,∗2 and I. Watanabe

(1)

where A1 and A2 are the initial asymmetries, and λ1
and λ2 are the depolarization rates for fast and slow
components, respectively. The LF dependence of λ
reflects the dimensionality of the diffusion of the spinexcited state. That is, λ is proportional to H−0.5 for
one-dimensional (1D) intrachain diffusion and C-H0.5
for three-dimensional (3D) interchain diffusion2) .
Figure 1 shows the LF dependence of λ1 in RdmP3HT and RR-P3OT. For comparison, the results obtained for RR-P3HT are also displayed. In the lower
panels, λ1 indicates the H−0.5 field-dependent characteristics of 1D intrachain diffusion, implying that the
charge transport is dominated by the mobility of the
charge carriers along the polymer chain. With an increase in temperature, the charge carriers, which initially follow 1D intrachain diffusion, move by 3D interchain diffusion, as characterized by the field dependence of λ1 , which could be well fitted by the C-H0.5
curve, as shown in the upper panels. The initial change
in the carrier mobility appeared to have occured at
∗1

∗2
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FMIPA, Bandung Institute of Technology, Indonesia
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A(t) = A1 exp(−λ1 t) + A2 exp(−λ2 t),

around 25 K to 50 K, 50 K to 75 K, and 50 K to 75
K, in RR-P3HT, Rdm-P3HT, and RR-P3OT, respectively. A similar behavior was observed in the LFdependent variation of λ2 . However, the values of λ2
were two orders of magnitude smaller than those of λ1 .
The present results revealed a remarkable shift in the
relative dominance between the intra and interchain
charge transport, which depends on the regioregularity and side-chain length of the polymers. Comparison between regioregular and regiorandom in P3HT
revealed that interchain diffusion is facilitated at high
temperatures for regiorandom polymer system. While
a thorough explanation of this difference cannot be
given on the basis of the current experimental results,
this difference is thought to be related to the difference in the bandgaps between regioregular and regiorandom P3HT. A regioregular structure is known to
have a small bandgap (1.7 eV), which is 0.4 eV smaller
than that of a regiorandom structure3) . Because of the
small bandgap, the thermal excitation energy required
to support the interchain charge transport is supposedly smaller, and hance, crossover observations can be
carried out at a low temperature for regioregular structures. Comparison of the difference in the side-chain
lengths of RR-P3HT and RR-P3OT showed that the
interchain polaron diffusion process in RR-P3OT is favored at high temperatures. This high-temperature
dependence may be related to the difference in the interchain distance betweern RR-P3HT and RR-P3OT.
Clearly, a longer side-chain results in a longer interchain distance, which in turn indicates the need for a
high thermal energy to support interchain hopping.

λ1 (µ sec )

Among the various conducting polymers available,
polythiophene (PT) and its derivatives have been studied extensively because of their chemical and thermal
stability, as well as their existing and emerging applications in various fields. In particular, extensive
studies have been carried out on the PT derivative
poly(3-alkylthiophene) (P3AT) because the physical
and chemical properties of this derivative can be effectively modified by varying the alkyl-side-chain length.
Transport measurements performed on P3AT have revealed a strong dependence of the conductivity of
P3AT on its molecular structure such as regioregularity (regioregular (RR) and regiorandom (Rdm)).
Previously, we studied the microscopic chargetransport processes in RR-poly(3-hexylthiophene-2,5diyl) (RR-P3HT) by performing longitudinal-field
Herein, we report
(LF) µSR measurements1) .
the temperature-dependent spin diffusion dynamics of the charge-carrying polarons in Rdm-poly(3hexylthiophene-2,5-diyl) (Rdm-P3HT) and RR-poly(3octylthiophene-2,5-diyl) (RR-P3OT) observed along
the alkyl chain and in the direction perpendicular to
the alkyl chain. The diffusion dynamics were studied
by the LF-µSR method for the purpose of determining
the relative contributions of intrachain hopping and
interchain coupling to the charge-transport process in
these polymers. All the time spectra could be well
fitted by the two-component function below:
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Fig. 1. Longitudinal-field dependence of λ1 in RR-P3HT
(a), Rdm-P3HT (b), and RR-P3OT (c).
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Study of dynamics of amorphous polymer by performing µSR
measurements
T. Kanaya,∗1 R. Inoue,∗1 I. Watanabe, and T. Matsuzaki,
In order to understand the unresolved problem of
glass transition and related dynamics, we have studied
the dynamics of a glass-forming polymer using μ SR.
We used polybutadiene (PB) with molecular weight
Mw of 2.8 × 105 and molecular weight distribution
(Mw /Mn ) = 1.15. Its glass-transition temperature
(Tg ) was 170 K. The µSR measurements were performed at RIKEN-RAL, and the focus was mainly on
the dynamic properties of PB Hence, we performed
longitudinal ﬁeld (LF) measurements with a 100-G
magnetic ﬁeld at temperatures ranging from 10 K to
300 K, which included Tg . In order to evaluate the accurate relaxation rate, we also performed careful deadtime correction of the obtained time-dependence results. Figure 1 shows the decay of the asymmetry for
PB at 10 K, 180 K (which was quite close to Tg ), and
300 K With increasing temperature, we can observe a
Fig. 2. Temperature dependence of the decay rate for PB.
Lines are shown in order to clearly observe the onset of
relaxation.

Fig. 1. Time dependence of the decay of asymmetry for PB
at 10 K, 180 K, and 300 K under a LF of 100 G.

very clear increase in the relaxation rate very clearly,
suggesting the acceleration of dynamics with temperature. In order to analyze the relaxation rate, we ﬁtted
the obtained time-dependence data with a single exponential function. It appears that a single exponential
function can describe the experimental results reasonably at temperatures below and above Tg . The temper∗1

ature dependence of the decay rate is shown in Figure
2. At present, we don’t know the physical signiﬁcance
of the small peak observed at around 50 K; apart from
this peak, the relaxation rate increased with temperature monotonically. We can observe a steep increase
in the relaxation rate above 180 K (which is near to
Tg ), suggesting that glass transition was detected by
µSR. In addition to the detection of glass transition,
we also observe a small increase in the relaxation rate
at around 120 K. This temperature corresponds to the
onset temperature of the local motion of a so-called
fast process. In principle, the time scale of this fast
process is about picosecond (ps); hence, it is quite surprising that μ SR can successfully detect such a local
motion as well. The temperature dependence of the
relaxation rate is quite similar to that of the mean
square displacement < u2 > that is evaluated from inelastic neutron scattering. By studying the results of
μ SR and inelastic neutron scattering, we can obtain
a better understanding of the dynamics of amorphous
polymer on a wide-time scale. We are currently trying
to evaluate the temperature dependence of heterogeneous relaxation time and rates by ﬁtting a stretched
exponential curve to the spectrum. Further analysis is
in progress.
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Diﬀusion of muon in hydrogen tungsten bronze
M. Mihara,∗1 K. Shimomura,∗2 I. Watanabe, D. Nishimura,∗1 J. Komurasaki,∗1 T. Suzuki, Y. Ishii,
T. Kawamata, W. Sato,∗3 T. Nakano,∗1 K. Nishiyama,∗2 R. Kadono,∗2 S. Takai,∗4 M. K. Kubo,∗5 and
H. Matsue∗6
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Fig. 1. Typical ZF-µSR spectra in Hx WO3 .
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Hydrogen tungsten bronze Hx WO3 has important
applications in electrochromic (EC) devices in which
the dark-blue colored (x > 0) and bleached (x ≈ 0)
states of the devices are reversibly controlled by applying an electric ﬁeld. In order to use a WO3 -based
EC device in thin ﬁlm displays, a short response time of
the EC device must be achieved1) and the basic property of hydrogen diﬀusion in Hx WO3 must be understood. We performed the positive muon spin relaxation
(µSR) measurements, which are potentially useful for
the study of hydrogen diﬀusion; we considered a muon
to be a light isotope of proton.
Figure 1 shows the typical ZF-µSR spectra of
Hx WO3 measured at the RIKEN-RAL muon facility.
The hydrogen content x = 0.4−0.5 was estimated by
a neutron-induced prompt γ-ray analysis (PGA)2) of
a test sample that was prepared by following the same
procedure as the one for preparing the sample used in
the present µSR experiment. The spectra of Hx WO3
are characterized by a Gaussian damping, which is in
contrast to the exponential-like relaxation observed for
pure WO3 3) . The relaxation curves obtained at T <
350 K were well-reproduced by a static Kubo-Toyabe
(KT) function that was multiplied by an exponential
relaxation factor ∼KT(∆, t)e−λt . The Gaussian distribution width ∆ was nearly constant at around 0.09
µs−1 at temperatures between 10 and 350 K, though
the value of λ, which is about 0.03 µs−1 at T < 100
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Fig. 2. Fluctuation rate for muons in Hx WO3 , as deduced
from the ZF-µSR data. The solid circles denote the
present results (x = 0.4−0.5) and the open circles represent the previous results for H0.22 WO3 3) . The dotted
line represents the proton NMR results for H0.39 WO3 4) .

K, decreases with increasing temperature and becomes
almost 0 at around 300 K. The value of ∆ is almost
consistent with that estimated by taking into consideration the nuclear dipolar ﬁeld of the protons in
Hx WO3 . Motional narrowing eﬀect occurred at T >
350 K since the relaxation rate rapidly reduced with
increasing temperature. This is considered to be due
to the dynamic behavior of muons.
The dynamic properties of muons in Hx WO3 was
determined from the data obtained at T > 350 K. The
ﬂuctuation rate of the internal ﬁeld ν, which is considered to be the muon hop rate, was deduced by the χ2
ﬁtting procedure using a dynamic KT function KT(∆,
t, ν) with ∆ ﬁxed at 0.09 µs−1 . The deduced preliminary result for the ﬂuctuation rate ν is shown in Fig.
2; the results of the previous ZF-µSR measurements
for H0.22 WO3 3) and the proton NMR line widths of
H0.39 WO3 4) are also shown in this ﬁgure.
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Measurement of the Mössbauer γ-rays from exotic Fe atoms produced
by µ--capture reactions
Y. Kobayashi, M. K. Kubo,1 K. Ninomiya,2 K. Ishida, and M. Iwasaki
Products of nuclear reactions and radioactive decays have
been extensively studied for several decades. The large
amount of energy available to the atom following a nuclear
event induces exotic chemical and physical changes that
cannot be achieved by ordinary thermal, electric,
mechanical, or electromagnetic excitations. The formation
of anomalous chemical species by hot-atom reactions in gas
and liquid phases has been extensively studied and clarified.
However, the characteristics of the unstable species
produced in solid-state hot-atom reactions are not yet
completely understood. Therefore, the development of
non-destructive characterization methods is necessary to
clarify the anomalous chemical states of an atom created by
the nuclear events.
Emission Mössbauer spectroscopy has a high sensitivity
and can be used to characterize extremely small amounts of
any species formed during or after nuclear events; it does
not require any chemical treatment of the sample. In
particular, the in-beam Mössbauer spectra can be measured
simultaneously while inducing the excited states by nuclear
reaction or by implantation of nuclear probes. We have
successfully measured the neutron in-beam Mössbauer
spectra of Fe compounds. The obtained results suggested
that thermally unstable and exotic Fe chemical species are
formed immediately after the completion of a neutroncapture reaction1).
It is well known that exotic atoms are produced following
negative muon (µ-) capture or neutron capture in hot-atom
reaction. Backenstoss et al. evaluated the distribution of the
excited nuclei formed after µ --capture process and
determined the probabilities of the evaporation of neutrons
by identifying the γ-rays emitted in the excited states2).
They reported that excited states of 57Fe* are obtained in the
reaction 59Co(µ-, 2n)57Fe* Co metal target. It is expected
that the nuclear probes formed by µ --capture possess the
large amount of energy associated with neutron recoil. It is
important to use the in-beam Mössbauer technique to
understand the chemical states of 57Fe* that results from the
µ--capture process. As per our knowledge, the formation of
excited nuclei after µ - capture has not been used in
Mössbauer studies or other materials science studies. In this
experiment, the µ --capture process has been used in the
study of hot-atom chemistry for the first time.
The experiment was performed at Port-1 in the
RIKEN-RAL muon facility. A Co foil with a thickness of
200 µm was set at the target position in the beamline. The
γ-rays and muonic X-rays emitted as a result of µ - capture
1
2

were detected by Si(Li) and pure Ge detectors. First, it was
determined whether negative muon (30 MeV/c) stopped in
the Co target. γ-peaks were observed at 285 keV, 1341 keV
(from µCo), and 810 keV (from 58Fe) using the Ge detector.
Next, the momentum dependence of 122-keV γ-transition
intensity in a thinner Co foil was measured. The 122-keV
γ-transition is a precursor of Mössbauer γ-ray, and it is
necessary to reduce the thickness of the target because of
the low energy of the 14.4-keV Mössbauer γ-ray. Figure 1
shows the energy spectra of the Co metal target foil that
captured µ- with a momentum of 20.4 MeV/c. Although the
peak intensities were not sufficient, it was consistent with
the intensity ratio of the 14.4-keV transition to the 122-keV
transition considering that the internal conversion
coefficient is 8.2. The µ --beam intensity and the
configuration of thin Co target will be optimized further for
improved in-beam Mössbauer measurements.

122 keV
14.4 keV

Energy (keV)

Energy (keV)

Fig. 1. Energy spectra of Co that captured negative muon
with the momentum of 20.4 MeV/c. The Co foil was
sandwiched between two Al degraders with a thickness of
30 µm (upstream) and 45 µm (downstream), respectively.
(a) 14.4-keV Mössbauer γ-transition and (b) 122-keV
transition resulting from the formation of the excited states
57
Fe*.
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Muon Transfer Studies in Solid D2 with Implanted Rare-Earth Ions
P. Strasser,∗1 A. Taniguchi,∗2 S. Ohya,∗3 T. Matsuzaki, K. Ishida, Y. Matsuda,∗4 M. Iwasaki, and
K. Nagamine∗5
[Muonic atom spectroscopy, solid hydrogen ﬁlm, ion implantation]

∗1
∗2
∗3
∗4
∗5

50

(a)

µ148Sm

2p

Counts / 1.5 keV

40

2p

1/2

→ 1s

3/2

→ 1s

1/2

1/2

30

20

10

0
4250

4300

4350

4400

4450

4500

4550

Delayed Energy [keV]
140

(b)

2p → 1s

µ152Sm

120
100

Counts / 1.5 keV

The cold hydrogen ﬁlm method1) was proposed to
apply muonic atom spectroscopy to nuclear beams, including radioactive isotope (RI) beams, with the aim
of producing muonic radioactive atoms in the future.
This would enable RI studies by the muonic X-ray
method at facilities in which both intense µ− and RI
beams will be available. The basic idea is to simultaneously stop both µ− and nuclear beams in a solid
hydrogen ﬁlm, followed by the direct muon transfer reaction to higher Z nuclei to form muonic radioactive
atoms. An experimental program to perform muon
spectroscopy with stable ions implanted in a solid D2
ﬁlm is in progress at the RIKEN-RAL muon facility. A
new surface ion source was installed on the µA* apparatus with the goal of using RI in the future. Ions from
alkali and alkaline-earth elements can be produced very
eﬃciently. Results have already been reported2) from
transfer experiments performed with isotopically separated 88,87,86 Sr ions. 138,137 Ba were also measured.
The new surface ion source can also produce ions
from rare-earth elements that ideal candidates for an
experiment to study very high Z nuclei with deformation properties. For instance, samarium isotopes
show very abrupt changes in their nuclear characteristics from spherical to highly deformed nuclei. 144 Sm
is magic in neutrons and displays the characteristics
of stiﬀ spherical nuclei, which are very hard to excite,
whereas 152 Sm and 154 Sm reveal low energy levels characteristic of highly deformed nuclei whose muonic Xray spectra show a 2p hyperﬁne structure (hfs). The
latest measurements were performed with isotopically
separated Sm ions utilizing the same procedure as that
followed previously to implant Sr and Ba ions2) . Figure
1 shows the delayed energy spectra measured by the Ge
detector with 1-mm-thick pure D2 and about 1 ppm of
148
Sm and 152 Sm ions implanted non-uniformly. This
experiment was performed using natural samarium oxide (Sm2 O3 ) in the ion source, and only about 6 × 1016
Sm ions in the D2 ﬁlm. The measured isotope shift is
consistent with that observed in previous experiments
performed using enriched Sm isotopes3,4) . 148 Sm still
has a spherical nucleus, while 152 Sm clearly shows the
2p hfs characteristic of highly deformed nuclei.
At present, the experimental accuracy is limited essentially for statistical reasons related to the relatively
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Fig. 1. Delayed spectrum of the 2p→1s muonic transitions
in Samarium measured with 1-mm-thick pure D2 and
about 1 ppm of (a) 148 Sm and (b) 152 Sm ions implanted
non-uniformly. The arrows show the most intense lines.
The transitions where the 152 Sm nucleus was excited to
the 2+ level as the muon reached the 1s state are shown.

low µ− beam intensity at 27 MeV/c, making the comparison with other measurements involving enriched
stable isotopes in very large quantities diﬃcult. Future
intense muon facilities with higher muon ﬂux would
improve the statistics and also require fewer implanted
ions. The advantages of this method with stable isotopes are that the isotope separation can be achieved
during the implantation and that high-purity isotopes
can be measured. Further, it is free from the chemical
composition of the element if it can be fully ionized.
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Progress in the analysis of muon beam density enhancement eﬀect
observed when using tapered tubes
D. Tomono, T.M. Kojima, T. Ikeda, K. Ishida, Y. Iwai, M. Iwasaki∗1 , Y. Kanazawa∗2 ,
Y. Matsuda∗3 , T. Matsuzaki, M. Tokuda∗1 and Y. Yamazaki∗3
Generation of highly intense muon beams is currently an important issue in µSR studies and highdensity muonium formation for slow-muon generation
at RIKEN-RAL. Since the sample or target used in
these studies is usually very small when compared to
the beam size (approximately 40 mm), a number of
muons are stopped by the collimator at the end of the
beamline. By optimizing inner shape of the collimator, the number of muons available can be increased,
as in a capillary technique: charged particles can be
eﬀectively focused by a tapered glass tube, which defects them at the inner wall surface and guides them to
the outlet. A previous experiment at RIKEN-RAL1)
showed that when a tapered glass tube is coaxially
aligned with the muon beam, the 54-MeV/c pulsed
muon beam is partly scattered at the inner wall surface and muons are directed to the outlet by a Coulomb
force; as a result, the number of available muons is almost twice that in the case of using a normal beam
collimator. In addition, after the upgrade of the proton accelerator, muon beams that are 1.5 times more
intense have been generated. By combining this technique and upgrade, we can obtain beams that are at
least three times as intense as the previously generated
beams. In order to understand muons scattering at the
inner wall for practical applications, a new experiment
was started using the continuous beam at the M9B
beamline, TRIUMF, Canada. In-ﬂight-decay muons
whose momentum ranged from 30 MeV/c to 50 MeV/c
were employed. The experimental setup and detector
details have been included in a previous report2) . The
purpose of this study is to determine the energy and
angular distribution of the outgoing muons by identifying each incoming muon with the continuous beam.
In addition, density enhancement eﬀect is expected to
depend on the material of the tapered tube; this eﬀect
is more pronounced when heavy metals such as copper
and gold are used instead of glass, probably because of
the large Coulomb scattering coeﬃcient in the former
case. For simplicity, metal and glass capillary plates
were prepared instead of capillary tubes. This article
includes the preliminary results of the energy distribution in the case of copper plates observed by lithiumdrifted silicon detector (SSD, ORTEC TL-045-200-5).
Figure 1 shows a photograph of the outlet of the
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Fig. 1. Photograph of the setup around the outlet of the
plates and the SSD detector.

Fig. 2. Muon energy distributions at the outlet of the capillary plates (line) and of the slit (dashed line) for reference.

plates and the SSD (thickness: 5 mm; detection area:
16 mm� ). Although the plate material, plate outlet
width, SSD position, and array counter position could
be varied during the measurements under the present
conditions, the SSD was positioned 10 mm downstream
of the 20-mm-wide plate outlet. Further, a slit was
inserted instead of a plate as a reference for comparison with the case where there was no density enhancement. The muon beam was ﬁrst identiﬁed by a start
counter (T1) placed upstream of the plates. Since
other particles entering the same time window of 15µs
could distort the energy spectra because of pile-up signals or accidental background hits, only one muon injection was guaranteed to reject background particles
along with the beam under naive analysis conditions;
event at the initial time of muon injection and a single
hit event to the T1 counter were chosen in the time
window.
Figure 2 shows the preliminary results of the energy
distribution in the SSD at the 20-mm-wide outlet of
the copper plates and slit for 40-MeV/c muons; the
results are normalized by the number of events in the
SSD. The obtained results suggest that the scattered
muons have lower energy than the initial muons and
thus result in a low-energy tail. This might provide
information about the stopping range distribution for
practical µSR studies. Presently, all recorded data are
being analyzed for a quantitative understanding of the
plates and experimental conditions.
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Production of an isomeric state of 261Rf by the 248Cm(18O,5n)261Rf reaction
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Previous studies of the 208Pb(70Zn,n)2771121,2) and
Cm(26Mg,5n)269Hs3) reactions have shown the existence
of an isomeric state 261Rfb (half-life T1/2 = 3 s, α energy Eα =
8.51 MeV, Spontaneous Fission branch bSF = 0.91) of 261Rf
(261Rfa: T1/2 = 68 s, Eα = 8.28 MeV, bSF < 0.11).4) However,
so far, 261Rfb has not been directly observed as an
evaporation residue. Recently, Gorshkov et al.5) successfully
produced 261Rfb by the 244Pu(22Ne,5n) reaction at GSI
Helmholtzzentrum für Schwerionenforschung GmbH. The
Rf atoms were separated with TASCA (TransActinide
Separator and Chemistry Apparatus) and transported to
ROMA (Rotating wheel On-line Multidetector Analyzer) by
a He/KCl gas-jet system. A total of eleven SFs were
assigned to 261Rfb on the basis of the measured T1/2 of
2.2+0.9–0.5 s, though no 8.51-MeV α was observed. In
RIKEN, we have been developing a gas-jet transport system
coupled to RIKEN GARIS (GAs-filled Recoil Ion
Separator) for use in experimental studies in the field of
superheavy element chemistry. Recently, 261Rfa was
produced by the 248Cm(18O,5n) reaction and was extracted
by the gas-jet to a chemistry laboratory after physical
separation by GARIS.6) Alpha particles of 261Rfa were
clearly identified using the rotating wheel system MANON
for α spectrometry under extremely low background
conditions. In this work, we investigated the production and
decay properties of 261Rfb using the GARIS/gas-jet system.
A 248Cm2O3 target with a thickness of 230 μg cm–2 was
prepared by electrodeposition onto a Ti foil with a thickness
of 0.91 mg cm–2. An 18O5+ ion beam was extracted from the
RIKEN Linear Accelerator, RILAC. The beam energy was
95.1 MeV at the center of the target, and the average beam
intensity was 7 pμA. The reaction products of interest were
separated in-flight from the beam and the majority of the
nuclear transfer products by GARIS and then guided into
the gas-jet chamber through a Mylar window of 0.5 μm
thickness, which was supported by a honeycomb grid with
84% transparency. GARIS was filled with He gas at 33 Pa
and its magnetic rigidity was set at 1.72 Tm. The
transmission of GARIS was 8% for 261Rfa.6) The reaction
products were then transported by the He/KCl gas-jet to
MANON in the chemistry laboratory with an efficiency of
~50%.6) In MANON, the KCl aerosols were deposited on
200-position Mylar foils of 0.5 μm thickness placed at the
periphery of a wheel with a diameter of 420 mm. The wheel
was stepped at 1.67-s intervals to position the foils between
seven pairs of Si PIN photodiodes (Hamamatsu S3204-09).
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Fig. 1. Sum of α-particle spectra measured in the seven top
detectors of MANON.
Figure 1 shows the sum of α-particle spectra measured in
the seven top detectors of MANON. A beam dose of 3.2 ×
1018 was accumulated. It is to be noted that an α-peak is
clearly observed at 8.52 MeV together with those of 261Rfa
and its daughter 257No (24.5 s, 8.22 and 8.32 MeV)4) at
8.00–8.43 MeV. Totally, twenty-one 8.52-MeV α-events
were registered, and the half-life was determined to be 1.6 ±
0.6 s. Six time-correlated α-events on the 8.52-MeV α were
found in the energy window ≥ 7.90 MeV and in the time
window ≤ 250 s. The energies of the correlated α ranged
from 8.18 MeV to 8.31 MeV, and the half-life deduced
from the decay times was 22+14–6 s. These decay properties
agree well with those of 257No. In addition, sixty SF events
with T1/2 = 2.1±0.6 s were also registered. In this work, the
isomeric state of 261Rfa, 261Rfb, was successfully confirmed
directly in the 248Cm(18O,5n) reaction. The α-energy and
half-life of 261Rfb are determined to be 8.52 ± 0.03 MeV and
1.9 ± 0.4 s, respectively. This half-life agrees well with that
(2.2+0.9–0.5 s) reported in Ref.5) The bSF of 261Rfb is 0.74 ±
0.06. The cross section (σ) of 261Rfb was evaluated to be 11
± 2 nb by assuming the cross section of 261Rfa to be 12 nb7)
and the gas-jet transport time to be 2.7 s. The σ ratio of
261
Rfa to 261Rfb (1.1 ± 0.2) is smaller by a factor of two than
that (~2.5) in the 244Pu(22Ne,5n) reaction.5)
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Experiment on electrochemical oxidation of nobelium using a
microchannel-electrode chip
K. Ooe,*1 Y. Komori,*1 H. Fujisawa,*1 A. Kuriyama,*1 R. Takayama,*1 Y. Kikutani,*1 H. Kikunaga,*1 T. Yoshimura,*1 N.
Takahashi,*1 H. Haba, Y. Kasamatsu, Y. Kudou, Y. Ezaki, and A. Shinohara.*1
Redox studies of heavy elements with atomic numbers
greater than 100 are interesting because the redox potential
clearly corresponds to the energy level of the valence state,
which is significantly influenced by strong relativistic
effects. Recently, the oxidation of element 102, nobelium
(No), by an electrochemical approach has been reported by
Toyoshima et al.1). In their experiments, an electrochemical
apparatus was combined with ion exchange column
chromatography, and No2+ was successfully oxidized to
No3+. As another method for studying the electrochemistry
of the heavy elements, we employed a microchip integrated
with
electrodes
(hereafter
referred
to
as
a
microchannel-electrode chip). Because various chemical
processes can be integrated on a microchip, it is expected
that the redox operation can be carried out along with
solvent extraction by using a microchannel-electrode chip.
In the present study, as a first step towards carrying out an
on-chip redox reaction along with solvent extraction, we
performed electrochemical oxidation of No2+ using a
microchannel-electrode chip.
The layout of the glass-substrate microchannel-electrode
chip (custom-made by the Institute of Microchemical
Technology) is shown in Fig. 1. The dimensions of the
microchannel are 2 mm (width) × 15 μm (depth) × 60 mm
(length). The Pt/Ti electrodes were used as working and
counter electrodes. The lengths of the working and counter
electrodes are 50 mm and 4 mm, respectively. A thin Ag
layer electrodeposited onto the Pt/Ti electrode was used as a
pseudo-reference electrode.2) Although this chip has two
identical microchannels, only one side of the microchannel
was used in the following experiments.
The experiment on No oxidation was performed using the
RIKEN K70 AVF Cyclotron. The isotopes 255No (T1/2 = 3.1
min) and 163Yb (T1/2 = 11.05 min) were simultaneously
produced via the 248Cm(12C,5n) and natGd(12C,xn) reactions,
respectively. The reaction products recoiling out of the
target were transported by a He/KCl gas-jet transport
system to a chemistry laboratory. The transported products
were collected on a Naflon sheet for 5 min and were then
dissolved in 1 μL of 0.1 M HNO3. The solution was drawn
up by a syringe and fed into the microchannel-electrode
chip at a flow rate of 3.5 μL/min. The potential applied to
the working electrode was 500 or 1250 mV with respect to
the Ag pseudo-reference electrode. The effluent from the
microchannel-electrode chip was collected in a
polypropylene tube for 140 s, and 43 μL of 0.1 M HNO3
*1
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was added to the effluent. The solution was mixed with 50
μL of 0.5 M di(2-ethylhexyl) phosphoric acid in CCl4
solution and the mixture was shaken for 1 min at 30 ºC to
separate No3+ from No2+. After centrifugation, 40-μL
aliquots of the aqueous and organic phases were separated
and evaporated to dryness on Ta discs. These samples were
subjected to α-spectrometry for 10 min using Si PIN
photodiode detectors. Ytterbium-163 was used to monitor
the chemical behavior of the trivalent ion. The extraction
behavior of No2+ and Yb3+ was also investigated in separate
experiments carried out using a batch extraction method.
In the batch extraction experiments, the extraction
efficiency of No2+ was about 7%, while that of Yb3+ was
more than 99%. Therefore, this extraction system can
effectively separate No3+ from No2+. In the oxidation
experiment at an applied potential of 1250 mV, four
α-events in the case of 255No in the aqueous phase and six
α-events in the organic phase were observed. On the other
hand, at an applied potential of 500 mV, 14 α-events in the
case of 255No in the aqueous phase and 1 α-event in the
organic phase were detected. Thus, No2+ was successfully
oxidized to No3+ at an applied potential of 1250 mV. In this
experimental condition, 1250 mV with respect to the Ag
pseudo-reference electrode corresponds to approximately
1600 mV with respect to the normal hydrogen electrode
(NHE). The redox potential of No was reported as 1.4–1.5
V with respect to the NHE by Silva et al.3). The present
result is consistent with their result. In the future, the
dependence of the oxidation efficiency of No2+ on the
applied potential will be investigated for the determining
the redox potential of No2+/No3+ in 0.1 M HNO3.

Inlet

Outlet

Counter electrode Reference electrode Working electrode

Fig. 1. Structural layout
microchannel-electrode chip.
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Liquid scintillation counting of 261Rf produced in 248Cm(18O,xn) reaction

preseparated using RIKEN GARIS/gas-jet system

Y. Komori,＊1 K. Ooe,＊1 H. Fujisawa,＊1 R. Takayama,＊1 H. Kikunaga,＊1 T. Yoshimura,＊1 N. Takahashi,

and

＊1

H. Haba, Y. Kudou, Y. Kasamatsu, and A. Shinohara＊1
In order to perform chemical experiments involving
superheavy elements (SHEs), a rapid and efficient
chemistry apparatus is required because of the short
half-lives and low production rates of SHEs.
Liquid scintillation (LS) counting has been used for the
detection of α particles in studies of aqueous chemistry of
SHEs because it has high detection efficiency and does not
require time-consuming evaporation steps for sample
preparation.1) However, LS counting is also sensitive to β
particles and γ rays in addition to α particles. Further, the
energy resolution is not sufficient to identify α events of
SHEs from the large amount of α, β, and γ radiations
originating from by-products. In order to remove these
by-products, which are unwanted, a technique has been
developed for the physical preseparation for SHE atoms.1,2)
In the RIKEN linear accelerator (RILAC) facility, a gas-jet
system has been installed behind the gas-filled recoil ion
separator (GARIS) to transport pre-separated SHE atoms to
the chemistry laboratory.3,4)
We are planning to develop a liquid-liquid extraction
system with LS counters coupled with the preseparator
GARIS/gas-jet system. In this work, we evaluate the
applicability of the LS counting system to the identification
of 261Rf on the basis of the observation of a time-correlated
α pairs originating from 261Rf and from its daughter 257No,
which are reaction products preseparated and transported by
the GARIS/gas-jet system; the α pairs are measured by the
LS counter.
261
Rf, the most used nuclide for studying Rf chemistry,
was produced in the 248Cm(18O, 5n) reaction. The 18O5+ ion
beam was extracted from RILAC. The beam energy was
95.1 MeV at the center of a 248Cm2O3 target. The reaction
products that were preseparated by GARIS were attached to
KCl aerosol particles and then transported through a Teflon
capillary in the gas-jet system to the chemistry laboratory.4)
Samples for LS counting were prepared as follows. The
aerosol particles were deposited on a polyethylene
terephthalate film for 2 min and were then dissolved in 100
µL of dilute HCl solution (pH 3.1). The HCl solution was
mixed with 900 µL of a water-miscible scintillation cocktail
in a 10 mmφ×75 mm Pyrex culture tube. A blank sample
for use in LS counting was also prepared by mixing 100 µL
of radioactivity-free HCl solution with 900 µL of the
scintillation cocktail.

These samples were measured using a PERALS®
spectrometer (ORDELA, Inc), which is capable of
performing pulse shape discrimination (PSD) to distinguish
between α and β events. The energy resolution was
approximately 550 keV FWHM for 241Am. During the
experiment, polyethylene blocks were used to shield the
spectrometer from fast neutrons because fast neutron events
overlap with α-particle events in a pulse shape spectrum.
The aerosol particles were deposited on a glass filter for 5
min and then subjected to γ-ray spectrometry using a Ge
detector.
In the LS α spectrometry, the counting rate of β particles
in the sample was comparable to that in the blank sample. A
total of 12 counts in 14 run, 7495 s of measurement time,
were observed in the region where the 261Rf events were
expected. These α counts are considered to originate from
261
Rf and 257No, other α emitters in the transported products,
fast neutrons, or noise of the LS spectrometer. In order to
identify time-correlated α pairs from 261Rf and 257No,
successively observed events in a time interval of 125 s,
which is five times the half-life of 257No, were identified. As
a result, four decay sequences were attributed to the
time-correlated α pairs from 261Rf and 257No. The mean
lifetime of the 2nd α decay is 27 s. The background count
rate for α events under the present conditions was
determined by excluding the α pairs of 261Rf and 257No from
the observed α counting rate and was found to be (5.3 ±
2.7)×10-4 cps. The probability of the random correlation
evaluated from the background count rate for α events is
evaluated to be 0.01%. In the γ spectra, only prompt γ rays
from neutron-capture reactions were observed. This
observation indicates that no γ-emitting nuclides were
transported with the aerosol particles. These results show
that LS counting can be used to identify the time-correlated
α pairs from 261Rf and 257No by using the GARIS/gas-jet
system.
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Hydroxide coprecipitation of Zr and Hf with Sm: Model experiment for the
chemical study of Rf
Y. Kasamatsu, H. Haba, Y. Ezaki, Y. Kudou and K. Morita
Chemical studies o n transactinide el ements with atomic
numbers Z ≥ 104 are currently at the frontier in inorganic
and nuclear chemistry. Transactinide e lements must b e
produced at accel erators u sing heavy-ion-induced nuclear
reactions. Chemical studies of these elements are conducted
on a one-atom-at-a-time basis by rapid chemical separation
techniques because o f the low pr oduction r ates a nd s hort
half-lives (T1/2 ≤ 1 min) of these elements. For unambiguous
identifications of th ese e lements existing as one atom at a
time, it i s n ecessary t o d etect α or s pontaneous f ission
decays and t o measure t he half-lives of t hese el ements.
Thus, chemical characterization of tramsactinide elements
is not o nly fascinating but also challenging. Thus far,
mainly from th e r esults o f gas-phase a nd aqueous-phase
chromatographic experiments, it has been found that these
transactinide elements with atomic numbers up to 108
belong to t he set o f transition metal elements (d-orbital) in
the 7t h pe riod. However, the chemical p roperties o f th e
elements have not been clarified in detail.
Recently, the anion- and cat ion-exchange b ehaviors of
rutherfordium (Rf, Z = 104) in HF and HF/HNO3 solutions
were successfully investigated in detail at the Japan Atomic
Energy Agency Tandem Facility, and the behavior of Rf was
reported to be clearly different from that of the homologues
Zr a nd H f.1) Detailed studies o n Rf in various chemical
systems must be carried o ut for a deeper understanding of
its chemical properties. The purpose of the present study is
to establish a new experimental method for investigating the
formation o f the hydroxide complex of 261Rf ( T1/2 = 68 s ).
Since Rf can be treated as only one atom at a time, we must
study the coprecipitation b ehavior o f R f with a carrier
element. Coprecipitated samples with samarium hydroxide,
which facilitated the α spectrometry with a high e nergy
resolution, were p repared by K ikunaga et al .2) using
alumina-membrane filters. Therefore, by using this method,
we i nvestigated t he h ydroxide co precipitation b ehavior o f
Zr and Hf with Sm in order to carry out the Rf experiment.
We produced carrier-free radiotracers 88Zr (T1/2 = 83.4 d)
and 175Hf (T1/2 = 70.0 d) in the 89Y/natLu(p, xn) reactions in
the RIKEN K 70 AVF c yclotron. The r adiotracers were
chemically p urified b y an anion-exchange method a nd
finally dissolved in 6 M HCl solution. The hydroxide
coprecipitates o f Zr an d Hf with S m were p repared by
adding 20 µg o f S m a nd b asic s olutions with various
compositions (conc. NH3 water, 0.1, 1, a nd 6 M N aOH
solutions) to th e hydrochloric solutions, which c ontained
trace am ounts o f Zr and Hf (108–109 atoms), until t he
solution was al kalified (the concentrations o f the basic
solutions obtained were ab out 3 M NH3 water, 0.08, 0 .8,

and 3 M NaOH, respectively). The precipitates were s oon
filtered w ith the alumina filters, and the preparations w ere
completed within 1 min. Then, the s amples w ere dried a t
100 °C using a heater and were subjected to γ-ray
measurement with a G e d etector. On t he o ther hand, the
reference r adioactivity o f t he r adiotracers was also
determined by the γ-ray measurement. From the ratio of the
measured radioactivities of the precipitates to the reference
radioactivity, th e yield o f eac h precipitate was d etermined.
The d ependence of t he yields on t he compositions of the
basic solutions is depicted in Fig. 1.
It was found that almost the entire amounts of Zr and Hf
are co precipitated w ith S m when NH3 water a nd 0 .1 M
NaOH are used. This shows the well-known property of Zr
and Hf, i.e., formation of a neutral hydroxide complex a nd
precipitation in basic solutions. The results suggest that the
formation o f hydroxide c omplexes of Z r a nd H f is
sufficiently rapid and that precipitation is complete within 1
min. For more concentrated NaOH solutions, however, t he
yields decrease as t he co ncentration increases. This is
probably because the formation of hydroxide complexes of
Zr a nd H f pr oceeds further in the co ncentrated N aOH
solutions; Z r a nd H f form a nionic hydroxide complexes.
For a ll s amples, the y ields of S m were ~ 100% as
determined b y the α-particle measurement. As a result, the
behaviors of Zr and Hf were observed to be similar under
all conditions. It is very interesting to study how Rf behaves
under the present experimental conditions.
We are planning to prepare the first hydroxide precipitate
of R f and t o i nvestigate the formation o f t he a mmine
complexes and the hydroxide complexes of Rf.

Fig. 1 . Variation o f th e yields of
the hy droxide
coprecipitation of Zr and Hf according to the compositions
of the basic solutions.
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Study of the reversed-phase chromatography
of element 104, rutherfordium (Rf) with TIOA or TTA extractant
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graphy.
Figure 1 shows typical elution curves of Zr, Hf, and Y in
0.0029 M HF/0.1 M HNO3 solutions obtained by using the
1.6 mmφ teflon tube. The separation of Zr, Hf, or Y from
the others achieved is as shown in Fig.1. Distribution ratios
were derived from the curves on the basis of a formula
developed by Glückauf for chromatography.
Figure 2 shows the variation of D of Zr and Hf obtained
by the batch method and the column chromatography as a
function of the equilibrated concentration of F- ([F-]eq). The
dependence of the variation of D on [F-]eq observed using
the column method corresponds well to that observed using
the batch method as well as its magnitude relation between
the elements. This demonstrates that the chemical systems
of this study are more suitable to be applied to the Rf
experiment for investigating the strength of F- complexation
compared to that of the other group-4 elements.
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Fig. 1. Typical elution curves for Zr, Hf, and Y with
TTA-resin.
Distribution ratio / mL g-1

In order to investigate a chemical property of Rf, which
is a superheavy element of group 4, we have studied the
distribution ratios (D) in liquid-liquid systems for column
chromatography under static conditions with resin
containing TTA (2-thenoyltrifluoroacetone) or TIOA
(Tri-iso-octylamine) extractant, which may clarify the
relevant chemical species and provide the complex
formation constants. Introduction of this chemical system
for the Rf experiment with AIDA (Automated Ion exchange
separation apparatus coupled with the Detection system for
Alpha spectroscopy) is discussed in this study.
A TTA support material Kel-F (42－80 mesh), which is a
polychlorotrifluoroethylene copolymer, was used to prepare
a TTA resin for performing reversed-phase chromatography.
Batch experiments were carried out to determine the D
values for Zr and Hf in chemical equilibrium with TTA
resin. The resin with 30-wt% TTA (30－50 mg) and 3 mL
of 10－4 – 10－1 M HF/0.1 M HNO3 containing 50 µL of 88Zr
and 175Hf carrier-free tracer solution were mixed and
allowed to attain equilibrium in a polypropylene tube for 15
min at 20 ○C. After centrifugation, 2 mL of the aqueous
layer was pipetted into another polyethylene tube and
subjected to γ-ray spectrometry using a Ge detector.
Off-line reversed-phase extraction chromatography of
88
Zr and 175Hf was performed with a teflon tube column (1.6
mmφ) or a microcolumn (1.6 mmφ × 7 mm). The 30-wt%
TTA-resin was filled into the column. The radiotracers of
88
Zr and 175Hf were deposited on a collection site. Then, the
tracers were dissolved in the mixed HF/HNO3 solutions and
fed into the column at a flow rate of 0.5 mL min -1. The
effluent was collected in 7－15 polypropylene tubes in
order to obtain their elution curves. The remaining Zr and
Hf in the column were finally stripped with 0.1 M HF/0.1
M HNO3 at a flow rate of 0.5 mL min -1. The effluent was
collected in two polypropylene tubes. These fractions were
assayed by γ-ray spectrometry using a Ge detector.
On-line reversed-phase extraction chromatography of
89m
Zr and 175Hf was performed with a teflon tube or a
micro-column. The nuclides of 89mZr and 175Hf were
simultaneously produced in the 89Y(p, n) and 175Lu(p, n)
reactions, respectively, at the RIKEN K70 AVF Cyclotron.
The reaction products were transported by a He/KCl gas-jet
system, and collected for 300 s. The subsequent procedures
are the same as those of off-line reversed-phase chromato-

100
50

●Zr (off-line)
○Zr (on-line)
-□- Zr ( batch)

10
5
1 -5
10

▲Hf (off-line)
△Hf (on-line)

-

10-4

-▽- Hf ( batch)

[F ]eq / M
Fig. 2. Variation of the distribution ratios (D) of Zr and Hf
for column chromatography under static conditions as a
function of the equilibrated concentration of F- ([F-]eq). The
lines drawn joining the batch data are eye guides.
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Use of solvent-extraction apparatus with microchemical chip in
heavy-element chemistry
H. Fujisawa,∗1 K. Ooe,∗1 Y. Komori,∗1 A. Kuriyama,∗1 R. Takayama,∗1 Y. Kikutani,∗1 H. Kikunaga,∗1 T.
Yoshimura,∗1 N. Takahashi,∗1 H. Haba, Y. Kasamatsu, Y. Kudou, Y. Ezaki, and A. Shinohara∗1
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MCC, V is replaced by the ﬂow rate. In Fig. 2, the
values of log D for strontium, which is a divalent cation
like nobelium, are plotted as a function of pH in the
aqueous phase. The D values obtained by using the
apparatus were consistent with those obtained in the
batch experiments.
The online experiment involving the extraction of
nobelium was performed using the apparatus described
above. The 255 No (T1/2 = 3.1 min) isotope was produced in the 248 Cm(12 C, 5n) reaction at the RIKEN
AVF Cyclotron. In this experiment, the AIDA system2) was used for α-detection. The time elapsed between from the dissolution of the reaction products
and the start of the measurement was approximately
4 min. Thus, we have obtained the D value of nobelium in the extraction system, although thorough
corrections such as those for cross-contamination between aqueous and organic phases are required. To
perform chemical experiments on superheavy elements
with atomic numbers greater than 104, we will further
improve the present apparatus for carrying out rapid
chemical experiments.
Organic solution Microchip extraction

Evaporation with IR heater
Alpha detection
(AIDA)

Dissolution unit Aqueous solution
Collection

Switching gas-jet line

slider

Gas exhaust
Collection site
He/KCl gas-jet

Nuclear reaction
products

He/KCl gas-jet

Beam

Aqueous solution

Transportation
by He/KCl gas-jet

Fig. 1. Schematic diagram of the automated solventextraction apparatus.

1.5

logD

Studies of the chemical properties of superheavy
elements and heavy actinides with atomic numbers
greater than 100 require rapid analytical techniques
with repeatability because of the low production rates
and short lifetimes of these nuclides. Thus far, we have
so far developed a solvent-extraction technique involving the use of a microchemical chip (MCC), and we
have successfully applied this technique in an online
experiment1) . In this study, we have automated an
apparatus with MCC and use it in solvent-extraction
experiment for nobelium.
Figure 1 shows a schematic diagram of the developed solvent extraction apparatus. Nuclear reaction
products are transported to the chemistry laboratory
by a He/KCl gas-jet transport system. The transported products are deposited on the collection site
of a polychlorotriﬂuoroethylene slider, are dissolved in
aqueous solution, and are then subsequently fed into
an MCC (ICC-DY15, Institute of Microchemical Technology Co., Ltd.). An organic solution is fed from the
other inlet of the MCC. The aqueous and organic efﬂuents from the MCC are separately collected on Ta
discs. After the samples are evaporated, they are subjected to α-spectrometry using Si detectors. The series
of the operations is automated by using a LabView system (National Instruments Co.).
Oﬀ-line tests of this apparatus were carried out using
multitracers produced at the RIKEN Ring Cyclotron
and single radiotracers produced at the RCNP AVF
Cyclotron in Osaka University. The radiotracers were
stored in acetic acid/ammonium acetate solutions with
a pH of approximately 5.8. Batch experiments were
performed as follows. Hundred microliters of the aqueous solution with various pH values and 100 µL of 0.01
M di(2-ethylhexyl) phosphoric acid-CCl4 solution were
mixed in a test tube. The mixture was shaken for 10
min using a vortex mixer and was then centrifuged
for 2 min. After phase separation, each phase was assayed for γ-radioactivity. In the oﬀ-line extractions
performed by utilizing the apparatus, the same solutions as those in batch experiments were used. Aqueous and organic solutions were fed into the MCC at a
ﬂow rate of 5 µL/min. Each phase from the MCC was
separately collected in test tubes and was assayed for
γ-radioactivity.
The distribution ratio D is obtained from the equation D = Vaq Aorg /Vorg Aaq , where V represents volume and A represents radioactivity. In the case of the

1

0.5
 ۑbatch experiments
 ڦapparatus tests
0
5.4

5.6

5.8
pH

6

6.2

Fig. 2. Plot of log D vs. pH for strontium with 0.01 M
di(2-ethylhexyl) phosphoric acid.
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Basic study of solvent extraction system with FIA for superheavy element
chemistry
Y. Kudou, Y. Ezaki, H. Haba, Y. Kasamatsu, and K. Morita

DG

R2

P

PR
EU

E (%) 

,

(1)
where Aaq and Aorg are the radioactivities in the aqueous and
organic phases, respectively. In Fig. 2, the extraction
percentages obtained by a batch method and the FIA system
are shown for (a) 88Zr and (b) 175Hf as a function of HCl
concentration. The extraction percentages obtained using
the FIA system agree well with those obtained by the batch
method for the 11.5 M and 10.0 M solutions; however, in
the case of the 7.0 M solutions, the extraction percentage
obtained using the FIA system is less than that obtained by
the batch method. In separate experiments, it is found that
the percentages obtained by using the FIA system for the
7.0 M solution becomes close to that obtained by the batch
method when the flow rate is decreased and the extraction
unit is elongated. The total time taken for the online
experiments is approximately 1 min. Therefore, this system
can be applied to 261Rf, which has a half-life of 74 s. The
system proposed in this paper is considered to be feasible
for SHE experiments after adequate optimization of the
experimental conditions.
(a)

PS

(b)

100

100

Org. ph.

Fig. 1. Schematic diagram of the solvent extraction / FIA
system. R1: HCl solution (11.5 M, 10.0 M, and 7.0 M), R2:
toluene solution containing 50 wt% TBP, S: tracer solution,
EU: extraction unit packed with PTFE chips (i. d.: φ2 mm,
length: 10 cm), DG: degasser, P: double plunger pump
(flow rate: 0.5 cm3 min-1), I: six-way valve that acts as a
sample injector, PS: phase separator using a PTFE
membrane filter, PR: pressure regulator, Aq. ph.: aqueous
phase, Org. ph.: organic phase.

100 Aorg

Aaq  Aorg

Extraction percentage / %

I

R1

The HCl solution and the toluene solution were propelled
by the double plunger pump (P). A solution containing 88Zr
and 175Hf was introduced into the aqueous phase by
switching the flow channel with the six-way valve (I). The
solutions were mixed by using a T-connector and introduced
into the extraction unit (EU) packed with PTFE chips
(ca.1.0 × 1.0 × 0.5 mm), which were obtained by
cutting a PTFE tube into pieces of the desired dimensions.
The phases were separated by the phase separator via a
PTFE membrane filter (pore size: 0.8 m). Pressure
regulators (PR) were newly installed downstream of both
the phases in order to achieve efficient phase separation.
After the separation, the aqueous and organic effluents were
separately collected in polyethylene tubes and analyzed by
-ray spectrometry.
The extraction percentage E was calculated by using the
following equation:

Extraction percentage / %

Chemical investigation of superheavy elements (SHEs,
atomic numbers Z ≥ 104) is of considerable interest
because their chemical properties are strongly influenced by
relativistic effects.1) The solvent extraction method is
commonly used to investigate the chemical properties of
SHEs, especially the complexation equilibrium constants,
which are indicative of the chemical-bonding nature, so that
these relativistic effects can be well understood. However,
since SHEs have short half-lives and very low production
rates, ordinary solvent extraction methods should be
improved on a one-atom-at-a-time basis. Flow-injection
analysis (FIA) makes it possible to perform a series of
analytical operations in a continuous flow, such as
pretreatment, separation, and detection. FIA is a suitable
candidate for a solvent extraction system that facilitates
rapid reactions for the SHE chemistry. Itabashi et al.2)
succeeded in developing an FIA system for accelerating the
extraction process, by using a polytetrafluoroethylene
(PTFE) tube packed with PTFE chips as an extraction coil;
the PTFE chips help increasing the specific interfacial area
and shortening the diffusion length. In this paper, we report
the performance and applicability of this FIA system and its
applicability to the SHE chemistry.
Using this system, we examined the solvent extraction
behaviors of 88Zr and 175Hf (homologues of Rf (Z = 104)) in
a test experiment performed on Rf. Radiotracers 88Zr (t1/2 =
83.4 d) and 175Hf (t1/2 = 70.0 d) were produced in the 89Y (p,
2n)88Zr and natLu (p, xn)175Hf reactions, respectively; these
reactions were carried out in the RIKEN K70 AVF
cyclotron. 11.5 M, 10.0 M, and 7.0 M solutions of these
tracers in HCl were prepared and stored polypropylene
containers. The HCl solutions were used as the aqueous
phase, while a toluene of tributyl phosphate (TBP; 50 wt%)
was used as the organic phase for solvent extraction. A
schematic diagram of the solvent extraction system is
shown in Fig. 1.
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Fig. 2. Difference in the extraction percentages obtained by
the batch method and the FIA system for (a) 88Zr and (b)
175
Hf as a function of HCl concentration (n = 3).
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Mutual separation of short-lived lanthanides by capillary
electrophoresis
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from the lanthanide multitracer, except for Tb, Dy, Ho,
and Er. The lanthanides moved in ascending order of
the atomic number. Figure 2 shows the electrophoretic
mobility as a function of the reciprocal ionic radius
(coordination number (CN) = 8). The solid line in
Fig. 2 is the electrophoretic mobility simulated on the
basis of the stability constants for the complexes of
lanthanides with 2-hydroxyisobutyrate and acetate2) .
The mobility of lanthanides is in good agreement with
the simulated value. Although there is still room for
improving the chemical yield, the present system will
can be used to study the properties of heavy actinides.
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Fig. 1. Electrophoretogram of yttrium and trivalent lanthanides.




For studying of the chemical properties of heavy actinides with atomic numbers greater than or equal to
≥ 100, rapid analysis techniques with high-resolution
are required because of the low production rates and
short lifetimes of these nuclides. We have successfully applied capillary electrophoresis to 152 Dy (T 1/2
= 2.37 h) produced in the nat Ce(16 O, xn) reactions1)
for the rapid isolation of the element. In this study, we
have applied this method for the mutual separation of
lanthanides with lifetimes shorter than that of 152 Dy,
namely, 150m Tb (T1/2 = 5.8 min), 154 Ho (T1/2 = 11.8
min), and 157 Er (T1/2 = 18.7 min).
A lanthanide-multitracer solution was prepared as
follows. Radiotracers were produced in the 197 Au(14 N,
X) reactions at the RIKEN Ring Cyclotron. The Au
target was dissolved in aqua regia and then heated
to dryness. The residue was dissolved in 2 M HCl
and passed through an anion exchange resin column
(Dowex 1×8, 200-400 mesh) to eliminate the Au target material from the lanthanide fraction. The anion
exchange procedure was repeated using a fresh column.
The lanthanide fraction was heated to dryness and adjusted to pH 3.
The isotopes 150m Tb, 152 Dy, 154 Ho, and 157 Er were
produced in nuclear reactions that involved a 120 MeV
16
O beam supplied from the AVF cyclotron at the
RCNP in Osaka University. A target that was a mixture of La, Ce, Pr, and Nd was prepared by electrodeposition onto titanium backing foil. The reaction products recoiling from the targets were continuously transported to a chemistry laboratory by using a He/KCl
gas-jet transport system. The reaction products were
deposited on a polyethylene terephthalate ﬁlm and dissolved in 2 µL of the lanthanide-multitracer solution.
The solution was injected into the anode side of a
fused silica capillary, which was ﬁlled with an electrolyte solution (12 mM 2-hydroxyisobutyric acid, 350
mM acetic acid, and 10 mM creatinine). A voltage of
+30 kV was applied across the capillary with platinum
electrodes at room temperature. The separated lanthanides were fractionated by a tailor-made apparatus
and assayed for radioactivity by γ-ray spectrometry.
Figure 1 shows electrophoretogram of yttrium and
trivalent lanthanides. These elements were derived











 






































 

Fig. 2. Electrophoretic mobility as a function of the reciprocal ionic radius (CN = 8).
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The effects of trichostatin A on DNA damage response after X-ray irradiation in
human cells
M. Izumi
In eukaryotes, DNA is packaged into nucleosomes
that are in turn arranged in various high-order structures to
form chromatin. The chromatin structure is regulated by
chromatin-associated factors and histone modifications such
as acetylation, methylation, and phosphorylation. The
chromatin structure influences many aspects of DNA
metabolism including replication, recombination, and
transcription. However, it is not fully understood how
chromatin structure influences DNA double-strand break
(DSB) repair and how chromatin structure is altered in
response to DNA damage.
The clinical trials for evaluating histone deacetylase
(HDAC) inhibitors as anticancer drugs are in progress. 1)
HDAC inhibitors exhibit anticancer effects by causing the
accumulation of acetylated histones, which relaxes the
chromatin structure and activates tumor suppressor genes.
In addition to their intrinsic anticancer activity, HDAC
inhibitors are synergistic with radiotherapy, 2)3) although
the mechanism by which HDAC inhibitors enhance the
radiation sensitivity of human cells remains unknown.
To examine the roles of chromatin structure in DNA
repair and investigate the potential of HDAC inhibitors in
combination with heavy-ion radiotherapy, I have been
investigating the damage response initiated after treatment
of cells with the HDAC inhibitor trichostatin A (TSA). In
the previous study, I have examined the effect of TSA on
the phosphorylation of histone H2AX 4). Histone H2AX is
a histone variant and is rapidly phosphorylated at the sites
of DSBs by ionizing radiation. 5) I have found that the
pretreatment of normal human fibroblast NB1-RGB cells
with 0.1 µM TSA for 5 h increased the amount of
phosphorylated histone H2AX (γ-H2AX) by 2.5-fold at 1 h
after irradiation. This result suggests that the relaxed
chromatin structure facilitates the repair response by
improving damage recognition or changing the
susceptibility of DNA to radiation.
Herein, I have investigated the effect of low (0.1 µM)
and high (1 µM) concentrations of TSA in HeLa cells.
The pretreatment with TSA did not increase the γ-H2AX
levels before irradiation (data not shown). At 1 h after
irradiation, the amount of γ-H2AX was elevated by 1.8-fold
at 0.1 µM and 2.3-fold at 1 µM respectively (Fig. 1). This
result indicates that the effect of TSA was dose dependent.
Next, HeLa cells were pretreated with TSA and
immunostained with anti-γ-H2AX antibody at 1 h after
irradiation (Fig. 2). The intensity of immunofluorescence
of individual γ-H2AX foci in TSA-treated cells was much
higher than that in the control cells. On the other hand, the
number of foci in TSA-treated cells was similar to that in
the control cells. Therefore, the increase of γ-H2AX level
was mainly due to the facilitated damage response and not
due to the increase in DSB.

Now, I am investigating whether TSA affects the
mutation rate and survival of HeLa cells after irradiation.
Further, I am investigating whether TSA has the same effect
on the damage response after heavy-ion irradiation.

Fig. 1 The effect of TSA at different concentrations. A,
HeLa cells were treated with 0.1 or 1 µM of TSA for 5 h
and then irradiated with 10 Gy of X-ray using Radioflex.
Whole cell extracts were prepared at the indicated time
points after irradiation and subjected to immunoblotting.
Glyceloadehyde-3-phospho dehydrogenase (GAPDH) was
detected as the loading control. B, the intensity of each
band was measured using luminoimage analyzer LAS3000
(Fuji Film) and normalized against the amount of GAPDH.
Bar graphs represent mean ± SD of 4 independent
experiments.
0 µM

1 µM

Fig. 2 The pretreatment with TSA increased the intensity
of immunofluorescence of γ-H2AX foci. HeLa cells were
treated with 1 µM TSA for 5 h and then irradiated with 5
Gy of X-ray. After 1 h, the cells were fixed with
ethanol/acetic acid, and γ-H2AX was detected by indirect
fluorescent staining.
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Cell-killing eﬀect of low dose of high-LET heavy ions (III)
M. Tomita,∗1 T. Tsukada, and M. Izumi
The radiation-induced bystander response is deﬁned
as a response in cells that have not been directly targeted by radiation but that are in the neighborhood
of cells that have been directly exposed.1) In space,
astronauts are exposed to low ﬂuencies of high-LET
(linear energy transfer) radiation. In heavy-ion cancer therapy, normal cells surrounding a tumor are also
exposed to heavy ions. Therefore, the bystander responses induced by low doses of high-LET radiation
are an important problem in radiation biology. In our
study, we aim to clarify the molecular mechanisms and
biological implications of bystander responses induced
by low doses of high-LET radiation. Previously, we
had reported that normal human ﬁbroblasts that were
irradiated with low doses of high-LET Fe ions showed
low-dose hyper-radiosensitivity (HRS), suggesting that
bystander cell killing was induced.2,3) In order to enable a functioning bystander response, at least two
signaling pathways should be functional: one pathway is through direct physical interaction between cells
such as in the case of gap-junction intercellular communication (GJIC), and the other is through the interaction between the cells and the culture medium.4)
In addition, it was suggested that reactive nitrogen
species (RNS) and reactive oxygen species (ROS) are
molecules that play an important role in bystander signaling.4) Recently, we reported that the bystander cell
killing induced by synchrotron X-ray microbeam irradiation was mainly mediated by nitric oxide (NO).5)
Now, we are studying the role of NO in the HRS induced by low doses of high-LET Fe ions.
Figure 1 shows the clonogenic survival curve
of normal human lung embryonic ﬁbroblast WI38 cells irradiated with 90 MeV/u Fe ions at
1000 keV/µm.
WI-38 cells were plated in a
25-cm2 cell-culture ﬂask for one week before irradiation in order to form conﬂuent monolayers. Carboxy-PTIO (c-PTIO；(2-(4-Carboxyphenyl)4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide))6) is a
scavenger of NO. The c-PTIO solution was diluted before the start of the experiments in order to obtain the
desired culture medium with a ﬁnal c-PTIO concentration of 20 µM 2 h before irradiation. The surviving
fraction was determined by a colony formation assay.
As previously reported,2,3) HRS was observed in the
cells irradiated with low doses of Fe ions. The surviving
fractions of the cells that were pretreated with c-PTIO
at doses of over 1 Gy were not signiﬁcantly diﬀerent
from those of the cells that were not pretreated with cPTIO. The decrease in the cell survival at low doses of
under 1 Gy was partly suppressed by the pretreatment
∗1
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with c-PTIO. These results suggest that NO-mediated
bystander responses are involved in the process of HRS
induced by low doses of Fe ions. The incomplete suppression of the HRS by c-PTIO indicates that other
molecules are involved in bystander signaling. Next,
we will examine the eﬀect of the inhibitor of GJIS and
the scavenger of ROS on the HRS induced by low doses
of high-LET Fe ions.

Fig. 1. Cell-survival curves of WI-38 cells. Conﬂuent
monolayers of WI-38 cells were irradiated with 90
MeV/u Fe ions (1000 keV/µm) and were pretreated
with c-PTIO with a concentration of 20 µM or not pretreated. The cells were harvested and plated 24 h after
irradiation. Surviving fractions (SFs) were normalized
to those for non-irradiated controls. Panel A shows all
SFs obtained in this study. Panel B shows SFs for doses
under 0.5 Gy. The error bars of the SFs represent the
standard errors of the means (SEMs).
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Comparison of mutations of Neurospora crassa DSB
repair-deficient mutants induced by carbon-ion beam
L. Q. Ma,* S. Tanaka,* H. Inoue,* Y. Kazama, K. Nishihara, T. Hirano, T. Abe, and S. Hatakeyama*

Ion beams are known to cause severe damages to
various cellular components. In particular, exposure
to ion beams can cause DNA double-strand breaks
(DSBs). DSBs are generally repaired by either of the
following two DSB repair systems: nonhomologous
end-joining (NHEJ) or homologous recombination
(HR).
If DSBs are allowed to persist or are
improperly repaired, mutations will occur. In this
study, we determined the types of mutations induced
in carbon-ion irradiated wild-type strains and DSB
repair-deficient mutant strains.
A carbon-ion beam (12C6+; energy: 135
MeV/u, LET: 30 keV/µ m) was used to irradiate the
conidia of the filamentous fungus Neurospora crassa
at a dose of 25 to 200 Gy. For our experiments, we
used the mus-52 (YKU80 homologue, NHEJ deficient)
and mei-3 (RAD51 homologue, HR deficient) mutant
strains, as well as 74OR-28a, which was a wild-type
control strain. The forward-mutation frequency was
determined by calculating the occurrence of genetic
alteration at the ad-3 loci (ad-3A or ad-3B), which
causes the accumulation of a purple metabolic
intermediate of the adenine biochemical pathway and
thus results in purple colonies. At a dose of 100 Gy,
the mutation frequency of the mus-52 strain was
approximately 2.8 times lower than that of the
wild-type strain (3.3 x 10-5/conidia). Conversely, the
frequency of mutation of the mei-3 strain was about
3.0 times that of the wild-type.
Single colony isolates obtained from purple
colonies arising in jug cultures were subjected to
genetic complementation tests to determine whether
mutations had been introduced in ad-3A (924 bp) or
ad-3B (2501 bp) genes. Sequence analysis of DNA
fragments obtained by PCR amplification of the ad-3A
(or ad-3B) gene from genomic DNA isolated from
each mutant was then carried out. The types of
mutations observed in the ad-3A and ad-3B genes of
each strain are shown in Fig. 1 and Fig. 2, respectively.
In three independent experiments using the mus-52
mutant, we observed no mutations in the ad-3A gene
and a total of 16 mutations in the ad-3B gene; this
indicates that mus-52 has a relatively low mutation
frequency. It was observed that deletions were the
most common type of mutation in the wild-type strain
and in mei-3, while transversions were predominant in
mus-52.
According to the mutational analysis performed by
Y. Matuo, single base substitutions, especially GC
TA transversions, are most commonly induced by the
carbon-ion
beam
irradiation
of
wild-type
Saccharomyces cerevisiae (Y. Matuo et al., Mutat.

Res. 2006, 602: 7-13). This is similar to the trend
that was observed in the mus-52 mutant of N. crassa,
which is deficient in NHEJ and therefore, must use
HR. Since S. cerevisiae has an extremely high
frequency of HR compared to other eukaryotic
organisms, one could speculate that in cells where HR
is highly active, single base substitutions are more
likely to occur. Additionally, as is the case in N.
crassa, the occurrence of HR is also low in plants, and
thus, it is possible that mutational analyses conducted
for N. crassa can also be used in plant-breeding
studies that involve ion-beam irradiation.
We could not determine whether the mutation
occurred in the ad-3A or the ad-3B gene in some of
the ad-3 mutants generated in this study. It is
possible that in addition to the ad-3 mutation, these
strains are deficient in an essential gene. In this case,
we suspect that some of these strains carry a large
deletion mutation that removes ad-3A and/or ad-3B as
well as a neighboring essential gene. To confirm this
hypothesis, we are developing tester strains that may
help us identify such large deletions.
*Laboratory of Genetics, Saitama University
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Chronic effects of ion-beam irradiation on protonemal cells in the moss

Funaria hygrometrica
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Fig. 2. Chronic effects of heavy-ion irradiation on leafy
gametophytes development form protonemal cells. (a) Dose
response changes in mean number of leafy gametophytes
per colony at 24 days after inoculation. Bars show standard
deviation (n=30). (b) Relationship between leaf number and
shoot length at 40 days. Bars show standard error (n=30).

25Gy

150Gy

100Gy

100Gy 150Gy
50Gy

12.5Gy

50Gy

12.5Gy

25Gy

control

control

Ash-tolerance moss Funaria hygrometrica Hedw. grows
on waste area (e.g. final landfill, smelter) in field. It also
prefers burned areas or campfire sites, where the fire has
released large amounts of nutrients. In our previous works,
we obtained the cultured cells from the plant growing on a
waste area (Omuta city, Fukuoka Pref., Japan) and we
demonstrated that the Funaria cells have very large
capacities with an adsorption of lead from water1). We are
now developing on the bio-sorption systems of water
contaminated with heavy- and/or rare-metals using a novel
mutant cells which created by ion-beam irradiation
technology. In this report, we describe the effects of
ion-beam irradiation on protonemal cells in this moss.
Protonemal cells were cultured on agar plate seated with
cellophane. Their cells were irradiated by 12C6+(LET 23
keV/μm), 20Ne10+(LET 63 keV/μm), 40Ar17+(LET 280
keV/μm) and 56Fe24+(LET 640 keV/μm) with a dose range
of 0 to 400Gy. Each ion was accelerated to 135, 135, 95 and
90 MeV/nucleon by RRC. Then, their cells were collected
with cellophane to inoculate on a new agar plate and each
plate was incubated under a same condition for 40 days. We
checked the growth rate of protonemal cells at 10 days after
inoculation and counted the number of leafy gametophytes
per a colony at 24 days after inoculation. Length of shoot
and number of leaf in 30 samples of leafy gametophytes
were also examined at 40 days after inoculation.
Changes in growth rate were caused by ion-beam
irradiation (Fig.1). Leaf gametophytes development was
induced at lower dose irradiation with high growth rate
(Fig.1, 2). For example, Fe-ions obviously induced leafy
gametophytes development (Fig.3). Fe-ion treatment with
150Gy achieved the peak value, suggesting that higher
mutagenic potential may occur at 150Gy (Fig.2, 3).
Similarly, each specific peak value for C, Ne, and Ar was
also observed (i.e. 200-225Gy for C, 200Gy for Ne, 75Gy
for Ar) (Fig.3). These results show that specific peak values

Numbe r of leafy gametophyte / colony

M. Itouga*1, Y. Komatsu-Kato*1, S. Kawakami*2, Y. Kazama, H. Ichida, Y. Hayashi, T. Abe, and H. Sakakibara*1

Fig. 3. Effect of 56Fe ion irradiation on protonemal cells.
Typical colony and leafy gametophytes are shown as optical
images. Bar = 2.0 mm.
for heavy-ions are our optimum condition for Funaria
mutation breeding, however these chronic effects are
associated to several biological changes by stress response
such as accumulation of reactive oxygen species (ROS) to
heavy ion irradiation2).
In our future works, we should confirm these effects are
not depended on transient responses to heavy ions.
References
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Seed hypoplasia induced by heavy-ion beam irradiation of pollen grains
in dioecious plant Silene latifolia
K. Ishii＊1, W. Aonuma＊1, C. Torii＊1, N. Fujita＊1, Y. Kazama, T. Abe, and S. Kawano＊1
We have previously conducted carbon-ion-beam
irradiation of dry seeds of the dioecious plant Silene
latifolia and obtained sex-reversal mutants.1) However, the
mutant derived from the irradiated seeds exhibited chimeric
phenotypes. Fixation of the mutant gene was quite difficult.
Therefore, to obtain mutants without chimeric mutations,
carbon-ion irradiation of the pollen grains was performed,
and this was followed by artificial pollination. Further, we
investigated the hypoplasia that was observed in the seeds
derived from pollen grains irradiated with the heavy-ion
beam.
Mature anthers of an inbred line (K line) of S. latifolia
were irradiated with a 12C6+ beam (135 MeV/nucleon) at a
dose of 0–200 Gy; the LET of the ions was 23 keV/µm. The
ratio of the number of pollen grains that showed pollen-tube
growth without any rupture to the total number of pollen
grains was calculated at 24 h after sowing in the
germination medium (Fig. 1A). In the case of the pollen
grains irradiated at doses of up to 10 Gy, the germination
rate of the pollen grains was 100%. On the other hand, at
doses of over 20 Gy, the number of of pollen grains
showing pollen-tube growth gradually decreased as the
absorbed dose increased.
The irradiated pollen grains were used to fertilize female
plants of the K line. After one month, seeds were collected
and sown in pots. The germination rates were measured
three weeks after sowing (Fig. 1B). The germination rate of
the seeds derived from 5-Gy-irradiated pollen grains was
55% and that of the seeds derived from 60-Gy-irradiated
pollen grains was 0%. The 50% inhibitory dose (I50) for the
irradiated seeds and that for the seeds derived from the
irradiated pollen grains were approximately 150 Gy and 30
Gy, respectively.
Two types of seeds were derived from the irradiated
pollen grains. Seeds of type A showed normal morphology,
and their short axes were more than 1 mm in length (Fig.
2A). Seeds of type B exhibited aberrant morphology and
their short axes were less than 1 mm in length (Fig. 2B).
These two types of seeds coexisted in the same capsule. The
ratio of the number of type-A seeds to the total number of
seeds decreased as the absorbed dose increased (Fig. 3A,
black circles). The germination rates of both types of seeds
were measured three weeks after sowing (Fig. 3B). The
germination rate of type-A seeds derived from the
40-Gy-irradiated pollen grains was 81%, while that of the
type-A seeds derived from the 60-Gy-irradiated pollen
grains was 0%. On the other hand, the germination rate of
type-B seeds derived from the pollen grains irradiated at
doses of up to 20 Gy was 17%, while that of the type-B
seeds derived from the 40-Gy-irradiated pollen grains was
＊1

Department of Integrated Biosciences, Graduate School of Frontier
Sciences, The University of Tokyo

0%. Thus, we can obtain plants in which abnormality
during embryogenesis would not be observed, by sowing
only type-A seeds.

Fig. 1. Effects of carbon-ion-beam irradiation. (A) Survival
rate of irradiated pollen grains. (B) Germination rate of
seeds derived from the irradiated pollen grains. The relative
rates for 0-Gy-irradiation are defined as a survival rate or a
germination rate of 100%.

Fig. 2. Seeds obtained from irradiated pollen grains. (A)
Type-A seeds. (B) Type-B seeds. Bars = 1 mm.

Fig. 3. Difference between the two types of seeds. (A)
Ratios of the number of type-A seeds (black circles) and the
number of type-B seeds (white circles) to the total number
of seeds in each capsule. (B) Germination rates of type-A
(white bars) and type-B (gray bars) seeds. The relative rate
for 0-Gy irradiation is defined as a germination rate of
100%.
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Characterizatio n of te mperatur e-sensitive chloro tic mutant
induced by ion beam irradiatio n
M. Nakagawa, H. Takehisa,1 Y. Hayashi, H. Tokairin, T. Sato,2 and T. Abe

Mutants have a very important role in the breeding and
development of new cultivars. Heavy-ion beam irradiation
is an effective technique used in mutation breeding to
produce new cultivars. Rice is an important staple food and
a model monocot plant, especially among cereal species. To
evaluate the effect of heavy-ion beam irradiation on
mutation induction in rice (Oryza sativa L. cv. Nipponbare),
we have examined the frequency of chlorophyll-deficient
mutants. Line 22-4Y was one of the chlorotic mutants with
semi-dwarf phenptype isolated from M2 populations that
were irradiated with a C-ion beam (LET:22.5 keV/mm; 20
Gy).1) In the early seedling stages, the 22-4Y mutant plants
produced chrolotic leaves only the first four leaves and
during the later stages in a paddy field, the plant produced
mostly gren leaves. In addition, when the 22-4Y plants were
grown at 25℃, chlorophyll deficiency was observed, but
the plants produced green leaves when grown at 30℃.
These plants exhibiting conditional chlorosis are called
“virescent.” The previously reported virescent rice mutants,
virescent-1, virescent-2, and virescent-3, also have the
temperature-dependent chrolosis phenotype. 2)
To characterize the temperature-dependent chlorosis
phenotype, we analyzed temperature-shift experiments. In
the experiment with a temperature shift from the restrictive
temperature (25℃) to the permissive temperature (30℃)
after imbibition in darkness for four days, the 22-4Y plants
were almost green, and chlorophyll deficiency was
observed only on the toward edge of the second leaf, which
had emerged before the temperature shift. In the experiment
with a temperature shift from 30℃ to 25℃, the 22-4Y
produced chlorotic leaves, no chlorosis was obserbed on
edge of the blade and sheath of the second leaf. These
results indicate that the virescent phenotype of 22-4Y is
irreversibly determined by the temperature at the
developmental stage of the leaf.

Fig. 1. Comparison of the phenotype of 22-4Y plants grown
under different temperature conditions five days after
germination.
1
2
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To determine the number of genes controlling chlorosis
in 22-4Y, F2 plants that were obtained by crossing the
22-4Y and wild-type strains were subjected to genetic
analysis. Seventy mutants and 295 wild-type individuals in
the F2 populations had a segregation ratio of 3:1 ((χ2 =
0.01 ) < (χ20.05 = 3.84)). From the results of the genetic
analysis, it was inferred that 22-4Y was a single recessive
mutant.
Genetic mapping of the mutation locus of 22-4Y was
performed using F2 plants that were obtained by crossing
22-4Y mutant (var. japonica) and Kasalath (var. indica).
Using 36 STS markers and 4 CAPS markers, the 22-4Y
locus was located between 75 cM and 80.4 cM on
chromosome 5. Furthermore, thirteen SSR markers were
selected to generate a fine physical map. 22-4Y was
mapped within the 422-kb region between the STS marker
E10886 and the SSR marker RM18690 on the long arm of
chromosome 5 (Fig. 2).
A classical phenotypic marker, virescent-10, has been
mapped previously in this region, but the gene responsible
for the virescent phenotype has not been isolated. 2) We
suggest that the mutation in 22-4Y is caused by the same
genes that cause mutation in virescent-10.

Fig. 2. Genetic mapping of 22-4Y on chromosome 5.
The figure on the left shows the genetic linkage map while
that on the right shows the physical map. The black box
indicates the candidate region for the 22-4Y locus.
References
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Identification of mutated gene induced by heavy ion beam irradiation in rice
Y. Hayashi, H. Takehisa＊1, Y. Kazama, S. Ohbu, N. Fukunishi, H. Tokairin, T. Sato＊2, and T. Abe
Heavy-ion beams have been recognized as an effective
mutagen. We have investigated the effect of heavy-ion
beam irradiation on mutation induction in rice. The high
effectiveness of ion-beams was indicated by the high
frequency of chlorophyll-deficient mutants in M2
progenies with low dose of irradiation1). This is one of
the characteristic features of mutation induction by
heavy-ion beam irradiation. Accelerated particles of ions
with high linear energy transfer (LET) are thought to be
capable of causing local DNA damage. As a result, it is
possible to obtain mutants without involving undesirable
characters. In previous studies, we isolated various
mutants such as dwarf, salt tolerant, necrosis, bronzing
and staygreen (Table 1). Most of these mutants were
fixed in the M2 or M3 generation, and this is another
feature of mutation induction by heavy-ion beam
irradiation. Furthermore, it is possible to clarify the
characteristics of mutation induced by heavy-ion beams
by identifying the mutation sites of these mutants. In this
paper, we report the identification of the mutated region
of a dwarf mutant induced by heavy-ion beam irradiation
in rice.
We obtained the dwarf mutant (6-66) by irradiating
imbibed seeds of rice (Oryza sa tiva L. cv. Nipponbare)
with Ne-ion beam (15 Gy, 63 keV/μm). 6-66 showed the
typical phenotype of rice gibberellin (GA) related
mutants, severe dwarf with wide leaf blades and dark
green leaves (Fig.1). In addition, 6-66 showed no
response to GA3 treatment. In the GA signaling pathway,
GID1 is a receptor for GA2) and GID2 is a positive
regulator of GA3). Both these proteins are necessary for
GA action. PCR analyses of mutant and wild type were
performed using specific primers to GI D1 and GID2
genes. Sequence analysis revealed that 6-66 contained
4-bps deletion in GID2, which caused flameshift
mutation (Fig.2). No mutation was detected in GID1.
It is necessary to detect more mutated regions of rice
mutants and characterize the mutations induced by
heavy-ion beam irradiation. Furthermore, detection of

mutated genes may lead to the discovery of unknown
genes or new functions of known genes in rice. Analyses
of mutations in some other mutants of rice shown in
Table1 are in progress.
Table 1.

Isolated mutants by heavy-ion beam irradiation

Line

Ion

6-99L
19-74
7-3B
11-29
22-70
40-S
22-4Y
11-26
5-106
3-58
6-66

C
C
Ne
C
C
C
C
C
C
C
Ne

A

Dose

LET

(Gy)

(keV/μm)

40
20
10
20
20
40
20
20
20
15
15

23
23
63
23
60
23
23
23
30
50
63

Phenotype
Salt tolerant
Salt tolerant
Bronzing
Bronzing
Necrosis
Crinkled dwarf
Chlorosis
Staygreen
Waxy
Semi-dwarf
Dwarf

B

Fig. 1. Gross morphology of 6-66
plants.
(A) Five-weeks-old seedlings.
(B) Higher magnification of a
6-66 plant. Bar=5cm.
Reference
1) Y. Hayashi et al.: RIKEN Accel. Prog. Rep. 42, 285
(2009).
2) M. Ueguchi-Tanaka et al.: Nature 437, 693 (2005).
3) A. Sakai et al.: Science 299, 1896 (2003).

Fig. 2. Comparison of amino acid
sequences of GID2 between wild
type and dwarf mutant (6-66). The
GID2 gene consists of one exon.
Identical amino acids are represented
by white-on-black letters.

*1 National Institute of Agrobiological Sciences
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Identification of heavy-ion-beam induced DNA mutation by genetic mapping
in Arabidopsis mutant
Y. Kazama, S. Ohbu, Y. Hayashi and T. Abe
Heavy-ion-beam irradiation can efficiently induce
mutations. We are studying the type of mutation induced by
heavy-ion beam irradiation. Previously, we had reported a
985-bp deletion in an Arabidopsis mutant and a deletion of
more than 3 kb in a tobacco mutant, both of which were
caused by 12C6+-ion irradiation.1), 2) In this study, we
determined two mutations occurring in Arabidopsis mutants
to gain further insight into mutations induced by heavy-ion
beam.
Two mutants, C-48-as1 and Ar-28-pg1, were isolated by
screening the M2 generation obtained by irradiation of
wild-type dry seeds (col-0) with 12C6+ ions (250 Gy, 22.5
keV/μm) and 40Ar17+ ions (50 Gy, 290 keV/μm),
respectively. Phenotypes of these mutants are shown in Fig.
1. Ar-28-pg1 developed yellow-green leaves (Fig. 1). In a
mature Ar-28-pg1 plant, a strong chlorosis was observed in
the leaves (data not shown). C-48-as1 showed increased
leaf growth and an altered pattern of leaf emergence (Fig. 1).
The number of leaves observed in C-48-as1 20 days after
sowing was about twice that in the wild-type plant. Pollens
from these mutants were used to pollinate a wild-type
(col-0). All of their progenies showed wild-type like leaves,
indicating that both mutants have a recessive mutation.
The method for identifying the responsible mutation in
each mutant is summarized in Table 1. To determine the
responsible loci of the mutants, genetic mapping was
carried out as described previously.3) A total of 151 and 114
homozygous F2 plants were used for mapping of C-48-as1
and Ar-28-pg1, respectively. Rough mapping results
showed that the responsible loci of the C-48-as1 and
Ar-28-pg1 mutants are located in a 2.6-Mb region near the
telomere of chromosome 3 and a 3-Mb region near the
centromere of chromosome 5.
From the results of phenotype analysis and genetic
mapping, their responsible genes were predicted. Database
search (TAIR, http://www.arabidopsis.org/) indicated that
the putative responsible genes for C-48-as1 and Ar-28-pg1
were ALTERD MERISTEM PROGRAM (AMP) 1 and
ETHYLENE-DEPENDENT GRAVITROPISM-DEFICIENT
AND YELLOW-GREEN (EGY) 1, respectively.4),5) AMP1
encodes a putative glutamate carboxypeptase,

Fig. 1 Phenotypes of isolated mutants. Bars = 2 mm.
passively involved in peptide signaling.6) EGY1 encodes a
Genomic
membrane-associated
metalloprotease.4)
fragments containing AMP1 and EGY1 in C-48-as1 and
Ar-28-pg1, respectively, were sequenced. In C-48-as1, a
single A-to-T transversion at 2384-bp downstream of the
initiation codon was observed in AMP1. This base
substitution caused a stop codon resulting in the production
of 3’-truncated protein. In Ar-28-pg1, a 5-bp deletion (from
nucleotide 1410-1414) with five base substitutions (one
transition and four transversions) was observed in EGY1.
The 5-bp deletion created a frameshift. It was observed that
the phenotypes of C-48-as1 and Ar-28-pg1 are quite similar
to those of the original null mutants, respectively, indicating
that both mutants might be null.
Accumulating of these mutation data will help us
understand the characteristics of heavy-ion-induced
mutation.
References
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Table 1 Summary of detection of mutation by genetic mapping
Analysis

Genetic mapping

technique

Database

Sequencing

search
Chromosome

Region

Gene

Mutation type

C-48-as1

3

2.6 Mb near telomere

AMP1

BS

Ar-28-pg1

5

3.0 Mb near centromere

EGY1

Del (5 bp) + BS

BS: Base substitution, Del: Deletion
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LET-dependent effect of heavy-ion-beam mutagenesis on deletion size
Y. Kazama, T. Hirano, Y. Liu,＊1 K. Nishihara, S. Ohbu, Y. Hayashi and T. Abe
A heavy-ion beam is a high-Linear Energy Transfer (LET)
radiation compared with X-ray and γ-ray. Previously, we
have reported that LET affects the mutation rate and that an
LET of 30 keV/μm is most effective in inducing mutation in
dry seeds of Arabisopsis thaliana.1) Thus, LET is
considered to important factor for mutation induction by
heavy-ion beam. In Mesorhizobium loti, irradiation by iron
ions (640 keV/m) induced lager deletions compared to
those induced by carbon ions (23 keV/m).2) From this
result, we postulate that LET may also influence the
deletion size in the mutated genes. To date, there is no
known mutagen that can control the deletion size. In the
present study, therefore, we aimed to develop a novel
method for deletion-size-controlled mutagenesis by
heavy-ion-beam irradiation with different LETs. As the first
step toward controlling deletion size, we irradiated the
seeds of A. thaliana with heavy-ion beams having four
different LETs ranging from 30.0 to 640 keV/μm and
analyzed the deletion size in mutated genes.
Dry seeds of A. thaliana (Col-0) were packed in a plastic
bag to obtain a monolayer of seeds. They were irradiated
with 12C6+ (22.5 keV/μm, 30 keV/μm, or 290 keV/μm),
40
Ar17+(290 keV/μm), or 56Fe24+ (640 keV/μm) ions using
the E5 beam line at the RIBF. These ions were accelerated
up to 1.62, 3.80, and 5.04 GeV. The LET of 12C6+ were
varied by passing the ions through a combination of
absorbers. The irradiation doses were selected on the basis
of the results of previous research.1) The irradiated M1 seeds
were surface-sterilized and incubated on a 0.7%
agar-containing MS medium supplemented with MS
vitamins and 3% sucrose at 4°C in the dark for four days to
induce vernalization. Then, they were grown at 22°C under
long-day condition (16 h light and 8 h of darkness).
Seedlings that developed true leaves were transplanted on
plastic trays (13 × 9 cm) containing soil. Eleven seedlings
were planted in each tray and cultured at 22°C under
long-day condition in a greenhouse. M2 seeds were
collected from each tray and they were considered as one
batch. From the M 2 generation, elongated hypocotyl (hy)
and globrous (gl) mutants, were screened by growing the
M2 seeds on an MS agar medium. DNAs of the collected
mutants were purified using DNeasy plant mini kit
(QIAGEN). Then, they were subjected to PCR and
sequencing by using specific primers for the putative
responsible genes (HY1, HY2, HY3, and HY4 for the hy
mutants; GL1, GL2, and TTG1 for the gl mutants). M3 seeds
of the mutants were harvested and the phenotype of the M3
plants was analyzed to confirm whether the phenotype of
the mutants was inherited.
In total, 89,794 of M2 plants were screened, and 36
＊
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mutants were collected (Table 1). The highest mutation rate
was observed 30-keV/μm irradiation; this observation was
in agreement with a previous result according to which the
30-keV/μm irradiation is most effective in inducing albino
mutants.1) Since the mutants isolated from the same batch
were considered to have originated from the same M1 plants,
mutants of the same batch that exhibited the same
phenotype were characterized as a single mutation event.
After determining the DNA mutation, all of the mutants
from the same having the same phenotype were analyzed by
PCR and sequencing.
Twenty-one mutations were identified in the genes of the
mutants (Table 2). The mutations included fifteen deletions,
two translocations with a deletion, two base substitutions,
one insertion, and one translocation. This result indicates
that the heavy-ion-beam irradiation predominantly induces
deletion mutation. Base substitution was observed only in
the case of 22.5-keV/μm irradiation. When the sizes of the
deletions induced by radiations with different LETs were
compared, smaller deletions were observed in the case of
lower-LET irradiation. In contrast, with 290-and
640-keV/μm irradiations, large deletions of over 1,000 bp
were detected.
Table 1. Screening results for hy and gl mutants.
LET
(keV/m)

Ion
species

Dose
(Gy)

No. of
M1

No. of
M2

12 6+
122.5
C
250
2,024 11,662
12 6+
122.5
C
450
1,710 16,103
12 6+
130.0
C
400
1,419 13,485
12 6+
290.0
C
50
1,452 15,140
40
17+
290.0
Ar
50
1,100 17,229
56
640.0
Fe24+
50
2,893 26,175
*Total number of isolated hy and gl mutants.

No. of
mutants*
15
17
14
11
14
15

Table 2. Classification of mutations induced by heavy-ion
beams with different LETs.
Deletion
LET
Base
10
1000 1000 Others
(keV/m) substitution
bp≧ bp≧
bp<
122.5
2
3
2
0
0
130.0
0
4
1
0
1
290.0
0
1
2
1
0
640.0
0
1
0
2
1
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C-ion-induced DNA mutations in variegated mutant Arabidopsis
K. Nishihara, Y. Kazama, M. Nakagawa, T. Hirano, S. Ohbu, S. Kawano,* and T. Abe

Since high Linear-Energy-Transfer (LET) heavy-ion
beams effectively induce DNA double-strand-breaks1), they
induce high-frequency mutations. LET affects mutation rate
when dry Arabidopsis seeds are irradiated with heavy-ion
beams2). To study LET-dependency of DNA mutations, we
studied DNA mutations induced by irradiation with
heavy-ion beams. We report two DNA mutations induced
by C-ion irradiation with LET of 50 keV/µm in Arabidopsis
thaliana.
We focused on variegated mutants, some of which were
well characterized, and identified the genes that had
mutations causing the variegated phenotype. The var1
(yellow variegated 1) mutant had normal cotyledons and
green- and white-sectored rosette leaves3). The var2 mutant
had normal cotyledons and white/yellow sectors in the
normally green parts of the plant3). The var3 mutant had
green cotyledons and yellow variegated rosette leaves4). The
cotyledons of the immutans (im) mutant appeared white
under high-intensity light, and im had green- and
white-sectored leaves5). The thylakoid formation 1 (thf1)
mutant had plastids in the white/yellow sectors, the plastids
were composed of accumulated vesicles and lacked
organized lamellar structures6). DNA mutations were
detected by screening variegated mutants and sequencing
the genes responsible for the mutations.
Dry Arabidopsis seeds were irradiated with C-ions (135
MeV/nucleon) at a dose of 200 Gy with LET of 50 keV/µm.
The irradiated M1 seeds were incubated on 1/2 Murashige
and Skoog agar medium for 3 days at 4°C in the dark for
vernalization and then at 23°C under 16-h light/8-h dark
conditions for germination. Three weeks after germination,
484 well-grown plants were selected for transplantation into
pots. Eleven seedlings were transplanted into each pot. M2
seeds were collected from 476 M1 plants. Thirteen days
after germination, the variegated mutants were screened
from among 19,124 M2 seedlings.
We found three variegated mutants (C-11-var1,
C-11-var2, and C-35-var1) (Fig. 1). Among them,
WT

C-11-var1

C-35-var1

C-11-var1 and C-11-var2 were obtained from the same pot.
The phenotypes of C-11-var1 and C-35-var1 were similar to
those of im and var2 mutants, respectively. However, we
could not determine the genes responsible for these
phenotypes only by phenotypic characterization. Therefore,
we sequenced all genes in these mutants (Table 1).
Sequencing analysis revealed that the C-11-var1 mutant
had a 2-bp deletion in the IM gene sequence (Fig. 2). The
deletion was located in the first exon of the IM gene, and
caused a frameshift mutation. Sequencing of the IM gene in
the C-11-var2 mutant revealed that this mutant had the same
deletion as C-11-var1, thereby indicating that these two
mutants may have originated from a single M1 plant. The
C-35-var1 mutant had a 46-bp deletion in the VAR2 gene
(Fig. 2). This deletion occurred at the last 4 bp of the first
exon and the first 42 bp of the following intron. Therefore,
this deletion may have caused a shift in the splice site.
Gathering data on mutations induced by C-ion irradiation
will help us to understand the mutagenesis ability of C-ion
irradiation.
Table 1. Sequencing results for genes responsible for
mutations in variegated mutants
Gene name
VAR1
VAR2
VAR3
IM
THF1

Fig. 1. Photographs of variegated Arabidopsis thaliana with
mutations induced by C-ion irradiation with LET of 50
keV/µm. Bar = 1 cm.
Graduate School of Frontier Sciences, The University of Tokyo.

C-35-var1
No mutation
46-bp deletion
No mutation
-

Fig. 2. Deletions detected in variegated mutants. The
numbers indicate the nucleotide position from the initiation
codon.
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Early-flowering mutants developed by heavy-ion-beam irradiation in soybean
H. Kuribara＊1, Y. Sadamura＊1, H. Watanuki＊1, T. Hirano, Y. Hayashi, T. Abe

The soybean cultivar ‘Oojirodaizu’ is known as a local food
that tastes good; it is cultivated in Katashina-mura, Gunma
prefecture. In order to increase the demand for
‘Oojirodaizu’, its use as green soybean has been proposed.
However, the flowering time of ‘Oojirodaizu’ is too late to
produce green soybean during summer in order to increase
demand. Therefore, in the present study, we attempted to
develop early-flowering mutants by heavy-ion-beam
irradiation in ‘Oojirodaizu’, as a step toward efficient usage
of local germplasm.
Seeds of soybean (Glycine max (L.) Merr. ‘Oojirodaizu’)
were irradiated with a C-ion beam (22.5 keV/μm) at doses
between 10 and 200 Gy. The irradiated seeds were sowed in
the field for raising seedlings, and then, their germination
and survival rates were measured. The seedlings that
survived were transplanted to the field, and a yield survey
was carried out. For screening of the early-flowering
mutants in the M2 generation, the flowering time and seed
pod maturity were measured from July to August and in
October, respectively. Then, progeny tests were performed
in each line of early-flowering mutants.
The germination rate of M1 seeds did not decrease
relative to that of the untreated control (0 Gy), irrespective
of the dose range (Fig. 1). In contrast, the survival rate of
the seeds decreased from 92% at 100 Gy to 10% at 200 Gy.
The results of the yield survey showed a similar trend in the
survival rate, and the total number and weight of seeds per
plant started to decrease at 100 Gy. These results suggest
that the effective dose for mutant screening is not greater
than 100 Gy.

When early-flowering mutants were screened from M2
plants, we obtained two lines (C-10-47 and C-10-55; Fig. 2)
derived from seeds irradiated at 10 Gy and one line
(C-100-32) derived from seeds irradiated at 100 Gy. In the
progeny test, it was confirmed that the flowering times of
C-10-47 and C-10-55 were about 20 and 15 days earlier
than that of the wild type, respectively. However, the seed
yields of the two lines were lower than that of the wild type,
and C-10-47 showed a marked decrease in the seed yield
(Table 1). Therefore, it is thought that the mutant line of
C-10-55, which did not show a severe decrease in seed
yield, can be used as a breeding parent.

Fig. 2 Phenotype of early-flowering mutant developed by
irradiation with a C-ion beam. Photographs were taken on
the same date (August 26th) for the wild type (a) and the
mutant line of C-10-47 (b).
Table 1 Comparison of seed yield in early-flowering
mutants.
Line

Fig. 1 Germination and survival of soybean seeds rate
after irradiation with a C-ion beam. These data were
obtained in a single experiment.
＊1

Number of

Number of

Single-seed

seed pods

seeds

weight (g)

Wild type

99.8

159.7

0.38

C-10-47

6.0

9.0

0.33

C-10-55

53.0

93.0

0.38

These data are the values averaged over the values for
all plants.

Gunma Pref., Seta-Norin High school.
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Induction of high-formaldehyde-absorption mutant by heavy-ion-beam
irradiation in Murraya paniculata
T. Hirano, R. Mukai＊1, S. Yoshida, Y. Hayashi, T. Abe
Phytoremediation, or the use of plants for removing
pollutants, is an attractive method for the control of air,
water, and soil pollution; this is because this method is
inexpensive and environment friendly. Formaldehyde is one
of the volatile toxic substances that cause the sick house
syndrome and is a suspected carcinogen. The aim of this
study is to develop an ornamental foliage plant with novel
functions.
We
attempted
to
enhance
the
formaldehyde-absorption ability of Orange jasmine
(Murraya paniculata), which is an ornamental shrub with
dense foliage and fragrant flowers, by heavy-ion-beam
irradiation.
The linear energy transfer of the C ion beam used in this
study was 22.5 keV/μm. Dry and imbibed seeds of M.
paniculata were irradiated with the C ion beam at a dose of
10–40 Gy and 5–30 Gy, respectively. The survival rate of
the M1 plants obtained from the irradiated dry seeds did not
decrease, irrespective of the used dose range. On the other
hand, in the case of the plants obtained from the irradiated
imbibed seeds, the survival rate decreased from 78% to
49% when the irradiation dose was increased from 5 Gy to
10 Gy. We also used cuttings for mutation induction; the
cuttings were irradiated by a C ion beam at a dose of 5–100
Gy. The survival rate of the axillary buds in the irradiated
cuttings decreased drastically from 85% to 33% when the
dose was increased from 50 Gy to 60 Gy.
The mutation rate in the M2 generation derived from the
irradiated seeds was calculated on the basis of
morphological mutations such as leaf variegation, leaf
serration, flower shape mutation, and weeping. The highest
mutation rate was 1.7% in dry seeds irradiated at 30 Gy and
9.4% in the imbibed seeds irradiated at 10 Gy. In the
regenerated plants obtained from the irradiated axillary
buds, the mutation rate was high (5.1–6.7%) when the dose
was varied between 40 Gy and 50 Gy.
We analyzed the formaldehyde-absorption ability of the
M2 plants derived from irradiated seeds and that of the
plants regenerated from irradiated the axillary buds. The
experiments were carried out in a 210-L chamber. After
placing the plant in the chamber, 5 μl of 4% formaldehyde
solution was injected into the filter in the fan unit and
evaporated in the chamber. After the plants were exposed to
formaldehyde for 30 min, the concentration of
formaldehyde in the chamber (C: ppm) and the temperature
in the chamber (t: ºC) were measured. Then, the total leaf
area (S: dm2) of each plant used in the experiment was also
measured. The residual volume of formaldehyde in the
*1

Environmental Affairs Dept., Tokyo Gas

chamber (Q: μg) is calculated by using eq. (1). The velocity
of formaldehyde absorption per unit leaf area (V: μg/dm2/h)
is calculated using eq. (2), and it is assumed that the entire
amount of injected formaldehyde is evaporated in the
chamber.
Q=

V=

7.68×104×C

(1)

273.15＋t
2×(200－Q)

(2)

S

For the wild type, the average and maximum values of V
were 31.5 and 97.0 μg/dm2/h, respectively (Table 1). The
maximum value obtained for the wild type was used as the
criterion value for the screening of high-ability mutants.
The plants derived from the irradiated materials were
screened; 58 plants were selected as candidates with
enhanced formaldehyde-absorbing ability (Table 1). The
highest value of V was 183.0 μg/dm2/h for the plants
obtained from the irradiated imbibed seeds and 237.0
μg/dm2/h for the plants obtained from the irradiated axillary
buds; the ability of the candidates was 1.9 –2.4 times higher
than the criterion value. These results demonstrate that
mutation breeding by heavy-ion-beam irradiation is a
promising method for the development of suitable plants
that can used in phytoremediation.
Table 1 Evaluation of velocity of formaldehyde absorption
in M2 plants derived from irradiated seeds and plants
derived from axillary buds after ion beam irradiation.
Max value
No. of
Irradiated Dose
No. of
of V
mutant
material
(Gy)
plants
(μg/dm2/h) candidates*
Wild type

0

236

97.0

-

Dry seed

30

160

139.0

23

Imbibed
seed

5
10

80
49

131.4
183.0

12
5

Axillary
bud

30
40
50

25
74
45

237.0
131.0
136.5

5
6
7

*Mutants showed V values of more than 97.0 μg/dm2/h.
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Development of early-flowering mutant of
strawberry cultivar "Satsumaotome" by C-ion irradiation
Y. Takenoshita,* T. Nagatani,* M. Ooe,* H. Saito and T. Abe
In Japan, the demand for strawberries increases at the end
of the year. Although the strawberry cultivar
"Satsumaotome" developed in Kagoshima prefecture is
large and has fruits of good quality, it is classified as a
late-harvesting cultivar and is not suitable for harvesting in
seasons during which prices are high. Therefore, we aimed
to develop early-flowering mutants derived from
"Satsumaotome" by ion beam breeding. We estimated
suitable doses of C-ion beams for irradiation of multiple
shoot cultures1), and we selected an early-flowering mutant
line B05182). In this study, we found genetic uniformity and
stability in early-flowering characteristics of B0518, and we
also found that the quality of B0518 is as good as that of the
original cultivar.
To examine the uniformity and stability of the earlyflowering, we formed seven lines (B0518-1to7) by clone
propagation from seven individual stocks, which were
propagated from the original B0518 stock. Each line was
planted in a plastic greenhouse on September 26, 2008, and
the cultivation was carried out by using the standard method
for "Satsumaotome" in Kagoshima prefecture.
The date of flower bud initiation of B0518 was eight days
earlier than that of "Satsumaotome" (Table 1). Because
strawberries were planted in the field just after the flower
bud initiation, this result shows that B0518 can be planted
and harvested than "Satsumaotome". The terminal
inflorescence of B0518 flowered on November 2 and
November 3, and the primary axillary inflorescence
flowered from Decemmber 24 to 29 (Table 1). The range of
flowering dates of the seven lines was very small. The
harvest date of the terminal inflorescence of B0518 was
December 1 which is 14 days earlier than that of
"Satsumaotome" (Table 1). On the basis oh these results,
we concluded that there is genetic uniformity and stability
in the early-flowering of B0518.
In terms of the shape of the fruit, color of the peel, and
color of the flesh, B0518 was identical to "Satsumaotome"
(data not shown). These results indicate that the unexpected
change in fruit quality was negligible in the case of B0518.
As for the harvest until December 31, 2008, the number
of fruits of B0518 was about 2.2 times that of
"Satsumaotome", and the fruit yield was about 1.7 times the
yield of "Satsumaotome" (Table 2).
From the results of this study, we confirmed that B0518
was a fixed and early-flowering line whose fruits retain the
excellent characteristics of the fruits of "Satsumaotome".
We also confirmed that B0518 was a high-yielding line
compared to the original cultivar "Satsumaotome". We are
*

planning to further investigate the characteristics of B0518
for commercial production.

Table 1 Flowering and harvest of B0518 in 2008
Line
Cultivar
B0518-1
B0518-2
B0518-3
B0518-4
B0518-5
B0518-6
B0518-7
B0518（average）
Satsumaotome

Flower
bud

Terminal
inflorescence

Primary axillary
inflorescence

Initiation
date

Flowering Harvest
date
date
Nov.3
Dec.4
Nov.2
Dec.1
Nov.2
Dec.1
Nov.2
Dec.4
Nov.2
Dec.1
Nov.2
Dec.4
Nov.2
Dec.8
Nov.2
Dec.1
Nov.12
Dec.15

Flowering
date
Dec.29
Dec.25
Dec.24
Dec.28
Dec.24
Dec.24
Dec.25
Dec.26
Jan.12

Sep.18
Sep.26

Table 2 Total number of fruits and fruit yield for B0518.
The fruits were harvested until December 31, 2008
Line
Cultivar

Number of
fruits

Fruit
yield

B0518-1
B0518-2
B0518-3
B0518-4
B0518-5
B0518-6
B0518-7

3,446
3,877
4,156
3,752
4,002
3,573
3,797

(fruits/a)

(kg/a)

B0518（average）
Satsumaotome

3,800
1,734

77
46

References

73
80
83
73
80
76
74

1) M.Ooe et al.:RIKEN Accel.Prog.Rep.42, 286 (2009)
2) Y.Takenoshita et al.:RIKEN Accel.Prog.Rep.42, 287 (2009)

Kagoshima Biotechnology Institute
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Operations of RIBF ring cyclotrons
M. Kase, N. Fukunishi, E. Ikezawa, T. Nakagawa, H. Okuno, N. Sakamoto, M. Fujimaki, H. Hasebe, Y. Higurashi,
T. Kageyama, M. Kidera, M. Kobayashi-Komiyama, H. Kuboki, K. Kumagai, T. Maie, M. Nagase, J. Ohnishi,
Y. Ohshiro,*1 K. Suda, T. Watanabe, K. Yamada, S. Yokouchi, T. Ohki,* 2 N. Tsukiori,*2 T. Aihara,*2 S. Fukuzawa,*2
M. Hamanaka,*2 S. Ishikawa,*2 K. Kobayashi,*2 Y. Kotaka,*2 R. Koyama,*2 M. Nishimura,*2 T. Nakamura,*2
M. Nishida,*2 K. Oyamada,*2 J. Shibata,*2 M. Tamura,*2 A. Uchiyama,*2 K. Yadomi,*2 H. Yamauchi,*2
A. Goto, O. Kamigaito, and Y. Yano
*1
Center for Nuclear Study, the University of Tokyo
*2
SHI Accelerator Service Ltd.
In 2009, the operation of four ring cyclotrons (RRC, fRC,
IRC, and SRC) along with two injectors (AVF and RILAC)
in the RIBF accelerator complex was satisfactory.
Although there are various acceleration modes
(corresponding to the combinations of these ring cyclotrons),
the RRC works as the first booster ring cyclotron in every
acceleration mode. The annual operation time of the RRC
reached 5140 h in 2009, which was by 30% more than that
in 2008. The operation statistics of RIBF accelerators are
summarized in Table 1.
In 2009, the range of ion mass in the beam in the RIBF
accelerators extended toward lighter masses; on the other
hands in 2007 and 2008 the heavy ion beams such as 48Ca
and 238U beams were used. In March, the new acceleration
mode of AVF-RRC-SRC was tesed for the first time. In
order to skip the IRC, the recently completed bypass beam
line was used. A 14N beam with an energy of 250 MeV/u
was successfully accelerated in the new mode, and it was
used for the commissioning of the SHARAQ (the newly
completed spectrometer that is promoted by CNS, the
University of Tokyo).

In April, a polarized deuteron beam with an energy of
250 MeV/u was accelerated in the same acceleration mode.
After each cyclotron was tuned precisely in order to achieve
single turn extractions, the polarized deuteron beam could
be supplied to the experiments for three days. In early
May, a 14N beam with an energy of 250 MeV/u was
accelerated again and used for carrying out the further
performance test on the SHARAQ, a beam optics research,
and for a preliminary testing of the Kappa magnet.
Experiments involving the use ofαbeam with an energy
of 320 MeV/u were scheduled in autumn. Initially, we
intended to produce this beam in the AVF-RRC-SRC mode
as well by changing the acceleration frequency. However,
during the frequency tuning of the SRC amplifiers, we met
with the difficulties in using the new frequency (around 32
MHz) in the SRC, as the result of which a vacuum tube in
the final stage amplifier for one of the SRC resonators
(RES1) was damaged. Therefore the other mode of
RILAC-RRC-IRC-SRC was chosen in order to avoid using
this frequency. From October to early November, 320
MeV α beam was accelerated successfully and used for
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the first SHARAQ experiment after it were converged into a
triton beam in the BigRIPS.
At the end of 2009 between November and December,
the campaign of heavy-ion beam time was arranged. 238U
and 48Ca beams with an energy of 345 MeV/u were
accelerated as well as in 2008.
In order to produce 238U+35 ions, a new superconducting
ECR ion source was used in November 2009, which had
been designed for a new injector (RILAC2) and installed on
the 100kV stage for a test to be performed since summer
2009. The beam from the ECR ion source was accelerated
by a dc voltage of 100 kV and transported to the first cavity
of RILAC via a temporary beam line (MEBT) bypassing
the commonly used RFQ linac. Although the 238U35+ beam
at the ion source was much more intense than before, the
obtained 238U beam at the exit of SRC was 0.7 pnA at
maximum, being around two times.
The matching
between the ring cyclotrons was probably poor.
In December, the 48Ca beam with 345 MeV/n was
accelerated by using the ordinary 18GHz ECR and the RFQ
linac. Just before the beam tuning, a serious vacuum leak
was detected in the main tuner of the SRC resonator (RES2),
and the operation was performed with acceleration without
RES2 and with other three cavities in the SRC. In the final
stage of the beam tuning, there was significant instability in
the extracted beam of the SRC, which was later attributed to
a poor connection of high voltage line of the SRC deflector

(EDC). The 48Ca beam sent to the BigRIPS was limited to
around several tens of pnA.
About half the RRC operation time was devoted to
ordinary experiments in the Nishina Building, as listed in
Table 2. A total of 1070 h were spent on eight kinds of
RIPS experiments, including those on the development of
ion-trapping technology. The experiments related to the
biological research were so extensive that a total of 113 h
were devoted to them; in these experiments the four kinds
of beams, namely, 12C, 14N, 40Ar and 56Fe ions were used,
25 iterations were carried out on a regular basis in the E5
target room. In the E3 target room, the RI productions for
multi-tracer was carried out using an intense 14N-135MeV/n
beam, and the simulation of single event in electronic
devices against irradiation of cosmic ray was performed,
using the low energy Kr beam.
In June and July 2009, during the summer shutdown
period, cooling water leaked into the vacuum chamber of
the SRC, because a water pipe of the beam buffer burst;
the buffer was located at the entrance of the
superconducting magnet (SBM) in the central region of the
SRC. Since the leakage was not noticed for two months, a
large amount of water estimated at more than 20 tons
flowed into the SRC beam chamber. It took around two
months to repair the SRC; recovery was performed by
replacing the damaged vacuum components and cleaning
the interior of the vacuum chamber.
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RILAC operation
Eiji Ikezawa, Ohki Tomonori,* Kase Masayuki, Takahide Nakagawa, Naruhiko Sakamoto,
Hiroki Okuno, Nobuhisa Fukunishi, Masaki Fujimaki, Makoto Nagase, Tadashi Kageyama, Shigeru Yokouchi,
Misaki Kobayashi-Komiyama, Masanori Kidera, Yoshihide Higurashi, Tamaki Watanabe, Kazunari Yamada,
Takeshi Maie, Hiroo Hasebe, Hironori Kuboki, Kenji Suda, Yutaka Watanabe, Toshimitsu Aihara,*
Hiromoto Yamauchi,* Akito Uchiyama,* Kazuyuki Oyamada,* Masashi Tamura,*
Akira Goto, Osamu Kamigaito, and Yasushige Yano
＊

SHI Accelerator Service Ltd.

The RIKEN heavy-ion linac (RILAC) has been in steady
operation throughout the reporting period and has supplied
various ion beams in various experiments, in beam
acceleration tests, and in beam commissioning. Some
statistics on the RILAC operation from January 1 to
December 31, 2009 are summarized in Table 1. The total
beam service time of the RILAC accounted for 87.0% of
the operation time of the RILAC. The percentages of the
stand-alone RILAC and the injection into the RIKEN Ring
Cyclotron (RRC) were 44.2% and 55.8% of the total beam
service time of the RILAC, respectively.
For the beam commissioning and experiments of the RI
238
U,
Beam
Factory
(RIBF),
0.67-MeV/nucleon
136
48
Xe, 2.68-MeV/nucleon Ca, and
0.67-MeV/nucleon
2.66-MeV/nucleon 4He ion beams accelerated by the
RILAC were injected into the RRC seven times between
February and December 2009.
For installation, as described below, the regular RILAC
Table 1. Statistics on RILAC operation from January 1 to
December 31, 2009.

Operation time of RILAC
Mechanical trouble

4152.0 h
63.0 h

Stand-alone RILAC
Injection into RRC
Total beam service time of RILAC

1596.5 h
2017.5 h
3614.0 h

operation was put on hold between March 12 and March 27,
2009, and between April 13 and June 5, 2009.
The beam time schedule was affected by problems in the
water-cooling circuit of an electrical motor and of a valve,
as described below. Other machine troubles did not affect
the beam time schedule significantly.
Table 2 summarizes the beam service time of the
stand-alone RILAC allotted to each beam course in the
RILAC target rooms in 2009. The e3 beam course in target
room No. 1 was used in the research experiments on the
heaviest elements and in the study of the physical and
chemical properties of these elements using a gas-filled
recoil isotope separator (GARIS). The e2 beam course in
target room No. 1 and the e6 beam course in target room No.
2 were used in the study of radiation chemistry and in the
study of accelerator mass spectrometry, respectively.
This year, research experiments on the heaviest elements
were carried out for 57 days in January and February, 4
days in June, and 4 days in July.
Table 3. Operation statistics on two ion sources
(18G-ECRIS and 28G-SCECRIS) in 2009; the
statistics include preliminary work time. The durations
for which the 28G-SCECRIS was in operation are
indicated in parentheses.

Ion

Mass

He

4

1

440.0

( 0.0 )

O

16

2

61.5

( 0.0 )

O

18

5

109.5

( 0.0 )

Ne

22

6

129.5

( 0.0 )

Na

23

7

1454.0

( 0.0 )

Ar

40

11

244.0

( 0.0 )

%

Ca

48

10

340.0

( 0.0 )

Fe

58

13

365.0

( 0.0 )

Xe

136

20, 27, (20)

388.0 ( 56.0 )

U

238

35, (35)

404.5 ( 711.0 )
3936.0 ( 767.0 )

Table 2. Beam service time of the stand-alone RILAC
allotted to each beam course in target rooms No. 1
and No. 2 of RILAC in 2009.
Beam course

Total time (h)

e2

59.5

3.7

e3

1520.0

95.2

e6

17.0

1.1

1596.5

100.0

Total
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Charge state

Total

Total time (h)

Statistics on the operation times for the year 2009 of an
18-GHz ECR ion source (18G-ECRIS) and a new 28-GHz
superconducting ECR ion source (28G-SCECRIS) that use
an existing 18-GHz microwave power source are listed in
Table 3. The ion beams of 10 elements were used in various
experiments, in beam acceleration tests, and in beam
commissioning.
In order to increase in the intensity of the 238U ion beam
for the RIBF, we carried out the following installation tasks
and beam tests during this reporting period:
1) The 28G-SCECRIS on the high-voltage terminal of
the Cockcroft-Walton pre-injector (HV-Terminal)
was incorporated in all devices. In May 2009, the
plasma of the 28G-SCECRIS was successfully
generated using an existing 18-GHz microwave
power source.
2) The low-energy beam transport (LEBT) line on the
HV-Terminal and the medium-energy beam transport
(MEBT) line were installed. These beam transport
lines are connected to a new acceleration tube. The
ion beam extracted from the 28G-SCECRIS can be
directly injected to the RILAC through the LEBT
and MEBT lines. The installation of these lines was
successfully completed in July 2009.
3) The beam acceleration test at RILAC was started in
July 2009. At first, we used the 136Xe20+ beam, which
was extracted from the 28G-SCECRIS.
4) Tests on the production of Au ions and U ions at the
28G-SCECRIS were carried out from October to
November 2009.
5) As a result, we started supplying the 238U35+ beam for
experiments at the RIBF from November 2009.
We carried out the following improvements and overhauls
during this reporting period:
1) In the rf system for rf power amplifiers No. 1, No. 3,
and No. 4, rf pickup probes of the cavities and auto
gain controllers, were improved.
2) In the rf systems, power supplies at the final stages
and the intermediate stages were subjected to annual
inspection. In addition, major components of
mechanical parts were subjected to a simple
inspection.
3) The installation of new power supplies for dipole
magnets (DMe1, DMe3, DMe4, and DMe5) was
completed in March 2009. The power supplies for
DMe3, DMe4, and DMe5 were replaced with new
ones. We are temporarily using the power supply for
DMe1 to excite an analyzing dipole magnet on the
HV-Terminal.
4) A turbomolecular pump of the RILAC cavity No. 2
was replaced with cryogenic pumps. The other
vacuum pumps were subjected to annual inspection.
5) All the water pumps of each water-cooling system
were subjected to a simple inspection. Two heat
exchangers for the ordinary water-cooling circuit
and the deionized water-cooling circuit for RILAC
were overhauled. All cooling towers were subjected
to a monthly inspection and annual cleaning.

A decelerator of the Charge-State Multiplier system
(CSM-D1) was removed from the beam transport
line in target room No. 2 in May 2009 and was
converted to the drift tube linac No. 3 (DTL3) cavity
of a new injector linac (RILAC2). The empty section
was connected by an aluminum tube for vacuum
plumbing.
7) In the e2 beam course, magnets of a new gas-filled
recoil isotope separator were installed in May 2009.
Therefore, the existing experimental devices
belonging to two users were removed. The
experimental devices belonging to one of the users
were reinstalled in the e6 beam course in June 2009.
The devices belonging to the other user will be
reinstalled in a different beam course.
We experienced the following mechanical problems
during this reporting period:
1) Water splashed on a magnet power supply for the
millercoil for the 18G-ECRIS because of leakage
from a drain valve of the magnets on an upper floor;
we repaired the valve.
2) Water splashed on a high-voltage DC power supply
for the 28G-SCECRIS because of leakage from a
water joint for the sputtering electrode; we repaired
the joint.
3) A re-buncher was damaged in an accident during
the installation of the MEBT line. Fortunately, the
damage was rectified.
4) Water splashed on an rf power amplifier system of
the FC-RFQ because of leakage from a water joint
of the cryogenic pump on an upper floor; we
repaired the joint.
5) There were problems in the rf power amplifier
systems, DC power supplies, low-level controllers,
wide-band amplifiers, and a programmable logic
controller; we replaced each component with spare
components.
6) The bellows and pipe of a vacuum chamber in target
room No. 1 were damaged in an accident during the
reinstallation of the dipole magnet (DMe2); we
repaired these components.
7) An electrical motor of the ordinary water pump for
the RILAC cavities and magnets broke down
because of the insulation failure in a coil phase. It
was replaced immediately with an inactive electrical
motor of the other water circuit, in accordance with
specifications.
8) A thermostatically controlled valve of the deionized
water circuit for the CSM suffered from a problem
caused by the deterioration failure of the gasket
material; we repaired the valve.
9) An air-cooling fan of the cooling tower circuit for
RILAC suffered from a problem caused by the
breakage of the bearing assembly; we repaired the
fan.
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AVF cyclotron operation
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Table 1 shows the operation statistics of the RIKEN

were not delivered due to certain problems with the RF

K70-MeV AVF cyclotron (hereafter denoted as AVF) for

transmitter of the Hyper-ECR ion source. In December

2009 together with those for the preceding years.

The

2009, a cooling water leakage occurred at AVF RF amplifier

total operation time of 3870 h in 2009 is greater than that in

#1, and the CRIB experiment by the Korean group could

2008 by 8% and is equal to that in 2006, when regular RIBF

not be performed well.

operation had not started.

As an annual university curriculum, four sets of one-day

In 2009, RIBF experiments involving the use of

experiments were conducted by students belonging to the

relatively light ion beams were performed for the first time.

University of Tokyo in autumn 2009. Elastic scattering

For these experiments, the AVF was operated as an injector

experiments involving the use of 6MeV/u α-beam were

and the acceleration mode of AVF-RRC-SRC was operated

performed in the vacuum chamber on the way of the CRIB

for 550 h. In spring 2009, a nitrogen beam and a polarized

course in E7.

deuteron beam were accelerated and injected into the

The E7b beam line was used frequently in 2009 for

RRC-SRC-BigRIPS; the final energy of the beam was

general purposes. Experiments on the electrochemistry of

250MeV/u.

seaborgium and on α fine structure spectroscopy were

In April, the polarized deuteron beam was

produced in the PIS after a long time and accelerated by the

conducted frequently.

AVF. A single-turn extraction for the deuteron beam could

single-bunch Ar beam with an energy of 4 MeV/u was used

be done well, which is significant for the experiment.

to the Mossbauer experiment. The parallel-plate chopper

In September, a well-defined

The AVF injection mode for the RIPS experiments which

was used in an ion-source beam line with a voltage of 1 kV

requires high-intensity beams of solid ions were changed to

and a repetition rate of 1 MHz; the resultant beam intensity

the RILAC injection mode in order to examine the ion

is approximately 10 pnA. Mixing of adjacent bunch to the

source performance.

single bunch was reduced to less than 0.1%.

Eventually, the operation time of

AVF-RRC decreased by 33% compared to that in the
previous year.

It is third year since the RI productions for charged
distribution began in 2007. The C03 target station has

In standalone operations of the AVF, a total of 817 h was

been used frequently for this purpose. Radio-nuclides of

dedicated in 2009 to the CRIB experiments, which has been

65

Zn and 109Cd were produced using a 14-MeV proton beam

managed by CNS, the University of Tokyo. This value is

and delivered to facilities outside RIKEN by the Japan

smaller than that in 2008 by 30%. This decrease is partly

Radioisotope Association.

due to the fact that the CRIB experiments have been

In summer 2009, a new hot laboratory was completed in

efficiently performed in the previous years and the number

the ion-source room just above the C03 target station. Its

of experiments on the backlog list is small.

location permits a quick transportation of RI product the

However,

some of the CRIB experiments involving the use of Li ion

target.

beam were cancelled in 2009. Intense and stable beams

expected in the new hot laboratory. In order to make a
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The efficient treatments of the RI product are

space for the new laboratory, the old 10-GHz ECR ion

Tsukuba University, began to produce ions in spring 2009; it

source, which is relatively large, was replaced by the

mainly produces the gaseous ions. The alternate use of the

super-conducting ECR ion source in 2008.

two ion sources, the Hyper ECR ion source and the super

The new

SCECRIS, which is jointly operated by RIKEN, CNS and

conducting ECR source, became possible.
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Beam time statistics for user experiments
T. Suda, M. Kase, and T. Fujinawa

The operation of the RIBF for FY2009 was planed
according to the approved budget for the fiscal year, plans
for machine commissioning and construction, and
beam-time requests from experimenters who have the PAC
approved experimental proposals.
In this report, beam-time related statistics are presented.
Figure 1 shows the number of experiments and
developments performed and their duration in 2009. The
experiments are categorized on the basis of
accelerator-operation
modes,
namely,
experiments
involving the stand-alone operation of the AVF cyclotron,
the stand-alone operation of RILAC, the use of the RRC,
and the use of new accelerator complex named RIBF.
Figure 2 shows the total electric consumption profile for
facility operation of Nishina Center for FY2009 categorized
into those from TEPCO (Tokyo Electric Power Company)
and those generated using our CGS (Co-generation system).
Fig. 1 Statistics of the number of experiments and
developments performed and their duration in the year 2009.

Fig. 2 The total electric consumption profile for facility operation of Nishina Center.
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PA C Meetings for Nucle ar Physics, and Material and Life Scienc e
T. Suda, K. Ishida, and Y. Kobayashi
Two Program Advisory Committees (PACs) are
responsible for reviewing submitted proposals in the fields
of nuclear physics (NP) and material and life science (ML).
Each PAC holds meetings twice a year and reviews the
proposals.
The NP-PAC is co-organized by RIKEN Nishina Center
and CNS, Univ. of Tokyo.
The ML-PAC reviews
experimental programs at RAL and RIBF.
NP-PAC
The NP-PAC meetings were held on June 18-19 and on
Dec. 2-4 this year1). The statics of the meetings are shown
in Table 1.
ML-PAC
This year, the ML-PAC meeting was held only once on
September 3-42). Due to the long shutdown period of RAL
in the latter half of FY2009, the 6th PAC meeting has been
postponed to FY2010. The statics of the meeting are shown
in Table 2.

PAC members
NP-PAC : W. F. Henning (ANL, the chair), M. Huyse
(K.U.Leuven), M. Lewitowicz (GANIL), K. Langanke (GSI),
R. Tribble ( Texas A&M ), T. Glasmacher ( MSU ), W. Liu
(CIAE), A. A. Ogloblin (Kurchatov), B. Fulton (Univ. of
York), A. Ono (Tohoku Univ.), K. Yabana (Univ. of
Tsukuba), I. Hamamoto (Lund Univ.), T. Kishimoto (RCNP),
T. Noro (Kyushu Univ.), T. Nakamura (Tokyo Inst. Of
Technology), T. Shimoda (Osaka Univ.), H. Sakai (Univ. of
Tokyo)
ML-PAC : J. M. Poutissou (TRIUMF, the chair), A.
Amato (PSI), B. A. Beer (Univ. of Victoria), F. Hanaoka
(Gakushuuin Univ.), R. Kato (RIKEN), K. Komaki (National
Center for Univ. Entrance Exam.), K. Kubo (ICU), D. E.
MacLaughlin (UC, Riverside), S. Maekawa (Tohoku Univ.),
K. Nagamine (UC, Riverside), N. Nishida (Tokyo Inst. Of
Technology), K. Nishiyama (KEK), F. L. Pratt (RAL), I.
Yamaguchi (Food Angri. Mat. Inspection), J. Zmeskal
(Stefan Meyer Inst.)

Table 1. Statistics of the NP-PAC meetings held this year.

Table 2. Statistics of the ML-PAC meeting held this year.

References
1) http://www.nishina.riken.jp/UsersGuide/NP-PAC
2) http://www.nishina.riken.jp/UsersGuide/ML-PAC/
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Radiation Safety Management at RIBF
Y. Uwamino, H. Sakamoto, R. Hirunuma Higurashi, H. Mukai*1, A. Akashio, H. Fukuda, S. Fujita, T. Yamaki, K. Igarashi, K.
Nakano and S. Iizuka

Table 1. Dose rates measured along beam lines in 2009.
Points 1−32 indicate the measurement locations shown in
Fig. 2.
Point

2008

Year

2006

1

2004

10

above a bending magnet that guides the beam from the RRC
vault to the distribution corridor. The neutron dose was
5.3±3.3 Sv/y, and the gamma dose was below the
detection limit of 4 Sv/y. The annual neutron dose in the
computer room since 1999 is shown in Fig. 3.
The water from the closed cooling systems at BigRIPS
was sampled after the operation by using a 320-MeV/u 4He
beam, which had an intensity of approximately 1 pA, in
November 2009, and radionuclide concentrations were
measured by using a liquid-scintillation counter and a Ge
detector. The results are shown in Table 2. The radionuclide
concentration was highest in the cooling water at the
side-wall beam dump, but the sum of ratios of the
concentrations to the legal limits for the drain water over all
the radionuclides was still considerably lower than unity.
The range of the 4He beam was long, and the cooling water
was directly irradiated by the primary beam. This 4He beam
increased the 3H concentration in the cooling water at the
side-wall beam dump from 0.36 Bq/cm3 to 1.0 Bq/cm3.

AVF
RRC
SRC
2002

2

2000

10

1998

3

1996

10

1994

4

1992

10

1990

5

1988

10

1986

Dose rate (Sv/h)

Residual radioactivity in cyclotron deflectors was
measured, and variations in the dose rates since 1986 are
shown in Fig. 1. Since 2006, intense beam has been used at
AVF cyclotron for radioisotope production; this has been
accompanied by a high of the residual radiation. RRC was
operated with a 0.4-pA 135-MeV/u 14N beam until two
days before the measurement in 2009, and the dose rate was
found to be extremely high, 100 mSv/h. The dose rate of the
residual radiation in the deflector of SRC was first
measured 28 days after the operation with a 50-pnA
250-MeV/u 14N beam.
The residual radioactivity was measured along beam
lines after almost every experiment. Spots 1–32, marked
with solid circles in Fig. 2, are the points where high dose
rates were observed. Table 1 shows these dose rates along
with the measurement dates, beam conditions, and decay
periods after the end of the operation. The maximum dose
rate was found to be 2.0 mSv/h at point 25, which is the
surface of the G01 Faraday cup placed after SRC.
We continuously monitor the radiation in and around the
RIBF facility by using neutron and gamma-ray area
monitors. Measurement of dose rates outside the radiationcontrolled area is difficult due to the presence of natural
radiation. No accelerator was operated between August 11
and September 4 in 2009, and the dose rates during this
period were assumed to be the natural background dose rate.
The net accumulated dose, i.e., the dose obtained after
subtracting the background dose, at the site boundary was
lower than the detection limit, which was assumed to be 9
Sv/y for gamma-rays and 2 Sv/y for neutrons. In any
case, the annual dose at the site boundary was considerably
lower than the legally permissible limit (1 mSv/y).
Three monitors are placed at the boundary of the
radiation-controlled area. One is in the computer room of
the Nishina building and two are on the roofs of the IRC
and BigRIPS vaults. The highest value was observed in the
computer room, which is on the ground floor immediately

Fig. 1. Dose rate at the deflectors of RRC, AVF, and SRC
since 1986. .
＊1

Japan Environment Research Corp.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Dose
rate
(μSv/h)

400
1000
400
1000
35
38
20
35
35
23
160
1700
1600
1000
130
55
85
33
400
45
10
58
14
100
2000
16
50
35
12
180
110
900

Date Particle Energy Intensity Decay
period
(M/D)
(MeV/u) (pnA)
(h)

8/17
8/17
8/17
8/17
8/17
5/22
5/22
8/17
8/17
5/22
8/17
8/17
8/17
8/17
5/22
8/17
6/25
6/25
6/25
6/25
5/22
5/22
5/22
3/31
3/31
5/22
5/22
5/22
5/22
5/22
5/22
2/26

40

Ar
Ar
40
Ar
13
C
13
C
84
Kr
84
Kr
13
C
13
C
84
Kr
13
C
13
C
13
C
13
C
84
Kr
13
C
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
14
N
48
Ca
40

3.97
3.97
3.97
100
100
70
70
100
100
70
100
100
100
100
70
100
135
135
135
135
109
109
250
250
250
250
250
250
250
250
250
345

12
12
12
550
550
20
20
550
550
20
550
550
550
550
20
550
429
429
429
429
100
100
1
50
50
1
1
1
1
1
1
160

130
130
130
176
176
97
97
176
176
98
176
176
176
176
98
176
314
314
314
314
169
169
243
20
20
243
243
243
246
246
246
1620

Fig. 2. Layout of beam lines at RIBF. Locations where a high dose rate was observed are indicated by solid circles, 1−32.
10

Annual dose (Sv/y)

8

6

4

2

0

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Year

Fig. 3. Annual dose of the leakage radiation in the computer
room of Nishina building since 1999.
Table 2. Radionuclide concentration in the cooling water of
BigRIPS on November 16, 2009, the legally permissible
limits for radionuclides concentration in the drain water,
and the ratio of the concentration to the limit.
cooling water
nuclide concentration 3 limit ratio to
limit
(Bq/cm )
3
F0 target
H
4.1e-21)
60
6.8e-4
3
Exit beam dump
H
1.0e-1
60
1.7e-3
3
1.04
60
1.7e-2
H
Side-wall beam
7
Be
2.0e-1
30
6.7e-3
dump
sum 2.4e-2
1) read as 4.1×10-2
The radiation safety interlock system of Nishina building
was replaced in February 2009. A conceptual block diagram
of the new system is shown in Fig. 4. The main
programmable logic controller (PLC) reads the status of the
shield doors, safety keys, emergency stop buttons, and
radiation monitors. On the basis of the status and the control
commands given by the accelerator operators or the
radiation safety staffs, the main PLC controls the beam
stoppers, radiation shutters, electric power to the shield
doors, exhaust dampers, warning sirens, and beam status
indicators. The control commands are entered on the control
PCs, and the commands are transferred to the PLC by the
database server.
The access-control system is a part of the safety system.
It consists of access controllers at the boundaries of the

radiation-controlled area and at the entrances of the
accelerator rooms and experimental rooms, and personal
contamination monitors.
The access controller reads the barcode on the personal
dosimeters, and records the entry of people into the
radiation-controlled area and rooms. When the system
recognizes the existence of persons in a room, it inhibits
beam transport to the room. The system does not permit a
person to leave the area, until the personal contamination
monitor confirms the absence of contamination.
To avoid interruption of the accelerator operation by
problems in the database server or the LAN, a switch box is
available. It is connected to the main PLC, and an
accelerator operator can directly control the main PLC
through the key box to continue the experiment. The safety
interlock system has shown good reliability since February
2009.

Fig. 4. Conceptual block diagram of the new radiationsafety interlock system of Nishina building.
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Fee-based distribution of radioisotopes produced at AVF cyclotron
T. Kambara, H. Haba, Y. Ezaki, K. Takahashi, and H. Miyamoto
Since October 2007, RIKEN Nishina Center has
been involved with fee-based distribution of radioisotopes (RIs) 65 Zn (T1/2 = 244 days) and 109 Cd (T1/2 =
463 days) among the general public in collaboration
with the Japan Radioisotope Association1) (JRIA),
which is an organization of RI users and research workers and regulates the process from supply to disposal
of RIs in Japan. According to a Material Transfer
Agreement (MTA) between JRIA and RIKEN,2) JRIA
receives orders from users, sends them to RIKEN, and
distributes the produced RIs from RIKEN to the users.
In 2009, we accepted four orders for 109 Cd and distributed total radioactivity of 30 MBq; and we also
accepted twelve orders for 65 Zn and distributed total
radioactivity of 51.1 MBq. Compared with 2008 when
we distributed 33 MBq of 109 Cd and 34.7 MBq of 65 Zn,
the distribution of 109 Cd showed a decrease of about
9% and that of 65 Zn showed an increase of about 47%.
These RIs were supplied to universities and research
institutes in Japan.
The 65 Zn and 109 Cd are produced by the
65
Cu(p,n)65 Zn and 109 Ag(p,n)109 Cd reaction respectively with a 14-MeV proton beam from the AVF cyclotron at the C03 beam line dedicated to RI production. After irradiation, the RIs are separated by an
ion-exchange method to obtain 65 Zn and by precipitation and ion-exchange methods to obtain 109 Cd.
Recently, we have established techniques for the production and separation of a nuclide 88 Y (T1/2 = 107
days), and it is now ready to join the list of RIs available for fee-based distribution. 88 Y was produced by
the 88 Sr(p,n)88 Y reaction. The target was a pellet of
strontium oxide (SrO) with a diameter of 10 mm and a
thickness of 200 mg/cm2 , and SrO was prepared from
SrCO3 with a chemical purity of 99.99% and a natural
isotopic composition of 82.6% 88 Sr. A proton beam
from the AVF cyclotron having a maximum intensity
of 4.9 µA irradiated the target for 0.55 hours during
which the target placed on a target holder was cooled
by He gas and water. After the irradiation, 1.61 MBq
of 88 Y was separated using Eichrom Ln resin. The
chemical yield was 99.4%. We estimated the specific
activity of 88 Y to be 1.09 MBq/ng using ICP-MS.
In December 2009, the MTA was amended to add
the 88 Y to the list of nuclides available for distribution. Those who order the 88 Y can select its chemical
form among solutions in hydrochloric acid, acetic acid,
and nitric acid with a concentration of 0.1 mol/L or 1
mol/L. The maximum radioactivity of one package is
1 MBq. Details can be found on the on-line ordering
system J-RAM3) of JRIA.
Orders for RIs can be sent from any place in

Japan to JRIA by Fax (03-5395-8055) or E-mail (gyomu1@jrias.or.jp). Normally, the RIs are delivered
within 16 days from the acceptance of the order.
References
1) http://www.jrias.or.jp/index.cfm/1,html (Japanese),
http://www.jrias.or.jp/index.cfm/11,html (English).
2) T. Kambara, H. Haba, Y. Ezaki, K. Takahashi, and H.
Miyamoto: RIKEN Accel. Prog. Rep. 42, 295 (2009).
3) https://www.j-ram.net/jram/DispatchTopPage.do (Japanese).
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Operation of SRC cryogenic system
H. Okuno, T. Dantsuka, M. Kase, Y. Mori,∗1 , I. Tajima,∗1 , M. Ohshima,∗1 , K. Iwasaki,∗1 , T. Suzuki,∗1 , K.
Yamamoto,∗1 and S. Watanabe∗1
[Superconducting ring cyclotron, cryogenic, helium refrigerator]
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The SRC cryogenic system, which consists of three
compressors, a He refrigerator, and four He buffer
tanks, was operated for around 9 months in 2009, with
a 3-month maintenance shutdown in summer (June–
August). The most serious problem encountered during the operation was water leakage, in addition to
other minor issues. These problems indicated that safe
long-term operation of the cryogenics system was difficult.
The long-term operation lasted from October 2008
to June 4, 2009, as shown in Fig. 1. The total operation period was around 230 days, during which period
oil contamination in the He refrigerator, which was a
major problem in 2008, was solved.
The first step in the shutdown of the cryogenic system was the recovery of 5000 L of liquid He from the
superconducting magnets to the buffer tanks. In the
recovery process, the TMP (Turbo Molecular Pump)s
for thermal insulation vacuum had to be switched on to
evacuate the outgas from the cold mass whose temperature arise. Unfortunately, the above mentioned process however was delayed by 1-2 days owing to human
error. Figure 2 shows the trend in the thermal insulation vacuum and cold-mass temperature. This deterioration caused cooling of the beam duct surrounded
by the vacuum. The cooled beam duct caused the water in the copper pipe attached to the beam duct to
freeze and this led to rupture of the copper pipe, as
shown in Fig. 3. Asa a consequence, water entered the
vacuum for until we could detect the leak. However,
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Fig. 2. Trend in the vacuum for thermal insulation and
temperature for SBM cold mass after recovery was
started.

by this time, almost 30 tons of water had entered the
SRC. It was very difficult to remove the water and dry
the vacuum chamber and rf cavity. Nevertheless, we
successfully overcame this problem by autumn. Improvements had to be made the operation manual and
alarm system in order to prevent the above mentioned
problem from recurring.
Operation of the compressors was started on August 29, 2009, after regular maintenance. The cryogenic system was maintained in the normal operation
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Fig. 1. Flow-rate trend in the He refrigerator during the
2008–2009 operation and that during the 2006–2007 operation, which lasted for approximately 60 days.
∗1

Nippon Kucho Service Co., Ltd

Fig. 3. Broken copper pipe attached to the beam duct in
the SBM.
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Fig. 4. Trend observed in the temperature of the supply
and return gas to/from the magnet in September 2009.
Trend observed in 2005 is also shown.

mode from October 12, 2009 to January 6, 2010; the
following minor problems were encountered during this
period. A purification process had to be carried out for
stable long-term operation before the superconducting
magnets were cooled. The compressors stopped working suddenly during the purification process because of
the failure of the 24-V power supply that was necessary
for the DI/DO VME board. Although the compressor
could be restarted after replacing the old power supply
with a new one, we learnt from this experience that a
dual power supply should be used for such important
devices.
After purification, we started the cooldown operation. Figure 4 shows the trend in the temperature of
the supply and return gas used for the He refrigerator;
previously recorded data are also shown for comparison. The temperature of the supply gas never decreased below 12 K at the final stage of the cooldown
process. We found that the main supply valve of
CV5190 did not open even when the control display
showed its status as ”OPEN”; this was because the
valve for supplying compressed air to the pneumatic
control of CV5190 was closed. We realized that the
operator had forgotten to open the valve after the regular maintenance.
After cooldown, the vessels for the superconducting
magnets were filled with 5000 L of liquid He on October 19, 2009. We maintained the operation steady
until January 6, 2010. During the steady operation,
we encountered a new problem. At 9:59 AM on October 11, 2009, the slide valve in compressor A started to
close by few 5 %. The trend observed for the pressure
control valve suggested that operation was not stable
and that there was a very high risk of the operation
being interrupted, as shown in Fig. 5. We discussed
this unusual phenomenon with our colleagues. We decided that control of the slide valve is very important
for protection against external factors. However, we

2
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Fig. 5. Trend in CV values observed for the slide valve in
compressor A and valves used to control the suction and
output pressure of the compressor.

could not identify the reason for automatic closing of
the control. We speculated that this was due to the
failure of the PLC programs and stopped the automated control of the slide valve.
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Present status of the BigRIPS cryogenic plant
K. Kusaka, M. Ohtake, T. Kubo, K. Yoshida, A. Yoshida, T. Ohnishi, Y. Yanagisawa, N. Fukuda, Y. Yano,
M. Nobutoki,＊1 H. Ito,＊2 T. Sasaki,＊2 N. Kakutani,＊2 T. Tsuchihasi,＊2 and K. Sato＊2
The
five
superconducting
triplet
quadrupoles
(STQ1–STQ5) in the first stage of the BigRIPS separator
are cooled by a large liquid-helium cryogenic plant, whose
main components are a Linde-TCF50S refrigerator (cold
box) and a Mayekawa 315-kW compressor unit.1) The
whole cryogenic system, including the STQs, was
fabricated by Toshiba Corporation and Taiyo Nippon Sanso
Corporation and installed in the RIBF building in early
2004.
Regular operation of the BigRIPS cryogenic plant started
in October 2006 after test operation was preformed from
March 2004 to June 2006.2,3) The cryogenic plant typically
operates according to the following thermal cycle:
purification of helium gas, precooling of the magnets,
liquefaction, steady-state operation in the refrigerator mode,
and warm-up. Until July 2007, we repeated four thermal
cycles in which the periods of the steady-state operation in
the refrigerator mode were 53, 59, 39, and 34 days. The
cooling capacity decreased gradually in each operation
cycle, and we had to warm the cold box to recover the
cooling capacity.
In February 2008, when the cryogenic valve at the
entrance of the 80-K adsorber (ADS) was removed for
maintenance, a small amount of oil was found on the valve
sheet. The oil contamination in the cold box was
investigated, and it was found that the heat exchangers and
internal high-pressure lines in the cold box were
contaminated. We concluded that the oil contamination in
the heat exchangers caused the decrease in the cooling
capacity. The oil-removal module of the compressor unit
was then improved, and the heat exchangers of the cold box
and the contaminated high-pressure lines were cleaned from
April to August 2008.4)
Our main compressor is a two-stage oil-flooded
screw-type with a flow rate of 73.5 g/s and a discharge
pressure of 1.60 MPaG.
The improved five-stage
oil-removal module comprises an oil vessel with a demister
as a bulk oil separator (1SP), three coalescer vessels (2SP,
3SP, and 3.5SP), and two adsorbent vessels (4SP and 5SP)
that contain activated charcoal and molecular sieves. The
design of the improved compressor unit is schematically
shown in Fig. 1. The newly introduced third coalescer
vessel (3.5SP) is identical to the two original coalescer
vessels (2SP and 3SP), and the design of the final charcoal
vessel (5SP) is based on the oil-removal unit in the
RIKEN-RAL Muon facility. The compressor lubricant
injected in the screws is separated from the discharged
helium gas by using the five-stage oil-removal module, and
the oil contamination is expected to be 0.008–0.02 ppm.
＊1
＊2

Taiyo Nippon Sanso Corporation
Toshiba Corporation

Fig. 1. Schematic diagram of the improved compressor unit.
Continuous operation of the BigRIPS cryogenic plant
started on September 11, 2008. After one week of
carrying out the purification operation, STQ1–STQ5 were
cooled from room temperature to 4 K in 18 days, and
cryostats were filled with liquid helium in 3 days.
Steady-state operation in the refrigerator mode started on
October 7, 2008, and ended on July 1, 2009. The plant
was operated in the steady state in the refrigerator mode for
237 days, and the total operation time of the compressor
after the improvement was approximately 6500 h.

Fig. 2. T2 turbine flow rate and heater power in the period
of steady-state operation.
Figure 2 shows the flow rate of the T2 turbine and the
heater power during the steady-state operation in the
refrigerator mode. From October 7 to early December,
we manually increased the inlet pressure of turbines to
optimize the cooling capacity so as to increase the T2 flow
rate. After December 6, we set the inlet pressure of
turbines at a constant value (1.23 MPaG) so as to maintain a
constant T2 flow rate. In the operations before July 2007,
the T2 flow rate decreased gradually even though the inlet
pressure was increased due to the oil contaminations.
The power of the magnet heater, shown in Fig. 2, is the
sum of the heater power of the cryostats containing
STQ1– STQ5. The heater power of each cryostat is
automatically controlled such that the liquid helium level in
the cryostat remains constant. The power of the heater
installed in the phase separator (PS) in the cold box is also
shown in Fig. 2. The sum of the two curves of heater
power indicates that the excess cooling capacity of the
cryogenic system is approximately 300 W at 4 K; this
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observation is consistent with the results of the test
operation in 2005. 2,3)

Fig. 3. Pressures at the exits of the compressor unit and the
last adsorbent vessel (5SP) and the supply pressure to the
80-K shield. The pressure drop across the heat exchanger
EX1 is also shown.
Figure 3 shows the variation in pressure in the highpressure part of the system. The discharge pressure of the
compressor unit is measured by a pressure transducer, and
the load and unload valves are operated such that the
discharge pressure is constant. When we cleaned the cold
box in 2008, we introduced differential pressure
transmitters in the cold box; these transmitters measure the
pressure drop across the high-pressure line of the first heat
exchanger (EX1). After we fixed the inlet pressure of
turbines on December 6, the measured differential pressure
was constant (~10 kPa), as shown in Fig. 3. We conclude
that the heat exchanger was not contaminated.
Figure 3 shows that the pressure at the exit of the 5SP,
which is measured by a Bourdon gauge, and the supply
pressure of the 80-K shield line as functions of the pressure
drop. Unlike the discharge pressure of the compressor unit,
the 5SP pressure and shield pressure decrease between
October 2008 and February 2009 and subsequently increase.
However, the difference between the 5SP pressure and
shield pressure is almost constant; hence, we consider that
the decrease in the 5SP pressure and shield pressure is not
caused by the contamination of the high-pressure line.
The temperature-drift of the pressure transducer may be the
cause of the decrease in pressure.
In addition to the cold-box data, we adopted different
methods to study the oil contamination of the discharge
helium gas. The typical value of oil contamination
measured downstream of the coalescer vessels is 0.75–50
weight ppm. An “oil check kit” is used to measure this
level of oil contamination. A fixed volume of gas is
sprayed through a controlled orifice onto a treated slide, and
the size of the oil spot on the slide is compared with that of
spots on a standard slide. We repeatedly measure the oil
contamination at the exit of the coalescer vessels by using
the oil check kit. Figure 4 shows the measurement at the
exit of the 3SP, as an example of the results obtained using
the kit. An estimate of the oil drain from the 3.5SP is also
shown in Fig. 4. In our compressor unit, after sensing the
oil level in the vessel, the drain oil in the coalescer vessels
is exhausted to the compressor via a drain line with solenoid
valves. By counting the number of times the solenoid

valve is operated or by manually measuring the amount of
the drain oil, we can estimate the level of oil contamination.
Both plots in Fig. 4 show gradual increase in the oil
contamination.
To measure oil contamination in the range 0.008–0.15
weight ppm, which is expected to be contamination level at
the exit of the adsorbent vessels, we used two different
methods. One method involves the use of an apparatus
called the pyrolyzer with multicomponent detector based on
optical emission spectrometry. We used Linde’s apparatus
and measured the oil contamination at the exit of 5SP for
two weeks in December 2008 and for three weeks in March
2009. The results for both periods indicate an oil
contamination of 0 ppb.
Another method to measure oil contamination in the
range 0.008–0.15 weight ppm is a trap method in which
helium gas passes through a stainless steel sampler tube
containing glass beads and contaminant (oil) sticks on the
surface of the beads and/or the sampler tube. The
contaminant trapped in the sampler tube is then extracted
using a solvent, and the amount of the oil contaminant is
measured by Fourier transform infrared (FTIR)
spectroscopy analysis. By introducing the sampler tube in
a liquid-nitrogen Dewar, the trapping efficiency is
improved; we call this method as the “cold trap” (CT)
method.
The CT method was applied to measure the oil
contamination at the exits of 5SP, 4SP, and 3.5SP. In all
three cases, results indicate that the oil contamination is
below the limits of 10, 41, and, 10 weight ppb, respectively.
The room-temperature trap method was also applied to
measure the oil contamination at the exit of 3.5SP, and the
oil contamination was evaluated to be less than 40 weight
ppb.
After the maintenance in summer 2009, continuous
operation of the cryogenic plant started on September 17,
2009. Steady-state operation in the refrigerator mode
started on October 9, 2009, and we are planning to carry out
the continuous operation till the end of June 2010.

Fig. 4. Oil contamination at the exit of the second coalescer
vessel (3SP)
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Present Status of Liquid-Helium Supply and Recovery System
T. Dantsuka, H. Okuno, Y. Odashima, M. Nakamura, T. Maie, K. Kato, K. Ikegami, M. Kase

M. Ohshima*, I. Tajima*, R. Ise* Nippon Air Conditioning Service K.K*
The liquid-helium supply and recovery system1), which can
generate liquid helium at a rate of 200 L/h from pure helium
gas, has been stably operated since the beginning of April
2001. The volumes of liquid helium that were supplied each
year are listed in Table 1 and also shown in Fig. 2. The
volume of liquid helium supplied has gradually increased
since the supply was started. The Exploratory Materials
Team began using liquid-helium for the first time in March
2008, the while the Laboratory for Human Brain Dynamics
at the Brain Science Institute (BSI) stopped using
liquid-helium by the end of September 2008.
We extended the recovery pipe at two places. First, at the
end of January 2010, a new recovery pipe was connected
from the south side of the Laser Science Laboratory to the
recovery station behind the building on the east at theBSI.
Next, new recovery pipes will be connected to the existing
pipe in the Nishina Memorial Building from E6 and J8; this
will be done by the middle of August.
The control system of the compressor for liquefying helium
gas tripped several times between December 2009 and
February 2010. The cause for this is unknown and is
currently being investigated.
The purity of the helium gas recovered from laboratories
improved gradually once the construction of the system was
completed. The volume of the helium gas recovered from
each building in the Wako campus and transported to the
liquid-helium supply and recovery system was measured.
The recovery efficiency, which is defined as the ratio of the
recovered helium gas to the supplied liquid helium, was
Fiscal Year

2001

2002

Laboratory & institute

calculated. The recovery efficiency for the building on the
south side of the Wako campus-such as the Cooperation
Center building of the Advanced Device Laboratory, the
Chemistry and Material Physics building, and the
Nanoscience Joint Laboratory building-increased to over
90%. Recovery efficiencies of the main research building
and the Laser Science Laboratory were 7.8%. The average
recovery efficiency from January 2008 to December 2009 is
shown in Fig. 1. It has increased to over 90%..

References
1) K. Ikegami et al.: RIKEN Accel. Prog. Rep. 34, 349
(2001).

Fig1. Average recovery efficiency measured from
January 2008 to December 2009

2003

2004

2005

2006

2007

2008

Amount of supplied liquid helium (ℓ)

Magnetic materials laboratory

3392

7024

7713

11829

15672

16512

23282

20899

Low-temperature physics laboratory

1270

3090

6966

9515

34713

29520

39855

48756

Advanced device laboratory

9977

10849

9726

7401

11264

15017

14733

12554.5

1939

1615

3079

5353

5912

7772

5331

5459.5

Surface chemistry laboratory

1146

1676

4533

5007

5370

5486

3636

4080.5

Brain science institute

6277

8144

5055

6292

7285

6956

6480

3226

624.5

9853.5

Condensed molecular materials
laboratory

Exploratory materials team
Other laboratories
Total

3535

7730

14476

9487

15717

14767

14628.5

9862.5

27536

40182

51530

54884

95933

96030

109194

114691.5
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Fig2. Volumes of liquid helium supplied to laboratories per year from fiscal 2001 to 2008

- 305 -

RIKEN Accel. Prog. Rep. 43 (2010)

Improvement made to couplers used for liquid-helium supply and
recovery lines (1)
Y. Odashima, H. Okuno, M. Kase, T. Dantsuka, I. Tajima,∗1 , M. Ohshima,∗1 , R. Ise,∗1 and K. Kato
[liquid helium, cryogenic system]
Workers at the liquid-helium plant transfer liquid
helium from a 7000-L Dewar to containers (100 L, 250
L) through a supply pipe. The users use this helium in
their laboratories for various experiments, connecting
the containers with recovery lines to the liquid helium
plant. We believe that it is important to establish a
liquid-helium-handling system that can be safely handled by users and suppliers. For this purpose, we are in
the process of developing the process of new couplers
for liquid-helium supply and recovery lines, by taking
into account the suggestions given by the suppliers and
users. These couplers are expected to help overcome
the difficulties faced when handling liquid helium.
First, we describe the improvements made to the
coupler used for the liquid-helium-supplying line. Previously, the users employed Wilson seals for transferring helium to the experimental devices in the laboratory; on the other hand, a simple dynamic seal was
used when liquid helium was transferred to the container in the liquid-helium plant, as shown in Fig. 1.
The workers in the plant had to remove the Wilson
seal before pouring helium and then remove the frozen
Teflon tube to re-attach the Wilson seal. This process
was time-consuming, and there was a risk of losing the
parts of the Wilson seal. Hence, we asked the users
to replace the Wilson seal with the dynamical-seal so
that the aforementioned process could be avoid. Fig.
2 shows the structure of a Teflon dynamic seal for the
users. A ditch was fabricated on the O-ring to prevent
the leakage of helium.
Next, we describe the improvements made to the
coupler used for the helium-recovery lines. Before the
improvement, a conventional rubber hose was used.
The disadvantage of the rubber hose is the possible
leakage of helium; further, the hose may become rigid
when used for liquid-helium transfer and may have to
be warmed with a heat gun fro easy detachments. We
developed a cryogenic coupler by adding a check valve
to a conventional coupler. We replaced the O-ring and
thin Teflon plate with a thick packing, as shown in
Fig. 3. In this case, no leakage was observed ever at
low temperatures such as around 30K, and the pipe for
recovery from the container could be easily detached at
lower temperatures when the pressure in the container
decreased to 0 bar. Figure 4 shows a photograph of
the coupler connecting the container the recovery line.

∗1

6TCPUHGTVWDG
&[PCOKEUGCN

9KNUQPUGCN

6GHNQPTWDDGT
VWDG

KPVJGJGNKWORNCPV

KPVJGWUGTUNCDQTCVQT[

Fig. 1. The sealing structure when a transfer tube is added
to a port of the container in the helium plant and the
in the user’s laboratory.

Ditch for O-ring

Fig. 2. A drawing of the dynamic seal newly developed for
the users.

Nippon Kucho Service Co., Ltd
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Fig. 3. Modified coupler with a thick packing developed for
the recovery line.

Fig. 4. The container is connected to the recovery line using
the newly developed cryogenic coupler.

2
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V. RECORDS OF LABORATORIES,
GROUPS, AND TEAMS
(Activities and Members)

Events of Nishina Center & CNS from Jan. 2009 to Mar. 2010
2009
13-14,Jan. ML-PAC
15-17,Jan. Nishina Center Advisory Council (NCAC)
Dec.-Mar.

266

Bh production experiment
Mar. SHARAQ(Spectroscopy of Hadronic Systems with Radioactive Quantum
Beam) Commissioning
17,Mar. Laboratory assessment (periodical review) for Radiation Laboratory
24,Mar. Laboratory assessment for Heavy Ion Nuclear Physics Laboratory
18,Apr.

RIKEN Wako Institute Open Campus Day
18,May Joint ISIS/RIKEN Muon Facility Development Symposium at Abingdon,
Oxford, England
2,Jun. RBRC Management and Steering Committee on videoconference
18-19,Jun. NP-PAC
30,Jun SHARAQ Ceremony of its completion
3,Jul. Scientific Policy Committee of Nishina Center
7,Jul. The signing ceremony of the Memorandum of Understanding promoting
research collaboration between Nishina Center and TRIUMF
15,Jul. Press Release "Strongest beam in the world enables scientists to explore laws
governing all matter in the universe"
26,Aug.-2,Sep. CNS-EFES Summer School CNS-EFES09
3-4,Sep. ML-PAC
29,Sep.-8,Oct. Nishina School
3-4,Dec. NP-PAC
22,Dec. Press Release "Neon isotope reveals new type of neutron halo"
24,Dec. The microtron for the SCRIT facility has successfully produced electron beam
of 150MeV
Dec. Application for trademark registration of breeds for "Nishina Otome" to
Ministry of Agriculture, Forestry and Fishery of Japan
2010
14,Jan. Press Release "New cherry blossom tree blooms in all four seasons"
20-21,Jan. RIKEN Symposium "Muon Science at the RIKEN-RAL Muon Facility 2009"
15,Feb.

Press Release "'Perfect' Liquid Hot Enough to be Quark Soup"---Protons,
neutrons melt to produce ‘quark-gluon plasma’ at RHIC---
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1. Abstract
The aim of this laboratory is to reveal the laws of nature ranging from elementary particles to the
universe. More precisely, the following three issues are pursued with their mutual relations
emphasized:(1) Understanding the microscopic fundamental law of nature. In particular, trying to
give a consistent definition of superstring and derive all the fundamental laws from one principle.
(2) Understanding many-body systems. Both of the following two aspects are considered. One is
the universal laws such as thermodynamics and the universality of spin systems, and the other is
specific properties of individual systems such as hadrons, condensed matter, and the universe. (3)
Computational science. Besides numerical analyses as an important tool for the above mentioned
(1) and (2), aspects of fundamental mathematics are also pursued.
2. Major Research Subjects
(1) Constructive Definition of String Theory as Fundamental law of Physics
(2) Fundamental aspects of Quantum Field Theory and its applications
(3) High precision inspection of experimental and observational data
3. Summary of Research Activity
The ability to understand nature at its most profound level is a basic human desire. Science is
founded on accumulated and tremendous efforts driven by that aspiration. The objective of our
laboratory is to participate in the endeavor to better understand nature by adding our contributions
to theoretical physics. The present seems to be a particularly exciting time for this as many
developments appear to be about to converge and allow formation of the ultimate theory of
everything.
We organize our research activities into three segments: the pursuit of the microscopic
fundamental laws of physics, the study of many-body systems, and the science and technology of
computation. These three aspects have an inseparable interrelation and are investigated in an
integrated manner throughout the research conducted within this laboratory.
(1) Understanding the fundamental law of nature through string theory.
1)Scale transformation and AdS/CFT correspondence
A scale transformation in the world sheet description of D3-branes in Type IIB theory was studied.
It was shown that this transformation is a real stringy symmetry in a region near D3-branes. By
using this symmetry, Wilson loops in N = 4 supersymmetric Yang-Mills theory are explicitly
related to minimal surfaces in the AdS space, and the AdS/CFT correspondence follows naturally
as a consequence of this symmetry. This argument was generalized to the correspondence for high
energy scattering amplitudes of N = 4 super-Yang-Mills theory and to the AdS/CFT
correspondence at finite temperature. It turned out that various forms of the AdS/CFT
correspondence can be understood in a unified manner as a consequence of this stringy scale
transformation.
2) Matrix models and curved space-time
Incorporating curved space time into matrix models is pursued. In particular, a method in which
larger additional degrees of freedom is introduced to represent space-time symmetry, is proposed.
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3)Domain Wall in string theory
We investigate a global structure of the moduli space of the BPS domain wall system. I particular,
we are interested in the case where the dimensions of the moduli space is greater than those
expected from the index theorem. We also study the T-duality between the vortices and domain
walls from a string theoretical point of view. We explicitly construct a vortex solution in the Higgs
phase of supersymmetric gauge theory and find an exact correspondence between the solution and
D-brane configuration in the domain wall side.
4)Non BPS branes and supergravity
We investigate the correspondences between a class of classical solutions of Type II supergravity
(the three-parameter solution) and D-branes in the superstring theory. In addition to the mass, the
RR-charge, the solution also carries the so-called dilaton charge, whose physical meaning was
unclear. We find that the appearance of the dilaton charge is a consequence of deformations of the
boundary condition from that of the boundary state for BPS D-branes. We also show that such
deformed boundary states are realized as tachyonic and/or massive excitations of the open strings
on D-brane systems.
5) Application of string theory to Nuclear physics
Holographic QCD, which is the application of the AdS/CFT correspondence to QCD, turns out to
be a very fruitful arena of research in string theory. Using holographic QCD technique, various
quantities which are difficult to calculate by perturbative QCD, lattice QCD and conventional
nuclear physics approach are investigated. For example, the decay rate of f0(1500) is calculated
suggesting its connection to much sought glueballs.
(2) Quantum field theory and physics of many body systems
1)Lattice formulation of supersymmetric gauge theory
We proposed a lattice formulation of low dimensional supersymmetric gauge theories, aiming at
practical implementation for numerical simulations.
2) Lattice formulation of fermions coupled to gravity
We formulated lattice Dirac operator of the overlap-type that describes the propagation of a Dirac
fermion in a gravitational field. We also analyzed global gauge anomalies associated with
Majorana fermions in 8k and 8k+1 dimensions.
3)Mathematical aspects of 2-dimensional gauge theories and string.
We investigate a non-perturbative correction to the N=2 supersymmetric Yang-Mills theory from
the discrete matrix model point of view. We utilize the D-brane picture in superstring theory and
localization theorem in order to derive the discrete matrix model from 2-dimensional Yang-Mills
theory on a compact 2-cycles in the ALE space. We also find the relationship to the
Dijkgraaf-Vafa theory in the continuum limit.

4)Quantum field theory over the deformed commutation relation
A quantum theory of free scalar field based on the deformed Heisenberg algebra which is the
correction of stringy physics is constructed.
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(3) High precision calculation of field theory and computational science
1)High precision calculation of QED
We have announced the final result of our calculation of the electron anomalous magnetic
moment. It contains up to the eighth-order of the perturbation theory of QED. The very reliable
result was obtained by using high precision calculation on RIKEN’s supercomputer system
(RSCC).
We also succeeded in automating the calculation of the tenth-order of the perturbation theory,
particularly in constructing the ultra-violet subtraction terms. This is an important step to
accelerate our calculation of the entire tenth-order contribution.
The dominant contribution from the tenth order to the muon anomalous magnetic moment was
also announced by us. In contrast to the electron, some specific Feynman diagrams give rise to the
large contributions to the muon anomaly. We explicitly evaluated about 2000 Feynman diagrams
which are possible to give the leading and next-to-leading contributions.
2)Improved perturbation method and its applications
We apply improved perturbation method which is one of the variational schemes to Ising model in
two-dimensions. It enables us to evaluate free energy and magnetization at strong coupling
regions from weak coupling expansion even in the presence of the phase transition.
We determine approximated transition point in this scheme. In the presence of external magnetic
field we can see not only stable physical states but metastable one. This reserach motivated by
availability of this method to IIB matrix model which is expected to show a phase transition from
10-dimensional universe to 4-dimensional universe.
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1. Abstract
Nuclei are finite many-particle systems composed of protons and neutrons. They are self-bound
in femto-scale (10-15m) by the strong interaction (nuclear force) whose study was pioneered by
Hideki Yukawa. Uncommon properties of the nuclear force (repulsive core, spin-isospin
dependence, tensor force, etc.) prevent complete microscopic studies of nuclear structure. There
exist number of unsolved problems even at present. In addition, radioactive beam facilities
reveal novel aspects of unstable nuclei. We are tackling these old problems and new issues in
theoretical nuclear physics, developing new models and pursuing large-scale calculations of
quantum many-body systems. We are also strongly involved in research on other quantum
many-body systems, to resolve mysteries in the quantum physics
2. Major Research Subjects
(1) Nuclear structure and quantum reaction theories
(2) First-principle calculations with the density functional theory for many Fermion systems
(3) Computational nuclear physics
3. Summary of Research Activity
(1) Finite amplitude method for nuclear response calculations
We are performing a systematic calculation of nuclear photoabsorption cross section for light
nuclei. The calculation is fully self-consistent and is based on the time-dependent
density-functional theory with the Skyrme functional. This is achieved using the finite
amplitude method we have recently developed. The key feature of the method is to obtain the
matrix elements of the random-phase approximation (RPA) in a simple way avoiding explicit
calculation of induced residual fields. The method is called “Finite amplitude method” (FAM).
So far, even-even nuclei up to mass number A=100 have been studied.
We have also been developing a new theoretical tool to apply the finite amplitude method to
nuclei with superfluidity. Then, we have been involved in the implementation of the FAM on an
existing spherically symmetric Hartree-Fock-Bogoliubov code (HFBRAD) which is currently
being turned into a quasi-particle-random-phase approximation (QRPA) code.
(2) Many-body green's function approaches to nuclear structure
Green's functions theory using modern realistic nuclear interactions was applied to study 56Ni
and 48Ca. This allowed us to investigate the role of different types of correlations on the problem
of quenching of the spectroscopic factors. Based on this success, the dependence of nuclear
correlations on proton-neutron asymmetry is being investigated. The "state of the art" Green's
function theory was also benchmarked on the ground state energy of 4He, where accuracies of
100-200 keV or less were found. This shows the feasibility of ab-initio studies with this method.
Analogous calculations have been performed for electronic systems (atoms) to aid in
developments of density functional theory.
(3) Low-lying collective modes in deformed neutron-rich nuclei
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Low-frequency negative-parity excitations in deformed neutron-rich nuclei have been studied
with the self-consistent Hartree-Fock-Bogoliubov and the QRPA. The Skyrme energy density
functional together with the pairing energy density functional is adopted. We found a significant
coupling effect between the dipole and the octupole excitations for the pygmy resonance in
neutron-rich Mg isotopes.
(4) Spectroscopic study of odd-mass nuclei
The quasi-particle-vibration-coupling Hamiltonian has been derived in a framework of the
nuclear density functional method to describe the low-lying properties of odd-mass nuclei in a
microscopic way. We applied it to the electric-quadrupole moments of neutron-rich Al isotopes
around N=20, and showed an important role of neutron pairing correlations implying a
weakening of the N=20 shell gap. The results show a reasonable agreement with recent
experimental data.
(5) Linear response calculation using the canonical-basis TDHFB with a schematic pairing
functional
Aiming at constructing a theoretical framework that is able to analyze and predict properties of
unknown nuclei, we proposed the Canonical-basis time-dependent Hartree-Fock-Bogoliubov
(Cb-TDHFB) approach in the three-dimensional coordinate-space representation. In this
approach, we assume that the time evolution can be described by the time-dependent canonical
basis with the time-dependent (u,v) factors. We have shown that this can be achieved only when
we use a special pairing functional. The computer program with the Skyrme functional has been
developed and applied to E1 and E2 nuclear response.
(6) Microscopic description of large-amplitude quadrupole collective dynamics in low-lying
states
We have proposed a microscopic method to calculate the vibrational and rotational inertial
functions, which includes the time-odd contribution of the mean-field, in the Bohr-Mottelson
collective Hamiltonian for large-amplitude quadrupole collective dynamics. The method is
composed of constrained HFB and the local QRPA equations, which are derived from the
adiabatic self-consistent collective coordinate method. The method is applied to shape
coexistence and anharmonic vibrations in Se isotopes, and we have shown that the time-odd
mean field increases the collective inertial functions and lowers the excitation energies.
(7) Phenomenological analysis of the oblate-prolate symmetry breaking in triaxial deformation
dynamics
In this study, we have analyzed the effects of the oblate-prolate symmetry breaking on dynamics
of triaxial deformation in oblate-prolate shape coexistence phenomena using a simple model
based on the well-known quadruploe collective Hamiltonian. We have obtained a number of
interesting suggestions through the numerical solutions of this model: (i) The relative energy of
the excited 0+ state can be a signature of the potential shape along the γ direction. (ii) Specific
E2 transition probabilities are sensitive to the breaking of the oblate-prolate symmetry. (iii)
Nuclear rotation may induce the localization of collective wave
functions in the quadrupole deformation space if the oblate-prolate symmetry in the moments
of inertia is broken.
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(8) Structures of superdeformed states in 28Si and 40Ar
Structures in 28Si and 40Ar have been studied using the antisymmetrized molecular dynamics
(AMD) method. The oblate-prolate shape coexistence is reproduced and existence of
superdeformed (SD) band is predicted for 28Si. The SD states contain alpha-24Mg cluster
structure components. For 40Ar, the SD band is reproduced, which were experimentally
identified very recently. The calculation suggests that the SD states form triaxial shapes, and the
Kπ = 2+ side band exists.
(9) Nuclear “pasta” in supernova
We aim to bridge between astrophysics and nuclear and atomic physics by solving astrophysical
problems using nuclear/atomic physics and by providing interesting nuclear/atomic physics
problems in astrophysical systems. This year, we have solved a long-standing problem about the
formation of rod-like and slab-like nuclei referred to as "pasta" nuclei in collapsing supernova
cores. In the field of cold atom physics, we have studied the critical velocity of unitary Fermi
superfluids flowing in a periodic potential. Unitary Fermi gases resemble the low density
dripped neutron gases in neutron stars and this work also provides useful information to study
neutron star crusts and the related phenomena.
(10) Study of vortex lattices in cold Fermi gases
We are developing a theoretical framework to describe both the vortex structure in rotating
condensates and the band-structure of Fermi superfluids in a periodic potential. This year, we
have developed a new efficient scheme to create a Schroedinger cat-like maximally entangled
state in a two-state Bose system.
(11) Phenomenological formulae for nuclear reaction cross sections
We examine the mass-number dependence of the cross section formula based on the
black-sphere picture of nucleus. We find analytically that, in contrast to other formulae, our
formula includes A1/6-dependence in addition to A2/3-dependence. The A1/6-dependence, which
comes from the optical depth of target nucleus, is one of the characteristic features of our
formula.
We study the scaling properties of proton-nucleus total reaction cross sections for stable nuclei,
2 / 3 total
and propose an approximate expression just in proportion to Z 2 / 3σ total
σ pn . Based on
pp + N
this expression, we can derive a relation that enables us to predict a total reaction cross section
for any stable nucleus within at most 10% uncertainty, using the empirical value of the total
reaction cross section of a given nucleus.
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1. Abstract
We proposed accurate few-body calculational method called “Infinitesimally shifted Gaussian
lobe method”. Recently, we developed this method to four-body systems and five-body
systems. This method is applicable for various three- and four-body systems. For example, we
applied it to hypernuclear physics and clarified what is important and impressed. In fact, we
applied this method to three kinds of hypernuclear experiments (KEK-E419, BNL-E930, and
–E929) in the past, and we contributed to these experiments by discussing with
experimentalists, analyzing the data, and interpreting the data.
2. Major Research Subjects
(1) Hypernuclear structure from the view point of few-body problem
(2) Structure of exotic hadron system
(3) Baryon-baryon interaction based on lattice QCD
(4) Neutron-rich Λ hypernuclei from shell model approach
3. Summary of Research Activity
(1) The structure of the T=1 isotriplet hypernuclei, 7HeΛ, 7LiΛ, 7BeΛ within the framework of an
α+Λ+N+N four-body cluster model is studied. The Λ binding energy of the ground state in
7
HeΛ which is under analysis at JLAB by (e,e’K+ ) reaction is predicted to be 5.16 (5.36) MeV
with (without) the CSB interaction.
(2) A theoretical approach based on the shell model is presented to calculate effective charge of
electric quadrupole transitions. The shell-model calculation with single-particle 2h-barω
excitations in the first order perturbation qualitatively reproduces existing B(E2) values for
carbon isotopes with neutron number 5≼ N ≼16 and shows a sudden change of the isovector
effective charge beyond N=8.
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1. Abstract
Nucleons, such as protons and neutrons, are a bound state of constituent quarks glued together with
gluons. The detail structure of nucleons, however, is not well understood yet. Especially the
mechanism to build up the spin of proton, which is 1/2, is a major problem in physics of the strong
force. The research goal of Radiation Laboratory is to solve this fundamental question using the first
polarized-proton collider, realized at RHIC, Brookhaven National Laboratory (BNL) in USA. RHIC
stands for Relativistic Heavy Ion Collider, aiming also to create Quark Gluon Plasma, the state of
Universe just after the Big Bang. RIKEN-BNL Research Center (RBRC) directed by N. Samios
carries our core team at BNL for those exciting researches. Recent data analysis has shown that the
proton spin carried by gluons is indeed small, which is a very striking finding beyond our
expectations. We have been doing other pioneering researches at the domestic accelerators at
SPring-8 and High Energy Accelerator Research Organization (KEK) which is now preceded to the
new experiment at J-PARC. We are also performing technical developments such as novel ion sources,
fine pitch pixel detectors and neutron optical devices.
2. Major Research subjects
1) Spin physics with relativistic polarized-proton collisions at RHIC
2) Study of nuclear matter at high temperature and/or at high density
3) Technical developments on radiation detectors and accelerators
3. Summary of Research Activity
（1） Experimental study of spin structure of proton using RHIC polarized proton collider
[See: RIKEN-BNL Research Center Experimental Group]
（2） Experimental study of quark-gluon plasma using RHIC heavy ion collider
[See: RIKEN-BNL Research Center Experimental Group]
（3） Study of properties of mesons and exotic hadrons with domestic accelerators
Hadrons with more than three quarks are of great interest and have been looked for over the past 30
years. The Θ+ is a genuine exotic baryon with the minimum quark configuration of u, u, d, d and
anti-s. After the first report on the evidence of the Θ+ at SPring-8/LEPS in 2002, evidence and
counterevidence have been reported from all over the world, but its existence is not conclusive yet.
We have made effort to establish the Θ+ since our first report. In 2009, we reported again the
observation of the Θ+ with clean and high statistics data at SPring-8/LEPS [Phys.Rev.C 79,
025210 (2009)].
In addition, we are searching for Θ+ with three times higher statistics. The results will be open soon.
The spin and parity of Θ+ is quite important to understand the internal structure of Θ+ . The
mechanism of Θ+ production with vector meson, K*(890), is sensitive to parity of Θ+ . The
analysis aiming for the measurement of ( Θ+ , K*(890)) production is underway. In order to
establish the Θ+ and explore the world of multiquark hadrons, R & D work is underway to construct
LEPS-II, which is a new beam line and detectors at SPring-8.
Preparation of the experiment E16 at J-PARC 50-GeV PS is ongoing to obtain the full approval by
PAC. The experiment aims to perform the systematic study of the mass modification of low-mass
vector mesons in nuclei to explore the chiral symmetry in nuclear matter. GEM tracker and
hadron-blind Cherenkov counter (HBD) are being developed for the experiment. In the beam tests,
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incident-angle dependence of the position resolution was studied for the tracker . At the same time,
several photoelectrons were successfully observed by the HBD and improvement the prototype
detector is underway.
（4） Detector development for PHENIX experiment
We have been developing the silicon vertex tracker (VTX) in order to enhance physics capability of
the PHENIX detector at RHIC. It consists of two inner layers of pixel detectors and two outer layers
of strip detectors. Radiation Laboratory group is responsible for the ladder fabrication of the pixel
detector. The production of the ladder has been started. Seven of the ladders are assembled and tested
with production version of readout electronics.
We also have been developing the momentum-sensitive trigger system for the PHENIX muon arms
under the collaboration with KEK, Kyoto and Rikkyo University. All additional electronics which
generate fast trigger signal were installed on the muon arm and has been commissioned.
（5） Neutron optics
Cold or thermal neutron beam is a high-sensitivity probe to study not only the structure of
condensed matter, but also nuclear and particle physics. However, its realistic applications are still
limited since the numbers of available neutron sources are small and their intensities are low. This
project aims to enhance the efficiency in using those precious neutron beams by improving the
neutron beam optics, in order to maximize scientific outputs within a short period of time. Base on
the developed technologies, devices are fabricated and distributed to other laboratories and
universities by “Riken Venture Company”, Japan Neutron Optics Inc.
We stay with the fundamental physics research in a new beam line at 1MW Pulse Spallation
Neutron Source in J-PARC. This beam line was designed by applying our knowledge and technique
of neutron optics. We also succeed to observe interference signals of cold neutrons using the Si
crystal interferometer at JRR-3M. There, we are developing a new type of instrument for
phase-difference imaging with use of the gratings developed by us. We are also planning to study
neutron Electron Dipole Moment using a perfect crystal at the J-PARC beam line.
The fact that permeability of the neutron beam for metals whose atomic number is large and thick
cement attracts attention to various engineering fields.
This year the vision to develop so small neutron source that in some day we use it outside as a
portable neutron source instruments is becoming more and more a reality.
In this project, the various ways of imaging using neutron beam are trial survey and under the
development, including not only neutron radiography but phase differential imaging, CT-imaging
using special technique which is founded in VCAD project in RIKEN. We are now collaborating with
VCAD project program team to realize small neutron source.
（6） Theoretical study of hadron physics
Nuclear matter at finite temperature and density has been studied in lattice simulations of quantum
chromodynamics (QCD) which is the first principle to describe the interactions of quarks and gluons.
Several properties of QCD phase transition from hadronic matter to quark-gluon plasma have been
investigated with calculations of Polyakov-loop correlations and quark number susceptibilities. A
new approach to calculate the equation of state have also been derived and developed in the full-QCD
simulations which include dynamical quarks of up, down and strange flavors. Study of hadron and
chiral properties in finite temperature and density is going on.
In continuation of the studies on the fragmentation functions based on the Nambu-Jona-Lasinio
model, the effect of pion multiple production processes is taken into account in a modified version of
the quark-jet model originally proposed by Field and Feynman. The effect is found to be crucial and
the calculated fragmentation function for the pion qualitatively reproduces the experimental one.
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In connection with the Unruh effect, the hydrogen-like system in a uniformly accelerated frame is
studied using the analogy with the Stark effect. The energy shift as well as the decay width is
calculated by the WKB method.
The tetraquark is studied in quenched lattice QCD simulation to see whether the state exists or not
from the first principle calculation of QCD. By performing the diagonalization, the energy
eigenvalues are obtained for isospin zero and JP=1± channels. The volume dependence of the energy
eigenvalues are checked to distinguish between bound or resonance state and scattering state. As a
result, no evidence of existence of the tetraquark is obtained within our calculation.
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1. Abstract
Particles like muons, pions, and kaons have finite life times, so they do not exist in natural
nuclei or matters. Implanting these particles into nuclei/matters, exotic phenomena in
varieties of objects can be studied from a new point of view.
Kaon is the second lightest meson which has strange-quark as a constituent quark. It is
expected that if one embed a kaon into nuclei, the sizes of the nuclei become smaller and forms
a high density object beyond the normal nuclear density. Study of this object could lead to
better understanding of the origin of the mass of the matter, and may reveal the quark degree of
freedom beyond the quark-confinement. Those properties can be studied by precise heavy
pionic atom research in different angle. The other example is the weak interaction in nuclear
matter. It can only be studied by the weak decay of hypernuclei, which have Lambda particle
in the nuclei,
Muon provides even wider variety of study from nuclear reaction to magnetism in matter.
For instance, stopping positively charged muon in a material, we obtain information on the
magnetic properties or the local field at the trapped site. Injecting negatively charged muon
to mixture of deuterium and tritium, muon attracts surrounding atoms and is known to cause
d-t fusions.
As is already clear, in our research we introduce different kind of impurities into nuclei/matters,
and study new states of matter, new phenomena, or the object properties.
2. Major Research Subjects
(1) Study of meson property and interaction in nuclei
(2) Origin of matter mass / quark degree of freedom in nuclei
(3) Condensed matter and material studies with muon
(4) Nuclear and particle physics studies via muon catalyzed fusion and ultra cold muon beam
(5) Materials science using Mössbauer spectroscopy
3. Summary of Research Activity
Hadron physics at J-PARC and RIKEN-RIBF
Kaon and pion will shed a new insight to the nuclear physics. The recent discovery of deeply
bound pionic atom enables us to investigate the properties of mesons in nuclear matter. At
RIKEN-RIBF, we are preparing precise experimental study of the pionic atom. We are
intensively preparing another next generation kaon experiments (E15 and E17) at J-PARC as
day-one experiments. In these experiments, we are aiming at precise determination of the KN
interaction, and clarify the nature of kaon in nuclei. By these experiments, we aim to be a
world-leading scientific research group using these light meta-stable particles.
1) Deeply bound kaonic nuclei
We have performed experimental exploration of theoretically predicted deeply bound
kaonic nuclear states in 3He nucleus K-ppn and K-pnn. Akaishi and Yamazaki first
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calculated large binding energy and narrow width for the K-ppn state. One of the most
interesting features of the kaonic nucleus is that the strong attraction of the kaon is
expected to contract the surrounding nucleons resulting in extremely high density of
several times larger than normal nuclear density. Measurement of the kaon properties at
such high energy density will provide precious information on the origin of hadron masses
and the chiral symmetry breaking and its partial restoration.
The experimental principle adopted uses stopped K- on suprefluid helium target, and we
focus on emitted nucleon momenta measurement by Time-of-Flight (TOF) method. The
last orbit of kaonic 4He atom is 2p and the branching ratio from the last orbit to the nuclear
kaon bound state accompanied with a nucleon emission was estimated to be 1 % at
minimum.
The exploration was performed from 2002/September till 2005/December as series of
experiments at the KEK-PS (E471, E549, E570) with almost common experimental setup.
The obtained spectral shape was rather smooth and elaborate analysis showed uppper limit
of the kaonic nucleus formation for both K-ppn and K-pnn states.
After the completion of above series of experiments, the KEK-PS was shut down to switch
to a new facility J-PARC. Presently, we are preparing for an experiment to search for K-pp
nuclear system at the K1.8BR beamline of the J-PARC.
2) Deeply bound pionic atoms
We have made precision spectroscopy of pionic lead and tin atoms, and extracted
information on the in-medium interaction between pion and nucleus, which leads to the
exclusive quantitative evaluation of the chiral symmetry restoration in the nuclear matter.
Our collaboration which mainly consists of the RIKEN and the University of Tokyo group
conducted throughout the experiments starting from R&D of pionic atom formation in
nuclear reactions to its application to the precision spectroscopy.
The experiment was carried out in GSI, Darmstadt. Our first discovery was pionic 2p state
in the lead 207 nucleus where the negative pion is accommodated in a delicate balance
between the Coulomb attraction and the strong repulsion.
Following the discovery, we have performed experiments to measure 1s pionic lead 205
and tin 115, 119, and 123 isotopes.
We have analyzed the experimental spectra elaborately and extracted in-medium isovector
interaction between pion and nucleus. In combination with experimental information on
the pionic hydrogen and deuterium which gives the interaction in vacuum, we have
accomplished evalution of the in-medium interaction modification. The modification is
originating in the partial restoration of the chiral symmetry in the nucleus, and we have
quantitatively evaluated for the first time the reduction of the chiral order parameter in the
nuclear matter to be 33 %, which is consistent with theoretical prediction of 30 %.
Presently, we have been preparing for a sophisticated experimental setup of the pionic
atom spectroscopy at the RIBF in the RIKEN. We expect about twice better experimental
resolution with much smaller systematic errors.
3) Precision X-ray measurement of kaonic atom
Simultaneously with the above experiment (1), we have performed an X-ray spectroscopy
of atomic 3d→2p transition of negatively charged K mesons captured by helium atoms.
Many Kaonic atoms are known to be measured with various elements, however, there are
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very large deviations in the measured energy levels for the helium (and the oxygen) from
the systematic expectations. The deviation originates in technical issues in old experiments,
and new and high precision data have been long awaited for. Also, wave functions of the
Kaonic atoms are expected to reflect the information on the existence of the inner structure,
namely deeply bound Kaonic states. As a result of the experiment, we have succeeded in
performing the spectroscopy and achieved the shift of 2+-2(stat.) +-2(syst.) eV. The
obtained results reject older data beyond any doubt, and the above deviation is dissolved.
Presently, aiming at the determination of the level width and yield, we are analyzing the
data. To clarify the KN interaction strength, we are preparing another x-ray measurement
of the kaonic helium-3 atom, which is another day-one experiment at J-PARC.
Muon science at RIKEN-RAL branch
The research area ranges over particle physics to condensed matter studies and life science.
Our core activities are based on the RIKEN-RAL Muon Facility located at the Rutherford
Appleton Laboratory (UK), which provides the most intense pulsed muon beam. We have
variety of important research activities such as muon-catalyzed fusion (μCF) and condensed
matter physics by muon spin rotation / relaxation / resonance (μSR).
(A) Condensed matter/materials studies with μSR
The world-first gas pressurized μSR setup has been established and its applications for
material sciences have been started. The maximum pressure of the system is 6.4 kbar and the
temperature range is from 2 K to 300 K. The strong advantage of the system is to achieve the
homogeneous pressure in all temperature range and the pressure can be changed quickly
without removing samples from the spectrometer.
A new spectrometer named CHRONUS has been installed in Port-4 and commissioning works
are going on in order to optimize the performance of the new spectrometer. The spectrometer
has more than 600 detectors to minimize the counting loss and maximize the performance to
measure tiny samples less than 20 mg. A platform of the Port-4 area is now being designed and
the installation will be done within 2010. After the completion of the Port-4 area, parallel
experiment at both Port-2 and Port-4 will be planned.
There are three topics of material sciences studied by the muon-spin relaxation method at
the RIKEN-RAL Muon facility in 2009.
1) The Li-diffusion behavior in Li-based batteries has been investigated. On the basis of
some assumptions concerning the hopping behavior of the Li atom in batteries, the
diffusion constant of the Li atom has been obtained. This value seems to be closer to the
realistic value rather than those previously obtained by other experimental techniques.
2) A co-existing relationship between a magnetically ordered state and the superconducting
state in a newly found Fe-based superconducting oxide has been clarified. A competing
relationship between the magnetically ordered state of Fe spins and the superconducting
state has been suggested.
3) A three-dimensional coherent magnetic ordered state of radical spins in a
one-dimensional Co(II) molecular magnet has been detected. This is the second example
which show a long-range magnetic ordered state of radical spins in the family of the
one-dimensional molecular magnet. An important role of the magnetic interaction between
one-dimensional magnetic chains to the magnetism of the one-dimensional magnetic chain
has been suggested.
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(B) Nuclear and particle physics studies via muon catalyzed fusion and ultra cold muon beam
1) Muon catalyzed fusion (μCF)
We are studying the muon catalyzed fusion (μCF) processes in a wide range of hydrogen
target conditions such as isotope mixtures and temperatures. This year we constructed a
test high pressure target, which will enable us to keep D2 target in solid state up to 30 K,
thus we will be able to study μCF in high density and high temperature solid target, where
the μCF is expected to occur much faster than in liquid.
2) Generation of ultra slow positive muon beam
Low energy muon beam, whose kinetic energy is variable from a few keV to a few tens
of keV, will extend the scope of μSR technique from a bulk material to surfaces and
multi-layered materials. It is also expected that a very sharp beam of low energy muon
may enable a new way of precision measurement of muon's anomalous gyro-magnetic
ratio (g-2). Following the successful generation of slow muon beam by laser ionization of
thermally emitted muonium in vacuum, we plan to increase the slow muon beam intensity
by more than 100 times. For this purpose, we have started works such as construction of a
new intense laser system, search of materials for efficient muonium emission at room
temperature, and design of new slow muon microscope optics. The first part of the new
laser system was manufactured. We are preparing for a precise measurement of the
muonium emission from material surface such as silica powder and silica aerogel in
collaboration with TRIUMF.
Mössbauer spectroscopy at RIKEN-RIBF, HIMAC and CERN-ISOLDE
57
Fe Mössbauer spectroscopy following ion implantation of radioactive 57Mn (T1/2 = 1.45 min)
has been applied to investigate the atomic jump processes of Fe impurity in Si semiconductor
in RIKEN-RIBF. 57Mn is one of the useful nuclear probes to study the dynamic behavior and
chemical states of dilute Fe atoms in solid. Iron impurities are known to degrade seriously
electronic properties of silicon-based devices as well as solar cells. Generally, Fe atoms are
thought to occupy only on interstitial sites in Si leading to a fast diffusion. In addition,
substitutional Fe atoms were not found experimentally by standard evaluation techniques. Our
investigation is to clarify the impurity diffusion of Fe atoms and the formation processes of
“substitutional Fe atoms” in Si at high temperatures.
57
Mn implantation Mössbauer spectra from 800 K to 1200 K can be analyzed only by a broad
singlet. The area intensities decreased with increasing temperatures, as explained by Debye
model. The intensities suddenly decreased at 1000 K, but recovered again at 1100 K.
The relaxation behaviors observed in the present experiment can be interpreted in terms of a
diffusion-reaction process of interstitial Fe atoms with vacancies within the time scale of 100
ns, leading to the formation of substitutional Fe atoms in the Si matrix. The process must be
related to the recovery processes from non-equilibrium to the equilibrium states of the Si
lattice around the 57Fe nuclear probes.
57
Mn implantation Mössbauer studies were performed to study the defect formations induced
by Fe/Mn implantation in ZnO, Al2O3, and MgO. These are attracting attention as dilute
magnetic oxides. In the case of ZnO, the formation of Fe3+–vacancy complexes is found to
depend strongly on the implanted dose and to be faster and more efficient at higher
temperatures. The results at these temperatures suggest the mobility of the Zn vacancy,
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together with vacancy trapping at the substitutional Mn/Fe impurities are responsible for the
formation of Fe–VZn complexes. These experiments were carried out at CERN-ISOLDE and
HIMAC.
The detection system for 57Mn implantation Mössbauer studies was improved by using an
anticoincidence method where a thin plastic scintillation counter was set between the detector
and a sample in order to reject the β-rays from 57Mn. The Mössbauer spectrum with sufficient
signal-to-noise (S/N) ratio that is about 20 times higher than that in previous measurements
was successfully obtained.
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1. Abstract
The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven
National Laboratory in New York, USA. The Center is dedicated to study of strong interactions,
including hard QCD/spin physics, lattice QCD and RHIC physics through nurturing of a new
generation of young physicists. The Theory Group activities are closely and intimately related to
those of the Nuclear Theory, High Energy Theory and Lattice Gauge Theory Groups at BNL.
The RBRC theory group carries out research in three areas: numerical lattice QCD, perturbative
QCD and phenomenological QCD. It pioneered the use of the domain-wall fermion method in
lattice QCD and has investigated various aspects of hadron physics including the calculation of
neutral Kaon CP-violations that is relevant for checking the Cabibbo-Kobayashi-Maskawa theory.
The perturbative QCD effort has developed various new methods required for studying hadron
structures, especially in spin physics research. The group has pioneered phenomenological QCD
researches of color superconductivity, isospin density, and small-x phenomena in extreme hadronic
matters.
2. Major Research Subjects
(1) Perturbative QCD
(2) Lattice QCD numerical research
(3) Phenomenological QCD
3. Summary of Research Activity
The RIKENBNL Research Center (RBRC) was established in 1997 to support the RIKEN
activities at RHIC in BNL, and also to promote theoretical studies related to RHIC, i.e. theories of
strong interaction. The center’s first director was T. D. Lee (Columbia University), and in October
2003, the former director of BNL, N. P. Samios, succeeded to the post of director. H. En'yo, Chief
scientist of RIKEN in Wako, is also associate director of RBRC. The center consists of a theory
group lead by L. Mclerran (BNL) and an experimental group lead by Y. Akiba of RIKEN,
currently resident at BNL.
Research in the RBRC theory group focuses on a wide variety of phenomena caused by the
strong interaction, one of the four fundamental interactions in nature. The strong interaction is
described theoretically by Quantum Chromodynamics (QCD), and the research projects in the
RBRC theory group aim to elucidate various phenomena brought about by the strong interaction
from the principles of QCD. Major subjects of our research include studies (a) based on lattice
QCD, (b) on spin physics based on perturbative QCD, and (c) on QCD in extreme conditions such
as high temperature, high density or high energy. RBRC offers RHIC Physics Fellowships,
allowing joint appointments with universities. These Fellowships enable a talented researcher to
maintain a tenure track position at his/her university as well as a Fellow position at RBRC for a
certain period of time. This system was established in order to increase the research potential of
RBRC and to disseminate its research activities and results. At present, RBRC has cooperative
agreements with Arizona State University, the City University of New York, Iowa State University,
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Purdue University, Pennsylvania State University, the State University of New York at Stony
Brook, Texas A&M University, the University of Tsukuba, as well as with BNL and with
Lawrence Berkeley National Laboratory.
(1) Lattice QCD
QCDOC (QCD on chip), a second-generation lattice-QCD computer, was developed in the
collaboration amongst the RBRC group, Columbia University and IBM. Three units of such a
machine with 10 teraflops computing power are in operation since 2005; two in BNL (RBRC and
DOE) and one in Edinburgh (UK-QCD), and formed a world-wide strong collaboration for the
lattice QCD studies. Such computing power enables us to perform precise calculations with 3
quark flavors with proper handling on the chiral symmetry breaking. Several projects are ongoing:
flavor physics for Kaon and B-meson, electro-magnetic properties of hadrons, proton decay, the
nuclear force, nucleon form factors which relates to the proton spin problem, and QCD
thermodynamics in finite temperature/density systems as is produced in RHIC heavy-ion collisions.
R and D for a next generation RBRC lattice supercomputer, QCDCQ is finalized. The initial 1/2
rack QCDCQ will be installed in fall 2010, and larger volume machines are under consideration
of installation in 2011.
(2) Perturbative QCD and spin physics
The ongoing RHIC spin experiments have motivated much of the parallel theoretical
developments at RBRC. In the area of transverse spin physics, novel predictions have been
obtained for the single transverse-spin asymmetry in open charm production in pp collisions at
RHIC. This asymmetry probes three gluon correlations in polarized proton. In addition, radiative
QCD corrections to single-spin observables were investigated, providing the relevant evolution
equations. Further work focused on hyperon production at RHIC, and on azimuthal asymmetries
in the Drell-Yan process.
(3) Phenomenological QCD -- QCD under extreme conditions -To establish a detailed picture of relativistic heavy ion collisions, QCD-based theoretical
approaches are in progress. Especially the idea of “color glass condensation (CGC)” can be a key
to understand the initial condition of the heavy ion collision. Other phenomenological
approaches are in progress to understand the characteristics of strongly interacting quark gluon
plasma. A recent effort has been initiated to understand heavy ion elliptic flow in term s of viscous
hydrodynamics. A new finite temperature effective field theory is being developed for the
strongly interacting quark gluon plasma to explain the suppression of sheer viscosity in the
region of the phase transition.
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1. Abstract
RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions
(QCD) using RHIC accelerator at Brookhaven National Laboratory, the world first heavy ion
collider and polarized p+p collider. We have three major activities: Spin Physics at RHIC,
Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC. We study
the spin structure of the proton using the polarized proton-proton collisions at RHIC. This
program has been promoted by RIKEN’s leadership. The first focus of the research is to
measure the gluon spin contribution to the proton spin. Our recent data analysis has shown that
the proton spin carried by the gluons is small, which is a very striking finding beyond our
expectations. The aim of Heavy ion physics at RHIC is to re-create Quark Gluon Plasma
(QGP), the state of Universe just after the Big Bang. Two important discoveries, jet quenching
effect and strong elliptic flows, have established that new state of dense matter is indeed
produced in heavy ion collisions at RHIC. We are proceeding to understand the nature of the
matter. Recently, we have measured direct photons in Au+Au collisions for 1<pT<3 GeV/c ,
where thermal radiation from hot QGP is expected to dominate. The comparison between the
data and theory calculations indicates that the initial temperature of 300 MeV to 600 MeV is
achieved. These values are well above the transition temperature to QGP, which is calculated to
be approximately 170 MeV by lattice QCD calculations.
We has major roles in detector upgrades of PHENIX experiment, namely, the silicon vertex
tracker (VTX) and muon trigger upgrades.
2. Major Research Subjects
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) PHENIX detector upgrades
3. Summary of Research Activity
The RIKEN-BNL Research Center was established in 1997 to support the RIKEN activities
at RHIC in BNL, and also to promote theoretical studies related to RHIC, i.e. theories of strong
interaction. The center’s first director was T. D. Lee (Columbia University), and in October
2003, the former director of BNL, N.P. Samios, succeeded to the post of the director. The
center consists of a theory group lead by L. Mclerran (BNL) and an experimental group lead
by Y. Akiba, a vice chief scientist of RIKEN in Wako.
We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National
Laboratory, the world first heavy ion collider and polarized p+p collider. We have three major
activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of
PHENIX experiment.
(1) Experimental study of spin structure of proton using RHIC polarized proton collider
How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental
question in Quantum Chromodynamics (QCD), the theory of the strong nuclear forces. The
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RHIC Spin Project has been established as an international collaboration between RIKEN and
Brookhaven National Laboratory (BNL) to solve this problem by colliding two polarized
protons for the first time in history. This project also has extended the physics capabilities of
RHIC.
The first goal of the RHIC spin physics program is to elucidate a contribution of the gluon
spin in the proton spin. We have measured double-helicity asymmetries of neutral pions to
study gluon polarization in proton. The most recent data from 2006 run have shown that the
gluon polarization in the proton is small, and only about half of proton spin can be accounted
by gluon spin in the measured region of gluon momentum in proton. The remaining part must
be carried by gluons in lower momentum region where the measurement is not sensitive,
and/or reside in the orbital-angular momentum of quarks and gluons.
To finalize the smallness of the gluon-spin contribution, we need to measure double helicitiy
asymmetry in direct photon production. This process is dominated by a single and the simplest
process, gluon Compton scattering, in perturbative QCD, and is the golden channel to
determine the gluon density and the gluon polarization in the proton. We published a paper on
direct photon cross section in p+p collisions at RHIC. Preliminary results on double-helicity
asymmetry of direct photon from the 2006 run have been obtained.
We have also accumulating transversely-polarized proton collision data to measure single
transverse-spin asymmetries of processes which are predicted to be sensitive to the
orbital-angular momentum of quarks and gluons. In 2006 and 2008, PHENIX recorded 2.7/pb
and 4.5/pb, respectively, of transversely-polarized proton collisions data at 200 GeV to
investigate single transverse-spin asymmetries. Several transverse spin analysis of these high
statistics data are on going.
The 2009 run of RHIC is a major spin run. We had the first 500 GeV p+p run and a long
p+p run at 200 GeV. The main purpose of the 500 GeV run is to measure anit-quark
polarization from the single longitudinal asymmetry A_L in the W boson production. The 500
GeV part of RUN9 is an engineering run. The polarization is lower (~40%) than the 200 GeV
run and the luminosity in the 5 weeks of data taking period is rather limited, at about 14/pb
recorded in PHENIX. Yet we have observed the first signal of W->e decays in p+p collisions
in PHENIX central arm. The group is working on the cross section analysis and the A_L
measurement analysis. In the 200 GeV part of RUN9, PHENIX recorded approximately twice
as much longitudinal polarized p+p data as the 2006 RUN.
In addition to the study of polarized p+p collisions at RHIC, we study quark fragmentation
function. With collaboration with the BELLE experiment at High Energy Accelerator Research
Organization (KEK), we discovered that the spin direction of a quark can be determined from
its hadronic fragments. Precise data of the quark fragmentation function can be used to
understand the cross sections and the spin dependences of particle production in polarized p+p
collisions at RHIC. We continue the study of the quark fragmentation function at BELLE.
(2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider
The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions
i.e. at very high temperature and at very high energy density. Experimental results from RHIC
have established that dense partonic matter is formed in Au+Au collisions at RHIC. The matter
is very dense and opaque, and it has almost no viscosity and behaves like a perfect fluid. These
conclusions are primarily based on the following two discoveries:
• Strong suppression of high transverse momentum hadrons in central Au+Au collisions
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(jet quenching)
• Strong elliptic flow
The focus of the research in heavy ion physics at RHIC is now to investigate the properties
of the matter. RBRC have played the leading roles in some of the most important results from
PHENIX in the study of the matter properties. These include (1) measurements of heavy quark
production from the single electrons from heavy flavor decay (2) measurements of J/Psi
production (3) measurements of di-electron continuum and (4) measurements of direct
photons.
The most important recent result is the measurement of direct photons for 1<pT<5 GeV/c in
p+p and Au+Au through their internal conversion to e+e- pairs.If the dense partonic matter
formed at RHIC is thermalized, it should emit thermal photons. Observation of thermal photon
is direct evidence of early thermalization, and we can determine the initial temperature of the
matter. It is predicted that thermal photons from QGP phase is the dominant source of direct
photons for 1<pT<3 GeV/c at the RHIC energy. We measured the direct photon in this pT
region from measurements of quasi-real virtual photons that decays into low-mass e+e- pairs.
Strong enhancement of direct photon yield in Au+Au over the scaled p+p data has been
observed. Several hydrodynamical models can reproduce the central Au+A data within a factor
of two. These models assume formation of a hot system with initial temperature of Tinit = 300
MeV to 600 MeV. This is the first measurement of initial temperature of quark gluon plasma
formed at RHIC.
(3) PHENIX detector upgrade
The group has major roles in several PHENIX detector upgrades, namely, the silicon vertex
tracker (VTX) and muon trigger upgrades.
VTX is 4 layers of silicon tracker, jointly funded by RIKEN and the US DOE. The inner two
layers are silicon pixel detectors and the outer two layers are silicon strip detectors. The
detector will be completed in 2010.
Muon trigger upgrades are needed for WÆ mu measurement at 500 GeV. New trigger
electronics (Muon Trigger FEE) have been installed in one of muon arms and they will be
commissioned in the 2009 run. After the 2009 run, the rest of the Muon Trigger FEE will be
installed in PHENIX. Prototype o muon trigger detectors using MRPC technology have been
installed for test during the 2009 run.

Group Leader
Yasuyuki AKIBA

Deputy Group Leader
Abhay DESHPANDE

Members
Yuji GOTO
Itaru NAKAGAWA
Takashi ICHIHARA

- 344 -

Atsushi TAKETANI
Yasushi WATANABE
Satoru YOKKAICHI
Kensuke OKADA *1
Ralf-Christian SEIDL *1
Stefan BATHE *1
David KAWALL *2
Kieran BOYLE *3
Manabu Togawa *4
Jun TAMURA (T.I.Tech)*5
Yorito YAMAGUCHI (CNS-U-Tokyo)*5
Misaki OUCHIDA (Hiroshima Univ)*5
Kenichi KARATSU (Kyoto Univ)*5
Yoki ARAMAKI (CNS-U-Tokyo)*5
Akihisa TAKAHARA (CNS-U-Tokyo)*5
Miki KASAI (Rikkyo)*5

Visiting Members
Naohito SAITO (KEK)
Zheng LEE (BNL)
Kiyoshi TANIDA (Kyoto Univ.)
Akio OGAWA (BNL)
Masahiro OKAMURA (BNL)
Rachid NOUICER (BNL)
Kotaro KONDO (T.I.Tech)*8
Kohei SHOJI (Kyoto Univ.)*7
Seishi DAIRAKU (Kyoto Univ.)*7
Katsuro NAKAMURA (Kyoto Univ.)*6
Takeshi KANESUE (Kyusyu Univ.)*7

*1RIKEN BNL Fellow, *2 RHIC Physics Fellow,
*3 Research Associate, *4 Special Postdoctoral Researcher,
*5 Junior Research Associate, *6 JSPS Student, *7 Student trainee
*8 JSPS Postdoc

- 345 -

㪩㪠㪙㪝㩷㪩㪼㫊㪼㪸㫉㪺㪿㩷㪛㫀㫍㫀㫊㫀㫆㫅㩷
㪟㪼㪸㫍㫐㩷㪠㫆㫅㩷㪥㫌㪺㫃㪼㪸㫉㩷㪧㪿㫐㫊㫀㪺㫊㩷㪣㪸㪹㫆㫉㪸㫋㫆㫉㫐㩷
1 Abstract
With fast RI beams provided by the RIBF cyclotron complex and the in-flight RI separators RIPS
and BigRIPS, we study exotic behavior of nuclei far from the stability line, explosive nuclear
burning in stars and early universe, and nuclear reactions related to solar neutrino production. For
that purpose, we develop various experimental methods utilizing intermediate-energy inelastic
scattering including Coulomb excitation, Coulomb dissociation, transfer- and
fragmentation-reactions coupled with gamma- and particle-decay measurements. We perform
also study of the three-nucleon forces by precise measurements of elastic scattering and breakup
reactions of few-nucleon systems. A new laser-spectroscopy technique for exotic nuclei is also
developed. Technical developments of radiation measurements such as semiconductor detectors
and scintillation detectors, data processing methods, and construction of experimental equipment
are also made. Theoretical studies on nuclear structure and nuclear reaction are performed.
2 Major Research Subjects
(1) Spectroscopy of unstable nuclei with direct reactions
(2) Study of astrophysical nuclear reactions with fast beams of unstable nuclei
(3) Three nucleon forces studied by intermediate-energy p+d scattering
(4) Development of high performance radiation detector systems
(5) Development of laser spectroscopy for studying unstable nuclei
(6) Theoretical studies on nuclear structure and nuclear reactions
3 Summary of Research Activity
3.1. Spectroscopy using direct reactions with γ-ray measurements
The evolution of shell structure, development of collectivity, and possible decoupling of
proton- and neutron-motion in neutron- and proton-rich nuclei are studied by direct reactions with
γ-ray measurements. In order to extract different quantities, various reactions were used such as
proton inelastic scattering, Coulomb excitation, nucleon removal reactions.
(1) 32Ne, 32Mg, 34Si – in island of inversion around N=20
In order to clarify the nature of the “islands of inversion” around N=20, the structures of low-lying
levels in 32Mg and 34Si were studied through the proton inelastic scattering. The 4+ state as well as
several other excited states were found in 32Mg. The location of the 3- state indicates
disappearance of the sd-pf shell gap in 32Mg. The anomalously hindered B(E2) value for the 0+-2+
transition in 34Si was compared with the neutron-transition quadrupole matrix element extracted
from the 34Si(p,p’) result. The very neutron rich nucleus 32Ne was studied by the Coulomb
excitation at the new facility of RIBF. The result indicates that this nucleus is in the island of
inversion.
(2) 17,18C – new method with transverse momentum measurement
The spins and parities of the low-lying levels in 17C and 18C were determined by the transverse
momentum distributions of fragments produced in the one neutron removal reactions of 18C and
19
C beams with a hydrogen target. The final states were identified by detecting their de-excitation
γ-rays. The result indicates the usefulness of the transverse-momentum associated with proton
induced nucleon removal processes for the spin-assignment with the help of new approach for the
reaction process, i.e. CDCC.
(3) 62,64Cr – behavior of neutron-rich nuclei around N=40
The development of deformation in 62Cr was observed by the large deformation length and the
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4+-2+ energy ratio obtained in the proton inelastic scattering experiment performed at RIPS. This
confirms the new region of deformation emerging in the neutron-rich N~40 region despite of the
fact that N=40 is a magic number for the harmonic oscillator potential
(4) 20Mg – role of four protons around the 16O core
The collectivity of the proton-rich nucleus 20Mg was studied by the Coulomb excitation. The
B(E2) value for the 2+ excitation was compared with that for the mirror nucleus 20O. The large
ratio between the neutron- and proton-matrix elements is consistent with the known core
polarization effect induced by the valence nucleons, showing that the anomalous decoupling
phenomena observed in 16O is not observed in 20O and 20Mg.
3.2. Spectroscopy of unbound states using breakup and other reactions
(1) Halo structure of 31Ne
The structure of the very neutron-rich nucleus 31Ne was studied at RIBF via Coulomb breakup
reaction. The obtained inclusive cross section shows an abnormal enhancement, which indicates
the neutron halo structure in this nucleus.
(1) Invariant mass spectroscopy of nuclei in the vicinity of the neutron drip line
(a) Study of unbound states in 13Be and 14Be
The first 2+ state of 14Be at Ex=1.55 MeV was measured in the proton inelastic scattering. From
the cross section, deformation length was obtained, which shows a small value as compared with
that of 12Be. The unbound states in 13Be were identified at around Exx =0.5 MeV and 2 MeV in the
invariant mass spectrum observed in the one-neutron removal reaction. The former has a d-wave
property, while the latter is of p-wave nature which indicates obliteration of he N=8 shell gap.
(b) Invariant mass spectra were obtained by the breakup and inelastic scattering of 6He, 17C, and
19
C on proton targets. New peaks were found for neutron-rich carbon isotopes.
(2)Invariant mass spectroscopy of proton-rich nuclei
Coulomb dissociation of proton-rich nuclei 23Al, 27P, and 31Cl on 208Pb were measured to obtain
the radiative proton capture cross section of 22Mg, 26Si, and 30S. These reactions are relevant in
the explosive nucleosynthesis in novae and X-ray bursts and thus their cross sections are
indispensable for the astrophysical network calculation.
(3) Missing mass spectroscopy of very neutron-rich light nuclei
Experimental search for the 7H system with largest N/Z ratio ever known was performed in the
d(8He,3He)7H reaction using missing mass method. The excitation spectrum shows the peculiarity
at ~ 2 MeV that can not be reproduced by a reasonable phase space distributions and might
indicate the existence of the 7H state at low excitation energy. Simultaneously, the strong peaks
that corresponds to 7He and 11Li ground states were observed in the d(8He,t) and d(12Be,3He)
reaction channels.
3.3. Experimental studies on the three nucleon forces
(1) Necessity of the three-nucleon-force is shown to reproduce the deuteron-proton elastic
scattering cross section. To further investigate the three-nucleon-force, spin transfer coefficients
for deuteron-proton breakup reactions were measured. The study has been extended using the
new RIBF facility to higher energies at 250MeV/nucleon, where the effect of the
three-nucleon-force is expected to be more pronounced.
(2) We tested Bell’s inequality in the proton-neutron system by measuring the spin-correlation
between the proton-neutron pair in 1S0-state which was produced by the 2H(d,pn) reaction.
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Among many other experiments performed thus far, this is the first case using the proton and
neutron pair.
3.4. “OROCHI” (Optical RI atom Observation in Condensed Helium as Ion-catcher)
development
A novel nuclear laser spectroscopy technique for exotic nuclei trapped in superfluid helium,
named as OROCHI (Optical RI-atom Observation in Condensed Helium as Ion-catcher), is being
developed. We have carried out high precision measurement of Zeeman and hyperfine splitting
of 85,87Rb and 133Cs atoms in superfluid helium, and successfully demonstrated that the nuclear
spins and moments of unknown nuclei can be deduced by comparing their Zeeman and hyperfine
splitting energies with those of known nuclei. We have also succeeded in optical pumping of
non-alkali atoms such as Ag, which opens the door to the versatility of the OROCHI method. We
are now ready to measure unknown spins and moments of exotic nuclei.
3.5. SCRIT development
SCRIT (Self-Confining RI Target) is a novel experimental scheme to enable the study of the
internal structure of exotic nuclei by electron scattering. We have shown the feasibility of this
scheme by using a prototype installed at the electron storage ring, KSR, of Kyoto University.
Aiming at the future experiment using SCRIT with unstable nuclear beams, the construction of
the SR2 (SCRIT-equipped RIKEN Storage RING) has been started at RIBF. We have achieved
the accumulation of the electron beam with the energy of 700MeV.
3.6. SAMURAI
SAMURAI (Superconducting Analyzer for Multi-particle from Radio Isotope Beams) is a
large-acceptance multi-particle spectrometer we will construct at RIBF. Its major part is of a
large-gap superconducting magnet with 7 Tm of bending power. SAMURAI enables momentum
analysis of heavy projectile fragments and projectile-rapidity protons with large angular and
momentum acceptance. SAMURAI also affords projectile-rapidity neutron measurements with
large angular acceptance in coincidence with heavy projectile fragments.
The construction budget has been approved, and is funded in four years from fiscal year 2008.
The budget covers the superconducting dipole magnet and most part of detectors for heavy ions,
neutrons, and protons. Our lab is, in particular, in charge of silicon strip detectors for protons and
heavy ions and readout circuits requiring capability of broad dynamic range and high density
signal processing. Our lab also partly takes care of the total arrangements of the SAMURAI
collaboration group constituted by members from several institutes, each of which has unique
physics interest.
Detailed design of the superconducting dipole magnet has been almost complete. The magnet
construction in RIBF will start in the summer of 2010, and will complete early in 2011. The
detectors are constructed in parallel. It is planned that the first SAMURAI experiment is
performed in summer 2011.
3.7. Theoretical studies of nuclear physics
Studies on nuclear structure at finite temperature are in progress: A self-consistent formulation of
quasiparticle RPA including the effects of quantal and thermal fluctuations to study the properties
of finite systems with pairing at finite temperature and angular momentum.
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1. Abstract
This laboratory explores exotic nuclear structures and dynamics in exotic nuclei that have
never been investigated before, such as those with largely imbalanced proton and neutron
numbers. Our aim is to develop new experimental techniques utilizing fast RI beams to
discover new phenomena and properties in exotic nuclei. Another important subject is the
equation-of-state in asymmetric nuclear matter, and its association with the origin of elements
and with neutron stars. For instance, we are making attempts to the better understand
underlyning mechanism for exotic stability-enhancements of very neutron-rich fluorine
isotopes, the large deformation of the nucleus 34Mg with N=22 in spite of its vicinity to the
N=20 magic neutron number and anomalous collectivity in 16C. We are further extending these
studies to medium- and heavy-mass regions by developing facilities, detectors and unique
methods at RIBF, thereby leading on the challenging task to find new exotic phenomena. We
also perform numerical simulations of nucleosynthesis under the environment of core-collapse
supernovae, and moreover quest for footprints of supernovae and solar activities in the past,
embedded in Antarctic ice core.
2. Major Research Subjects
(1) Study of structure and dynamics of exotic nuclei through developments of new tools in
terms of reaction- and technique-based methodology
(2) Research on EOS in asymmetric nuclear matter via heavy-ion induced reactions
(3) Promotion of nuclear astrophysics in an interdisciplinary organization
(4) Detector developments for spectroscopy and reaction studies
3. Summary of Research Activity
(1) Missing mass method
Missing mass technique is promising for future radioactive isotope programs at RIBF.
Detection of recoil particles from target is essential in excitation energy determination of
particle unbound states without any assumption of particle- and gamma-decay processes, and
also giving us transfer angular momentum from the angular distribution measurement. We
have developed a solid hydrogen target as well as a detector system called ESPRI for
proton-(in)elastic scattering. In 2009, the ESPRI system was exported to GSI to perform an
experiment. In addition, we prepared a first missing mass experiment at RIBF, where the
start-of-art detector MUST2 will be invited from France. A result obtained from spectroscopy
on 12O with MUST2 at GANIL was published in PRL.
(2) In-beam gamma spectroscopy
In the medium and heavy mass region explored at RIBF, collective natures of nuclei are one of
important subjects, which are obtained through production and observation of high excited and
high spin states. To populate such states, heavy-ion induced reactions such as fragmentation,
fission are useful. So far, we have developed two-step fragmentation method as an efficient
method to identify and populate excited states, and lifetime measurements to deduce transition
strength. At the end of 2008, the first spectroscopy on nuclei island-of-inversion region was
performed and the result on the first excited state in 32Ne was published in PRL in 2009. At the
end of 2009, the second campaign of in-beam gamma spectroscopy was organized and
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backgrounds originating from atomic processes in heavy target were investigated.
(3) Decay spectroscopy
Beta- and isomer-spectroscopy is an efficient method for studying nuclear structure, especially
for non-yrast levels. We had accumulated experimental techniques at the RIPS facility to
investigate nuclear structure in light mass region via beta-gamma and beta-p coincidence.
Concerning the medium and heavy mass region available at RIBF, we have developed two
position-sensitive active-stoppers to achieve low-background via position correlation;
strip-silicon detectors and a cylindrical active stopper called CAITEN. At the end of 2009, the
first decay spectroscopy on neutron-rich nuclei with A~100 was performed at the new facility
of RIBF. At the same time, the CAITEN detector was successfully tested with fragments
produced with a 48Ca beam.
(4) Equation-of-state via heavy-ion central collisions
Equation-of-state in asymmetric nuclear matter is one of major subjects in physics of exotic
nuclei. Concerning RIBF programs, a detector for pions produced in heavy-ion collisions is
being tested at the HIMAC. In addition, a TPC for the SAMURAI spectrometer is being
designed.
(5) Interdisciplinary study for nuclear astrophysics
To understand the origin of elements beyond ion, interdisciplinary works are important in
linking data from nuclear physics program. We are promoting simulation of nucleosynthesis in
the r-process path, and investigation of Antarctic ice core to search for footprints of supernovae
as well as solar activity in the past via mass spectrometer, to link data obtained from nuclear
physics program.
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1 Abstract
The elements with their atomic number Z>103 are called as trans-actinide or superheavy
elements. The chemical properties of those elements have not yet been studied in detail.
Those elements does not exist in nature therefore, they must be produced artificially for
scientific studies. In our laboratory, we have been studying the physical and chemical
properties of the superheavy elements utilizing the accelerators in RIKEN and various
methods of efficient production for the superheavy elements.
2 Major Research Subjects
(1) Search for new superheavy elements
(2) Decay spectroscopy of the heaviest nuclei
(3) Study of the chemical properties of the heaviest elements
(4) Study of the reaction mechanism of the fusion process (theory)
3 Summary of Research Activity
(1) Searching for new elements
To expand the periodic table of elements and the nuclear chart, we will search for new
elements.
(2)Spectroscopic study of the nucleus of heavy elements
Using the high sensitivity system for detecting the heaviest element, we plan to
perform a spectroscopic study of nuclei of the heavy elements.
(3) Chemistry of superheavy elements
Study of chemistry of the trans-actinide (superheavy element) has just started
world-wide, making it a new frontier in the field of chemistry. Relativistic effects in
chemical property are predicted by many theoretical studies. We will try to develop
this new field.
(4) Study of a reaction mechanism for fusion process
Superheavy elements have been produced by complete fusion reaction of two heavy
nuclei. However, the reaction mechanism of the fusion process is still not well
understood theoretically. When we design an experiment to synthesize nuclei of the
superheavy elements, we need to determine a beam-target combination and the most
appropriate reaction energy. This is when the theory becomes important. We will try
to develop a reaction theory useful in designing an experiment by collaborating with the
theorists.
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1. Abstract
We are developing the key hardware in upgrading the RIBF accelerator complex. Firstly we are
developing the challenging superconducting coils for the new 28 GHz ECR ion source which is
being developed in order to increase the intensity of uranium beam. We are designing LEBT
(Low Energy Beam Transport) which transport the high power beam from the ion source to the
next injector linac. Correct estimations of neutralization of space charge forces are hard task.
Finally we are developling long-lived charge stripper foils which are installed to breed the ion
charges for reduction of their magnetic rigidities. We are also developing gas or windlow-less
liquid lithium strippers.
2. Major Research Subjects
(1) Development of superconducting technology in acceleration system.
(2) Development of the LEBT(Low Energy Beam Transport) and the new injector for the high
power beams.
(3) Development of charge strippers for high power beams (foil, gas, liquid)
3. Summary of Research Activity
(1) Development of superconducting technology in acceleration system.
Ohnishi, J.
We are developing the challenging superconducting magnets for the 28GHz ECR ion source.
We just started to study the possibility of the superconducting cavity in the RIBF accelerator
complex.
(2) Development of the LEBT (Low Energy Beam Transport) and the new injector for the high
power beams.
Sato, Y., Okuno, H.,
We are developing the LEBT for the ion beams from the new 28GHz ion source. We are also
studying space charge effects in the new injector for the RIBF accelerator complex.
(3)Development of charge strippers for high power beams (foil, gas, liquid)
Hasebe, H., Kuboki, H., Yokouchi, S., Okuno, H.,
We are developing the long lived charge stripper for high power ion beams. Foils, gas and liquid
for the strippers are being studied in parallel.
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1. Abstract
Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of
the RI Beam Factory. We focus on further upgrading the performance of the RI Beam Factory
through the design and fabrication of a superconducting ECR heavy-ion source for production
of high-intensity uranium ions.
2. Major Research Subjects
(1) Operation and development of the ECR ion sources
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity
uranium ions
3. Summary of Research Activity
(1) Operation and development of ECR ion sources
T. Nakagawa, M. Kidera, Y. Higurashi, H. Haba, T. Kageyama and A. Goto
We routinely produce and supply various kinds of heavy ions such as zinc and neon ions for
the super-heavy element serach experiment as well as uranium ions for RIBF experiments. We
also perform R&D’s to meet the requirements for stable supply of high-intensity heavy ion
beams.
(2) Development of a superconducting ECR ion source for use in production of a high-intensity
uranium beam
T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, H. Haba and A. Goto
The RIBF is required to supply uranium beams with very high intensity so as to produce RI’s.
We have designed and are fabricating an ECR ion source with high magnetic field and high
microwave-frequency, since the existing ECR ion sources have their limits in beam intensity.
The coils of this ion source are designed to be superconducting for the production of high
magnetic field. We are also designing the low-energy beam transport line of the
superconducting ECR ion source.
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1. Abstract
The operation and maintenance of the RIKEN Heavy-ion Linac (RILAC) have been carried out.
There are the two modes, the standalone mode, in which the beam is delivered directly to the
low-energy beam user in the RILAC, and the injection mode, in which the RILAC beam is
injected to the RIKEN Ring Cyclotron (RRC). The RILAC is composed of two ion sources,
the frequency-variable RFQ linac, six frequency-variable cavities, and six energy booster
cavities (CSM). The maintenance of these devices is important to keep the log-term stability
of RILAC beams.
2. Major Research Subjects
(1) The long term stability of the RILAC operation.
(2) Improvement of efficiency of the RILAC operation.
3. Summary of Research Activity
The RIKEN Heavy-ion Linac (RILAC) is a frequency-tunable linac. The RILAC is
composed of two Heavy-ion ECR ion sources, RFQ linac, six main cavities, and six energy
booster cavities. Thousands hours are spent in a year for delivering many kinds of heavy-ion
beams to various experiments.
The RILAC has two operation modes: the stand-alone operation delivering low-energy beams
directly to experiments and the injection mode operation supplying beams into the RIKEN
Ring Cyclotron (RRC). In the first mode, the RILAC supplies very important beam to the
nuclear physics experiment of “the research of super heavy elements”. In the second mode,
the RILAC plays very important role as upstream end of the RIBF accelerators.
The maintenance is very important in order to keep the high quality performance of the RILAC.
Improvements are always carried out for the purpose of more efficient operation.
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1. Abstract
Together with other teams of Nishina Center accelerator division, maintaining and improving
the RIBF cyclotron complex. The accelerator provides high intensity heavy ions. Our mission
is to have stable operation of cyclotrons for high power beam operation. Recently stabilization
of the rf system is a key issue to provide 10 kW heavy ion beam.
2. Major Research Subjects
(1) RF technology for Cyclotrons
(2) Beam-RF correlation analysis
(4) Maintenance and improvement of RIBF cyclotrons and linacs.
(5) Design and construction of new injector linac.
(6) Single turn operation for polarized deuteron beams.
3. Summary of Research Activity
Development of the rf system for a stable operation.
Improvement and maitainance of rf devices.
Correlation analysis between rf and beam.
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1. Abstract
In order to realize stable and efficient operations of RIBF accelerator complex, various
improvements including beam diagnosis, computer control, power supplies have been
performed. Our final goal is to establish simulation-based operation of RIBF accelerator
complex.
2. Major Research Subjects
(1) Improvement on the beam transmission along the multi-stage accelerator system.
(2) Development of beam diagnosis.
(3) Development of computer control.
(4) Establishment of long-term stabilities of magnet and magnet power supplies.
3. Summary of Research Activity
(1) Development of the beam diagnostic technology
We have improved existing beam intensity monitors (Faraday cup) for precise measurements
of heavy ions like uranium. In addition, non-destructive beam intensity monitor using SQUID
have been developed. These modifications resulted in a great improvement of beam
transmission efficiency.
(2) Development of the computer control system of accelerator
EPICS-based control system and a home-made beam interlock system have been stably
operated. We also applied embedded EPICS system on F3RP61-2L to our new injector system
RILAC2.
(3) Stability tests of old power supplies
We tested long-term stabilities of old power supplies used for more than twenty years to
realize stable operation of accelerator complex.
(4) New injector system RILAC2

Team Leader
Nobuhisa FUKUNISHI
Members
Masaki FUJIMAKI
Sachiko ITO
Keiko KUMAGAI
Tamaki WATANABE
Contract Technical Scientist
Misaki KOBAYASHI-KOMIYAMA
Kazunari YAMADA
Hiroshi WATANABE
Makoto NAGASE
- 368 -

Visiting Scientists
Hiromichi RYUTO (Photonics and Electronics Science and Engineering Center,
Kyoto Univ.)
Jun-ichi ODAGIRI
Yuichiro SASAKI
Research Consultants
Jiro FUJITA

- 369 -

�I�� �esearc� Di�isio�
Acce�erator Group （Group Director
�r�o�e�ic Tec��o�o�� Team

： Osamu KAMIGAITO）

1. Abstract
We are operating the cryogenic system for the superconducting ring cyclotron in RIBF. We are
operating the helium cryogenic system in the south area of RIKEN Wako campus and
delivering the liquid helium to users in RIKEN. We are trying to collect efficiently gas
helium after usage of liquid helium.
2. Major Research Subjects
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering
the liquid helium to users in Wako campus.
3. Summary of Research Activity
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF
Okuno, H., Dantsuka, T., Maie, T.
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering
the liquid helium to users in Wako campus.
Dantsuka, T., Odashima, Y., Nakamura, M., Maie, T., Ikegami, K., Okuno., H.
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1. Abstract
A next-generation slow radioactive nuclear ion beam facility (SLOWRI) which provides slow,
high-purity and small emittance ion beams of all elements is being build as one of the principal
facilities at the RIKEN RI-beam factory (RIBF). High energy radioactive ion beams from the
projectile fragment separator BigRIPS are thermalized in a large gas catcher cell. The
thermalized ions in the gas cell are guided and extracted to a vacuum environment by a
combination of dc electric fields and inhomogeneous rf fields (rf carpet ion guide). From there
the slow ion beam is delivered via a mass separator and a switchyard to various devices: such as
an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight mass
spectrometer. In the R&D works at the present RIKEN facility, an overall efficiency of 5% for a
100A MeV 8Li ion beam from the present projectile fragment separator RIPS was achieved and
the dependence of the efficiency on the ion beam intensity was investigated.
First spectroscopy experiment at the prototype SLOWI was performed on Be isotopes.
Energetic ions of 7,10,11Be from the RIPS were trapped and laser cooled in a linear rf trap and
precision spectroscopy was performed. The evaluated ion temperature of <10 mK demonstrates
that a reduction of more than 15 orders of magnitude for the kinetic energy of radioactive Be
was achieved online. Precise investigation of the hyperfine structure will confirm the anomalous
mean radius of the valence neutron of the so called neutron halo nucleus.
Other spectroscopy experiments using the slow RI-beams are also under progress in off-line
setups. A collinear fast beam apparatus for nuclear charge radii measurements was build and
tested with stable Ar+ ion beams. A multi-reflection time-of-flight mass spectrograph was build
for precise and fast measurements of short-lived radioactive nuclei. A high mass resolving
power of 200,000 has been achieved with a 5 ms measurement period.
An advanced SLOWRI facility is also proposed. The expected number of nuclides which can
be investigated at SLOWRI is more than 3000, however, the realistic beam time for each
experiment would be very limited. The advanced facility will parasitically provide slow
RI-beams everyday as long as the fragment separator BigRIPS is operated. The parasitic beam
can be produced from those nuclei dumped at the first focal plane slits of BigRIPS by placing a
compact gas catcher cell. The thermalized and neutralized RI in the cell can be re-ionized at the
exit of the cell by resonance laser ionization. Development the new scheme, named PALIS, is
underway.
2. Major Research Subjects
(1) Development and construction of the next-generation slow RI-beam facility
(2) Precision hyperfine spectroscopy of trapped ions for magnetization distribution in a halo
nucleus
(3) Nuclear charge radii measurements using ion trap and collinear fast beam apparatus
(4) Precision mass measurements of short-lived nuclei using a multi-reflection TOF mass
spectrograph
(5) Development of deceleration and cooling devices for energetic beams using gas cell and rf
fields.
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(6)

Atomic physics and fundamental symmetry research investigating nuclear decay of an
isolated atom
(7) Development of parasitic slow RI-beam production method using resonance laser
ionization.

3. Summary of Research Activity
(1) Development of universal slow RI-beam facility
WADA, Michiharu, TAKAMINE, Aiko, SCHURY Peter, SONODA, Tetsu, OKADA,
Kunihiro, KANAI, Yasuyuki, YOSHIDA, Atsushi, KUBO, Toshiyuki, YAMAZAKI,
Yasunori, WOLLNIK, Hermann, SCHUESSLER, Hans, NODA, Koji, OHTANI, Shunsuke,
KATAYAMA Ichiro
A next-generation slow radioactive nuclear ion beam facility (SLOWRI) which provides slow,
high-purity and small emittance ion beams of all elements is being build as one of the principal
facilities at the RIKEN RI-beam factory (RIBF). High energy radioactive ion beams from the
projectile fragment separator BigRIPS are thermalized in a large gas catcher cell. The
thermalized ions in the gas cell are guided and extracted to a vacuum environment by a
combination of dc electric fields and inhomogeneous rf fields (rf carpet ion guide). From there
the slow ion beam is delivered via a mass separator and a switchyard to various devices: such as
an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight mass
spectrometer. In the R&D works at the present RIKEN facility, an overall efficiency of 5% for a
100A MeV 8Li ion beam from the present projectile fragment separator RIPS was achieved and
the dependence of the efficiency on the ion beam intensity was investigated. An advanced gas
cell with cryogenic cooler and an additional rf carpet at the wall of the cell is under
development.
(2) Laser spectroscopy of trapped radioactive beryllium isotope ions
WADA, Michiharu, TAKAMINE, Aiko, SCHURY Peter, SONODA Tetsu, OKADA,
Kunihiro, KANAI, Yasuyuki, YOSHIDA, Atsushi, KUBO, Toshiyuki, YAMAZAKI,
Yasunori, WOLLNIK, Hermann, SCHUESSLER, Hans, NODA, Koji, OHTANI, Shunsuke,
KATAYAMA Ichiro
As a first application of the prototype SLOWRI setup, we are applying hyperfine structure
spectroscopy to the beryllium isotopes to determine in particular the anomalous radius of the
valence neutron of the neutron halo nucleus 11Be, and to determine the charge radii of these
beryllium isotopes through laser-laser double resonance spectroscopy of laser-cooled ions. Laser
cooling is an essential prerequisite for these planned experiments. However, the exact resonance
frequencies of the cooling transitions for radioactive beryllium isotopes are not known. In such
light elements, the isotope shifts in the atomic transitions are larger than several 10 GHz and
their dominant parts are due to complicated multi-electron correlations. Some theoretical works
on the isotope shifts of the beryllium ion exist, however the values contradict each other at the
level of accuracy needed.
The first laser spectroscopy experiments for beryllium isotopes were performed to measure the
resonance frequencies of 2s 2S1/2 - 2p 2P3/2 transition of 7Be+, 9Be+, 10Be+ and 10Be+ ions and the
nuclear charge radii of these Be isotopes were determined. The hyperfine structure of 11Be+ and
7
Be+ ions using the laser-microwave double resonance spectroscopy were also performed and
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A(7Be+) = -742.7723(4) MHz and A(11Be+) = -2677.308(2) MHz were determined for the first
time. Precision measurements of the nuclear magnetic moments of these Be isotopes are under
preparation.
(3) Development of a multi-reflection TOF mass spectrograph
WADA, Michiharu, SCHURY Peter, TAKAMINE, Aiko, SONODA Tetsu, OKADA,
Kunihiro, WOLLNIK, Hermann,
The atomic mass is one of the most important quantity of a nucleus and has been studied in
various methods since the early days of physics. Among many methods we chose a
multi-reflection time-of-flight (MR-TOF) mass spectrometer. Slow RI beams extracted from the
RF ion-guide are bunch injected into the spectrometer with a repetition rate of ~500 Hz. The
spectrometer consists of two electrostatic mirrors between which the ions travel back and forth
repeatedly. These mirrors are designed such that energy-isochrononicity in the flight time is
guaranteed during the multiple reflections while the flight time varies with the masses of ions.
A mass-resolving power of >200,000 has been obtained with about 500 reflections in a 30 cm
length spectrometer. This mass-resolving power should allow us to determine ion masses with
an accuracy of 10-7. The advantages of the MR-TOF spectrometer are: 1) short measurement
periods, typically 2 ms, which allows all neutron rich nuclei to be investigated, 2) the device is
compact and its operation is simple, especially, it is independent from the all upstream devices,
accelerators and fragment separators, 3) ions of more than isobars can be measured
simultaneously, so that mass reference can easily be established in the mass spectra. In total,
the number of measurable nuclides within a limited beam time would be larger than that can be
achieved by other methods. It should be noted here also that this method can be used even
during a low-duty parasite beam time. An on-line MR-TOF mass spectrograph with 80 cm
length having an expected mass resolving power of 1,000,000 is under fabrication.
(4) Development of collinear fast beam apparatus for nuclear charge radii measurements
WADA, Michiharu, SCHUESSLER, Hans, IIMURA, Hideki, SONODA, Tetsu, SCHURY,
Peter, TAKAMINE, Aiko, OKADA, Kunihiro, WOLLNIK, Hermann,
The root-mean-square charge radii of unstable nuclei have been determined exclusively by
isotope shift measurements of the optical transitions of singly-charged ions or neutral atoms by
laser spectroscopy. Many isotopes of alkaline, alkaline-earth, noble-gases and several other
elements have been measured by collinear laser spectroscopy since these ions have all good
optical transitions and are available at conventional ISOL facilities. However, isotopes of other
elements especially refractory and short-lived ones have not been investigated so far.
In SLOWRI, isotopes of all atomic elements will be provided as well collimated mono-energetic
beams. This should expand the range of applicable nuclides of laser spectroscopy. In the first
years of the RIBF project, Ni and its vicinities, such as Ni, Co, Fe, Cr, Cu, Ga, Ge are planned
to be investigated. They all have possible optical transitions in the ground states of neutral
atoms with presently available laser systems. Some of them have so called recycle transitions
which enhance the detection probabilities noticeably. Also the multistep resonance ionization
(RIS) method can be applied to the isotopes of Ni as well as those of some other elements. The
required minimum intensity for this method can be as low as 10 atoms per second.
We have built an off-line mass separator and a collinear fast beam apparatus with a large
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solid-angle fluorescence detector. A 617 nm transition of the metastable Ar+ ion at 20 keV
was measured with both collinear and anti-collinear geometry that allowed us to determine the
absolute resonant frequency of the transition at rest with more than 10 -8 accuracy. Such high
accuracy measurements for Ti and Ni isotopes are in progress.
(5) Development of parasitic slow RI-beam production scheme using resonance laser ionization
WADA, Michiharu, SONODA Tetsu, TAKAMINE, Aiko, OKADA, Kunihiro, MATSUO
Yukari, FURUKAWA, Takeshi, KOBAYASHI T., MIYATAKE Hiroari, JEONG Sun Chan,
ISHIYAMA, H., IMAI, N., HIRAYAMA Y., KATAYAMA I., TOMITA, H., IIMURA, H.,
SHINOZUKA T., WAKUI, T., HUYSE, M., VAN DUPPEN, P., KUDRYAVTSEV, Yu.,
SCHUESSLER, H., WOLLNIK, H.
More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped
in the first dipole magnet and the slits. A new scheme, named PALIS, to rescue such dumped
precious RI using a compact gas catcher cell and resonance laser ionization was proposed. The
thermalized RI ions in a cell filled with Ar gas can be quickly neutralized and transported to the
exit of the cell by gas flow. Irradiation of resonance lasers at the exit ionizes neutral RI atoms
efficiently and selectively. The ionized RI ions can be further selected by a magnetic mass
separator and transported to SLOWRI experimental area for spectroscopy experiment. The
resonance ionization scheme itself can also be a useful method to perform precision optical
spectroscopy of RI of many elements.
An off-line setup for resonance ionization in gas cell is under construction. Several pulsed dye
lasers pumped by two excimer lasers are prepared. A gas cell test bench is also under design.
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（Group Director ： Ｍasanori WAKASUGI）

1. Abstract
The team conducts the research and development on the production of spin-oriented
radioactive-isotope beams (RIBs), and applies it to the research on nuclear physics, fundamental
physics, and material science. The microscopic investigation of physical and chemical processes
is performed based on nuclear techniques which takes the advantage of intrinsic nuclear
properties and phenomena (spins, electromagnetic moments, decay modes etc.). In particular,
the precession/resonance of a polarized/aligned nuclear spin under an external field is observed
through a change in the angular distribution of radiation, for the study of nuclear structures via
nuclear moments. The experimental methods and devices for fundamental physics research with
polarized nuclei have been also developed. The same method, as well as the Möessbauer
technique, are used for the investigation of condensed matter such as semiconductor,
ferromagnets, fullerenes, systems with dilute magnetic impurities etc. by capitalizing
radioactive nuclei as microscopic probes into them. All these research activities are to be
extended to wide variety of unstable nuclei which RI Beam Factory (RIBF) provides. A method
to produce beams of highly polarized radioactive nuclei, taking full advantage of RIBF, is being
developed.
2. Major Research Subjects
(1) Nuclear-moment measurements of unstable nuclei
(2) RIPS upgrade and the development of highly polarized slow RI beams
(3) Fundamental physics: Study of symmetry
(4) Condensed matter studies using radioactive nuclear probes
3. Summary of Research Activity
(1) Nuclear-moment measurements of unstable nuclei
It has been revealed in our earlier work that spin-oriented RIBs can be obtained as a function of
their outgoing momentum in the projectile-fragmentation reaction. With the obtained
spin-polarized nuclei, ground- and excited-state nuclear moments can be determined by means
of the β-NMR and TDPAD methods, respectively. Based on these technique, we have recently
been conducted the nuclear-moments measurement of neutron-rich sd-shell around the neutron
magic number N=20. It has been proposed in this region that an inversion of amplitudes
between the sd normal and the pf intruder configurations would lead to deformation of the
ground states. Thus, the region of nuclei is called the island of inversion. The measured nuclear
moments are expected to provide microscopic properties for those nuclei of interest. The
sub-themes are the following:
z Studies of shell evolution through nuclear-moment measurements of neutron-rich nuclei.
The targets are:
¾ the neutron-rich aluminum isotopes 30-34Al for the study of the island of inversion
phenomena around N=20,
¾ neutron-rich S, P, and Si isotopes for the magicity of N=28, and
¾ N∼40 nuclei 54mNi and 69mCu for the study of isospin symmetry and the magicity.
z Development of a new method to produce highly spin-aligned RIBs through the two-step
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fragmentation reaction and its application to the isomeric-state magnetic-moment
measurements.
z The ground-state electric quadrupole moment measurement of 23Al for the study of the
T=3/2 mirror symmetry.
(2) RIPS upgrade and the development of highly polarized slow RI beams
The upgrade of RIPS has been proposed in the phase-II programs. In the cyclotron-cascade
acceleration scheme, beams are accelerated up to the energy of E = 115 A MeV with IRC. In
this upgrade, the former fragment separator RIPS is equipped with a new beam line that delivers
beams of 115 A MeV heavy ions from the IRC cyclotron. RI beams produced by the primary
beams at such an intermediate energy are high enough to produce RIBs via
projectile-fragmentation reactions and suitably low in energy to be stopped in a sample material
of limited thicknesses. Compared with the production yield of RIBs in the present AVF-RRC
acceleration scheme, they are drastically increased. The design study of the upgrade program is
in progress in our team. We noted that RIBs produced at E = 115 A MeV can be spin-oriented
so that the nuclear-moment measurements will be further conducted. Also, combining a new
atomic-beam resonance method to combine with fragmentation-based RI beams, which is under
development, to this program, highly spin-polarized RI beams will be produced in a low
beam-energy region. Then, they could be useful not only for nuclear-moment measurements but
also for spin-related subjects in nuclear physics, fundamental physics, and material sciences.
(3) Fundamental physics: Study of symmetry
Nuclear spins of stable and unstable isotopes sometimes play important roles in fundamental
physics research. New experimental methods and devices have been developed for studies on
the violation of time reversal symmetry (T-violation) using spin-polarized nuclei. These
experiments aim detection of small frequency shift of the spin precession or measurement of the
T-odd angular correlation in β-decay as T-violating signals arising from new mechanisms
beyond the “Standard Model”. Sub-themes are the following:
z Precision measurement of spin-precession frequency with a new type of the nuclear spin
maser for atomic EDM (Electric Dipole Moment) search.
z Development of a new Mott polarimeter for T-violation experiment using β-decay of
polarized unstable nuclei.
(4) Condensed matter studies using radioactive nuclear probes
Utilizing RI beams as a probe, online Mössbauer spectroscopy and online perturbed angular
correlation experiments have been carried out through the γ-ray measurements. The microscopic
structures, dynamics in ferromagnets, and properties of semiconductors have been investigated
from the deduced internal local fields and the spin relaxation of the probe in materials. The
β-NMR/NQR method is also utilized for these condensed matter studies. The methods and
apparatus have been developed. Also, basic studies on the probe nuclei have been carried out.
Sub-themes are the following:
z Study of “exotic” chemical states and the fast atomic-jump processes in solid with the
online Mössbauer spectroscopy of implanted 57Fe
z Development of the on-line perturbed angular-correlation method with 19O beams as a
new probe
z Study of the diffusion and segregation of Fe impurity atoms in Si through in-beam
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Mössbauer experiment with a Coulomb excited, recoil implanted 57Fe nuclei.
z Study of the fast diffusion of Cu impurity atoms in Si through β-NMR/NQR with
implanted 58Cu.
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1. Abstract
We are developing the isochronous storage ring to measure the mass for rare radioactive
isotopes (Rare RI ring). It is assumed that uranium is synthesized by neutron capture process
after the supernovae explosion (r-process). To prove r-process, mass measurements for the rare
RI are indispensable. To deduce the mass, we measure the circulation time (cyclotron
frequency) for the rare RI inside the ring. RI beams produce in RIBF have some energy spread.
To compensate the spread, isochronicity inside the ring is indispensable (isochronous storage
ring). We will inject the rare RI one by one to the ring (individual injection) to identify the RI
event-by-event.
2. Major Research Subjects
Developments of isochronous storage ring to measure mass of rare RI.
3. Summary of Research Activity
Developments of isochronous storage ring to measure mass of rare RI.
The conceptual design for an isochronous storage ring has been finalized in this year. To
minimize construction cost, we plan to use the SHARAQ beam line as an injection beam
transport line for the isochronous ring and re-use TARN-II bending magnets, which have been
moved from KEK, as main components of the ring. R&D study of quick activated kicker
magnet system required for one by one injection has been started, and the feasibility will be
demonstrated in next year. Another important item in the ring is schottoki beam monitor, which
observes single ion circulating the ring. It is now under designing, and it will be manufactured
in next year and installed in the HIMAC for test experiment.
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1. Abstract
We aim at the investigation of internal nuclear structure of short-lived radioactive nuclei (RI) by
means of electron scattering. Electron scattering for RI's has never been performed duo to
inability to make target of these nuclei. An electron-RI collider system, which requires a huge
accelerator complex, has so far been unique solution to overcome the difficulty. We have
developed a novel internal target system named SCRIT (Self-Confining RI Ion Target) in an
electron storage ring to make the experiment easier with much compact experimental system.
An electron accelerator system required in this experiment has been constructed in this year, and
it is under commissioning. The SCRIT device, which will be installed in the accelerator, has
also been manufactures.
2. Major Research Subjects
Development of the SCRIT technology and electron scattering for unstable nuclei.
3. Summary of Research Activity
Development of a novel internal target of unstable nuclei (SCRIT) in an electron storage ring
for electron scattering experiment.
(Wakasugi, Miyashita, Kurita, Suda, Tamae, Hori, Hara)
We have constructed an electron accelerator system, which consists of an injector microtron
(RTM) and a storage ring (SR2). The commissioning and machine study is now in progress. The
SCRIT (Self-Confining Radioactive Ion Target) device was manufactured in this year and we
are now making the preparation for installing to the SR2. In this electron scattering facility, we
will construct the U photo-fission ion source for RI production and an ISOL system for RI
injection into the SCRIT device. They are now under designing. Detector system for scattered
electrons from the SCRIT is also under designing and it will be manufactured in next year. We
plan to start the electron scattering experiment for unstable nuclei from the beginning of 2012.
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1 Abstract
Development and maintenance of devices related to study of the superheavy elements.
2 Major Research Subjects
(1) Maintenance and development of recoil separators GARIS and GARIS-II.
(2) Maintenance and development of a focal-plane detector system and rapid chemistry devices.
3 Summary of Research Activity
(1) Maintenance and development of recoil separator
A gas-filled recoil separator has been used as a main experimental device for the study of
superheavy elements. We will develop and maintain the related devices. We will also offer
user-support if a researcher wishes to use the devices for his/her own research program.
(3) Maintenance and development of focal-plane detectors and devices for fast chemistry
We will develop and maintain the focal-plane detector system for the study of the superheavy
elements. We do research and development of devices for fast chemistry of superheavy elements.
We also offer user‐support for potential users.
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1. Abstract
This team is in charge of design, construction, development and operation of BigRIPS in-flight
separator and its related research instruments at RI beam factory (RIBF). They are employed not
only for the production of RI beams but also the experimental studies using RI beams.
2. Major Research Subjects
Design, construction, development and operation of BigRIPS in-flight separator, RI-beam
transport lines, and their related research instruments
3. Summary of Research Activity
This team is in charge of design, construction, development and operation of BigRIPS in-flight
separator, RI-beam transport lines, and their related research instruments such as ZeroDegree
spectrometer at RI beam factory (RIBF). They are employed not only for the production of RI
beams but also various kinds of experimental studies using RI beams.
The research subjects may be summarized as follows:
(1) General studies on RI-beam production using in-flight scheme.
(2) Studies on ion-optics of in-flight separators, including particle identification of RI beams
(3) Simulation and optimization of RI-beam production.
(4) Development of beam-line detectors and their data acquisition system.
(5) Experimental studies on production reactions and unstable nuclei.
(6) Experimental studies of the limits of nuclear binding.
(7) Development of superconducting magnets and their helium cryogenic systems.
(8) Development of a high-power production target system.
(9) Development of a high-power beam dump system.
(10) Development of a remote maintenance and remote handling systems.
(11) Operation, maintenance and improvement of BigRIPS separator system, RI-beam transport
lines, and their related research instruments such as Zero Degree spectrometer and so on.
(12) Experimental research using RI beams.
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1. Abstract
This team is in charge of design, development and construction of the SAMURAI spectrometer
that will be used for reaction experiments using RI beams at RI Beam Factory. SAMURAI
consists of a large superconducting dipole magnet and a variety of detectors to detect charged
particles and neutrons.
2. Major Research Subjects
Design, development and construction of the SAMURAI spectrometer at RI Beam Factory and
its related research instruments.
3. Summary of Research Activity
This team is in charge of design, development and construction of the SAMURAI spectrometer
at RI Beam Factory. Consisting of a large superconducting dipole magnet and a variety of
detectors to detect charged particles and neutrons, SAMURAI will be used for various reaction
studies with RI beams.
The research subjects may be summarized as follows:
(1) Design, development and construction of a large superconducting dipole magnet that will be
the main component of the SAMURAI spectrometer.
(2) Design, development and construction of various detectors that are used for nuclear reaction
experiments using the SAMURAI spectrometer.
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1. Abstract
The Computing and Network team is in charge of the development, management, and operation
of the computing and networking environment, mail and information servers, and data
acquisition system; the team is also responsible for information security management at RIKEN
Nishina Center.
2. Major Research Subjects
(1) Development, management, and operation of general computing servers
(2) Development, management, and operation of mail and information servers
(3) Development, management, and operation of the data acquisition system
(4) Development, management, and operation of the network environment
(5) Information security management
3. Summary of Research Activity
This team is in charge of the development, management, and operation of the computing and
networking environment, mail and information servers, and data acquisition system; further, the
team is responsible for information security management. Details of the research activities will
be provided later in this progress report.
(1) Development, management, and operation of general computing servers
We are operating the Linux/Unix NIS/NFS cluster system for analysis of the experimental
data and general computing. This cluster system consists of eight computing servers with 28
CPU cores and a 20 TB RAID comprising highly reliable fiber channels (HDD). Approximately
500 user accounts are registered on this cluster system. We have adopted Scientific Linux,
which has been developed at Fermi National Laboratory, as the primary operating system.
Scientific Linux is widely used by the nuclear physics and high-energy physics communities, as
well as in accelerator research facilities worldwide.
The SSH login server is RIBF00.RIKEN.JP. Public-key authentication is used for SSH login to
improve information security.
(2) Development, management, and operation of mail and information servers
We are operating the RIBF.RIKEN.JP mail server. Postfix is used as the mail transport
software, and Dovecot is used for IMAP and POP services. These software packages enable
secure and reliable mail delivery. Front-end mail servers (RIBFSMTP1/RIBFSMTP2) are used
for tagging spam mails and isolating virus-infected mails. Sophos Email Security and Control
(PMX) was installed on these servers in March 2008, and since then, it has been functioning
satisfactorily and serving the intended purposes. Almost 99% of the spam mails are identified
by PMX.
We are operating several information servers such as WWW servers, Wiki servers, indico
server, twitter server, Groupware servers, Windows Media streaming servers, and QuickTime
streaming servers.
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An anonymous ftp server, FTP.RIKEN.JP, is managed and operated at RIKEN Nishina Center.
This server has a speed of 10 Gbps and is connected to the Local Area Network (LAN) via a
dual-port 10GbE NIC with a PCI Express interface. This server has an average network transfer
rate of approximately 50 MBps, and it is one of the most heavily loaded servers at RIKEN. A 26
TB SATA RAID system with a quad-port 8-Gbps fiber channel interface has been added to this
server. Major Linux distributions, which include Scientific Linux, CentOS, Ubuntu, Fedora,
Debian, OpenSUSE, Mandrake, Slackware, and Vine, are mirrored daily at the ftp server for
facilitating high-speed access by the users. The archived data on the server can be accessed by
using anonymous ftp, http, and rsync protocols.
(3) Development, management, and operation of the data acquisition system
We are developing a data acquisition system for the RIBF. The functions of this system are
network-distributed data processing, hierarchical event building, and parallel readout, which are
achieved using the newly developed software and commodity hardware. This system is both
versatile and scalable and hence meets the various requirements for RIBF experiments. The
system has a maximum data processing capability of around 40 MB/s. We are also developing a
time-stamping system with a precision of 10 ns for the RIBF experiments.
(4) Development, management, and operation of the network environment
We have been managing the network environment in collaboration with Advanced Center for
Computing and Communications (ACCC). All the Ethernet ports of the information wall
sockets are capable achieving Gigabit Ethernet connection (10/100/1000BT). Many
(approximately 60) wireless LAN access points have been installed to cover almost the entire
area of Nishina Center.
(5) Information security management
It is essential to adopt proper information security measures for information assets. The most
important safety measures include (1) protection of information from virus attacks, (2) detection
of virus attacks, and (3) recovering information in the event of a virus attack. We are currently
involved in information security management at Nishina Center, in collaboration with ACCC.
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1. Abstract
This team is in charge of development, fabrication, and operation of various detector for
nuclear physics experiment in RIKEN Nishina center. Also the team organizes collaboration
work for detector technology among related research groups in order to improve mutual share of
knowledge and experience with both in the RIKEN and outside RIKEN.
2. Major Research Subjects
(1) Development of silicon pixel detector.
(2). Development of high dynamic range preamplifier for silicon strip detector
(3) Development of readout electronics for time projection chamber
(4) Muon detector development for high energy hadron reaction experiment.
3. Summary of Research Activity
This team is presently focusing on developments of detectors for RHIC PHENIX experiments
and RIBF nuclear experiments.
(1) Development of silicon pixel detector.
RIKEN, Rikkyo, Kyoto, CNS and KEK group is responsible for the pixel ladder fabrications for
the RHIC PHENIX detector upgrade. The ladder is a module which is composed of pixel sensor
modules, support frame, and readout bus. These ladders will be installed in 2010 fall and will
generate physics data with 100 micron meter resolution for heavy flavor decay vertex
identification.
(2) Development of high dynamic range preamplifier
Coulomb break up experiment at RIBF needs high dynamic range silicon strip detector in order
to identify the charged particle from proton to Sn. We propose to use both high gain and low
gain preamplifiers. Dual hybrid preamplifiers with discrete devices were developed and
proofed the principal. Then an application specific integrated circuit was designed and
fabricated by collaboration with KEK and CNS. Also We collaborate Washington University for
readout.

(3) Development of readout electronics for time projection chamber
A time projection chamber will be used for SAMURAI spectrometer. RIKEN and Kyoto group
is in charge of the readout electronics. We started the conceptual design.
(4) Development of the detector with high position resolution and high counting rate
RIBF experiment must have high rate capability to explore low cross section events. We would
like to develop such detector by using MICROMEGAS or GEM technology.
(5) Muon detector development for high energy hadron reaction experiment
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Muon detector at the RHIC PHENIX experiments has been upgrading to detecting weak boson
in order to explore spin structure of the proton. KEK, RIKEN and Kyoto group is in charge of
the electronics for the fast trigger electronics to pick up high momentum muon from W decay
and optical alignment system for geometrical alignment.
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R�B� Research Di�isio�
Acce�erator App�icatio�s Research Group
Radiatio� Bio�o�� �ea�

（Group Director ： Ｔadashi KAMBARA）

1. Abstract
Radiation biology team studies various biological effects of fast heavy ions. It also develops
new technique to breed plants by heavy-ion irradiations. Fast heavy ions can produce dense and
localized ionizations in matters along their tracks, in contrast to photons (X rays and gamma
rays) which produce randomly distributed isolated ionizations. These localized and dense
ionization can cause double-strand breaks of DNA in cells which are not easily repaired and
result in mutation more effectively than single-strand breaks. A unique feature of our
experimental facility at the RIKEN Ring Cyclotron (RRC) is that we can irradiate living bodies
in atmosphere or in bottles since the delivered heavy-ion beams have energies high enough to
penetrate deep in matter. This team utilizes a dedicated beam line (E5B) of the RRC to irradiate
cultivated cells, plants and animals with beams ranging from carbon to iron. Its research
subjects cover physiological study of DNA repair, genome analyses of mutation, and
development of mutation breeding of plants by heavy-ion irradiation. Some new cultivars have
already been brought to the market.
2. Major Research Subjects
(1) Study on the biological effects by heavy-ion irradiation
(2) Studies on ion-beam breeding and genome analysis
(3) New medical application of heavy-ion beams
3. Summary of Research Activity
We study biological effects of fast heavy ions from the RIKEN Ring Cyclotron using 135
MeV/N C, N, Ne ions, 95 MeV/N Ar ions and 90 MeV/N Fe ions. We also develop breeding
technology of plants. Main subjects are:
(1) Study and application of heavy-ion induced plant mutation
In contrast to X rays and gamma rays, fast heavy ions are found to be useful for plant breeding
since they only cause localized damage on DNA and can induce mutations more effectively with
lower dosage. Our team utilizes beams of fast heavy ions from the RIKEN Ring Cyclotron to
develop heavy-ion breeding techniques. Genome analyses are performed to reveal the relation
between genotype and phenotype.
(2) Study of heavy ion-induced damage of DNA and its repair processes
We study the double-strand break of DNA induced by heavy-ion irradiation and its repair
processes. DNA double strand break (DSB) is characteristic to heavy-ion irradiation and
considered to be the characteristic lesion responsible for its biological effects. Cells have two
pathways to repair DSB, non-homologous end-joining
(NHEJ) and homologous recombination (HR), and it is unknown how the two pathways are
involved in repairing the damage caused by heavy-ion irradiation. To elucidate it, we irradiate
higher vertebrate cells lacking DNA repair proteins with C, Ar, or Fe ions and analyze them
with colony formation assay and molecular biology methods.
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R�B� Research Di�isio�
Acce�erator App�icatio�s Research Group
R� App�icatio�s �ea�

（Group Director ： Ｔadashi KAMBARA）

1. Abstract
RI Applications Team performs following researches at the heavy ion accelerators of RIBF: (1)
With 14-MeV protons from the RIKEN AVF Cyclotron, we produce radioisotopes (RIs) for
research of chemistry, biology, medicine, pharmaceutical and environmental sciences. The
nuclides Zn-65, Cd-109 and Y-88 are delivered to Japan Radioisotope Association for charged
distribution to the general public in Japan. We also study the production and application of
short-lived RIs. (2) We develop new technologies of mass spectrometry for the trace-element
analyses using accelerator technology and apply them to the scientific research fields, such as
cosmochemistry, environmental science, archaeology and so on.
2. Major Research Subjects
(1) Production of radioisotopes Zn-65, Cd-109 and Y-88 for charged distribution,
(2) Research and development for new RI production at AVF cyclotron,
(3) The development of trace element analysis, using the accelerator techniques, and its
application to geoscience and environmental science.
3. Summary of Research Activity
RI applications team utilizes RIBF heavy-ion accelerators for following research subjects:
(1) Production of radioisotopes
Using a 14-MeV proton beam from the RIKEN AVF Cyclotron, we develop techniques of
production and application of various radio-isotopes (RIs) for research in chemistry, biology,
medicine, pharmaceutical and environmental sciences. We can produce RIs with wide range of
lifetimes as short as seconds. Long-life (> a few days) RIs are produced in a target which is
cooled by water and He gas, and short-life RIs are produced at a gas-jet system where RI atoms
are recoiled out of thin foil targets, captured by KCl aerosols and transported to a hot lab by a
flow of He carrier gas. These systems are in the same chamber in series and can operate
simultaneously with the same beam. Among the long-life RIs, Zn-65 (T1/2=244 days) and
Cd-109 (T1/2=463 days) have been delivered to Japan Radioisotope Association since October
2007 for charged distribution to the general public in Japan. In addition, we started to deliver
Y-88 (T1/2=107 days) in February 2010.
(2) R/D for RI production
We work to improve production procedure of the present Zn-65, Cd-109 and Y-88 for stable
supply and better quality. We also develop production techniques for other RI species like
Ce-139 (T1/2=138 days) which are demanded but lack supply sources. For the production of
short-life RIs, the collection efficiency of gas-jet system has been optimized for Zr-89m
(T1/2=4.16m), Nb-90m (T1/2=18.8s) and Nd-141m (T1/2=62s) nuclides.
(3) Trace element analyses with accelerator technologies
We have developed two new technologies of mass spectrometry for the trace-element analyses
as an application of accelerator technology to various fields such as cosmochemistry,
environmental science, archaeology and so on. On is a new type Accelerator Mass Spectrometry
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(AMS) at the RILAC equipped with an ECR ion source. This system is available for the
measurements of trace-elements (10-14-10-15level), and is expected to be especially effectible for
the measurements of low electron-affinity elements such as 26Al, 41Ca, 53Mn and so on. As a
preliminary study, the ECR ion source system has been evaluated and the basic data have been
obtained for the detection and quantitative analysis of trace nuclides in archaeological samples
(cinnabar) and functional metals. As another technology, we have attempted to customize a
mass spectrometer equipped with a stand-alone ECR ion source for analyses of elemental and
isotopic abundances.
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�IB� �e�e�rch Di�i�io�
��er �i�i�o� ��� I��u�tri�� �ooper�tio� Group
��er Support O��ice

（Group Director ： Ｔohru MOTOBAYASHI）

1. Abstract
The RIKEN RI Beam Factory is the world preeminent facility providing the greatest
opportunities for scientific researches. The facility, completed its construction in 2007, has
started its full-scale operation in the end of the year 2008. It is our important mission to serve
for a broad range of application of a large variety of researchers so that we bring out the best
performance of the RI Beam Factory. We manage to facilitate the use of RI Beam Factory to the
researchers both inside and outside of RIKEN, to support experiments using the accelerator
complex, to exploit industrial application researches, and to promote the RI Beam Factory to
interested researchers
2. Major Research Subjects
(1) Facilitation of the use of the RI Beam Factory
(2) Support of experiments in the RI Beam Factory
(3) Promotion of the RI Beam Factory to interested researchers
3. Summary of Research Activity
In order to facilitate the use of RI Beam Factory to the researchers both inside ad outside of
RIKEN, we have organized international Program Advisory Committee, consisting of world
leading scientists, to review proposals, purely based on their scientific merit and feasibility, in
the fields of nuclear physics (NP) and material-and-life science (ML). The NP- and ML-PAC
meetings are organized twice a year.
Another important activity is beam-time coordination of the PAC approved experiments and
other development activities. The operation schedule of the RIBF accelerator complex is
managed by our team taking into account strong demand of user’s experiments.
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�IB� �e�e�rch Di�i�io�
��er �i�i�o� ��� I��u�tri�� �ooper�tio� Group
I��u�tri�� �ooper�tio� Te��

（Group Director ： Ｔohru MOTOBAYASHI）

1. Abstract
The scope of the industrial cooperation team includes industrial application of RIBF facility and
research and development for industrial application of accelerator associated technologies.
2. Major Research Subjects
Distribution of radioisotopes Zn-65, Cd-109 and Y-88 produced at RIKEN AVF Cyclotron and
investigation of novel industrial applications of the accelerator beam and its related technologies
3. Summary of Research Activity
(1) Charged distribution of radioisotopes
At RIBF, various specific radioisotopes for research have been produced with the cyclotrons and
used for various research projects. Since October 2007, we have distributed radioisotopes Zn-65
and Cd-109, which are produced by the RI application team at the AVF cyclotron, to
nonaffiliated users under a Material Transfer Agreement between Japan Radioisotope
Association and RIKEN. In 2009, we distributed total amount of 51.1MBq of Zn-65 and
30MBq of Cd-109. In addition, we started distribution of Y-88 in February 2010.
(2) Feasibility study of RI-beam application in industries
To study feasibility of application of RI beam to industrial fields, research collaboration is being
arranged with a private company.
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1. Abstract
The Nishina Center for Accelerator-Based Science possesses one of the biggest accelerator
facilities in the world which consists of a heavy-ion linear accelerator and 5 cyclotrons.
Uranium ions are accelerated here only in Japan. Electron accelerators of microtron and
synchrotron-storage-ring also exist. Our function is to keep the radiation level in and around the
facility below the allowable limit and to control the exposure on the workers as low as
reasonably achievable. We are also involved in the safety management of the Radioisotope
Center where many types of experiments are performed with sealed and unsealed radioisotopes.
2. Major Research Subjects
(1)Safety management at radiation facilities of Nishina Center for Accelerator-Based Science
(2)Safety management at Radioisotope Center
(3)Radiation shielding design and development of accelerator safety systems
3. Summary of Research Activity
Our most important task is to keep the personnel exposure as low as reasonably achievable, and
to prevent an accident. Therefore, we daily patrol the facility, measure the ambient dose rates,
maintain the survey meters, shield doors and facilities of exhaust air and wastewater, replenish
the protective supplies, and manage the radioactive waste. Advice, supervision and assistance at
major accelerator maintenance works are also our task.
A new accelerator interlock system was installed at RIBF building for the newly built electron
machines. We extend the radiation safety interlock system (HIS) for heavy-ion accelerators to
meet the change of experiment area at RIBF building where new detectors are installed. The
suffocation-safety interlock system is working at the BigRIPS tunnel of RIBF accelerator
building where huge amount of liquid He is used for superconducting magnets. Since a new
injector linac, RILAC2, is installed in the AVF vault, the radiation safety interlock system for
Nishina building is also modified.
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1. Abstract
The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by
producing the characteristic states where the Isospin, Spin and Quark degrees of freedom play
central roles. These researches in CNS lead to the understanding of the matter based on common
natures of many-body systems in various phases. We also aim at elucidating the explosion
phenomena and the evolution of the universe by the direct measurements simulating nuclear
reactions in the universe. In order to advance the nuclear science with heavy-ion reactions, we
develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories
RIBF. We promote collaboration programs at RIBF as well as RHIC-PHENIX and ALICE-LHC
with scientists in the world, and host international meetings and conferences. We also provide
educational opportunities to young scientists in the heavy-ion science through the graduate
course as a member of the department of physics in the University of Tokyo and through hosting
the international summer school.
2. Major Research Subjects
(1) Accelerator Physics
(2) Nuclear Astrophysics
(3) Nuclear spectroscopy of exotic nuclei
(4) Quark physics
(5) Spin Physics
(6) Nuclear Theory
(7) SHARAQ project
3. Summary of Research Activity
(1) Accelerator Physics
One of the Major tasks of the accelerator group is the AVF upgrade project which includes
development of ion sources, upgrading the AVF cyclotron of RIKEN and the beam line to CRIB.
A new heavy ion ECR source of CNS that use super-conducting magnet was successfully
installed to the AVF cyclotron, and has been used to provide a variety heavy ion beams. Two
CNS ECR sources now provide all the beams for the AVF cyclotron and support not only CRIB
experiments but also a large number of RIBF experiments. A charge-breeding ECR source is
also under development.
Two major works were advanced for upgrading the AVF cyclotron. One is the detailed design
study of the central region of the cyclotron, which remedies insufficiencies for the transmission
of the heavy ion beams through the cyclotron. A new central module will be made following
the design. The second is a successful acceleration of heavy ion beams up to 11 Mev/u which
was about 9.5 MeV/u before. Following the detailed simulation studies of the heavy ion beams
through the cyclotron, beam acceleration tests were successfully performed for 16O and 6Li
beams. These beams will be provided to new experimental projects at CRIB.
A non-destructive beam monitor was also successfully developed and installed just in front of
the CRIB production target. It showed a sensitivity of about a few nA. This new beam monitor
will become a powerful tool for all the RIBF facility.
(2) Nuclear Astrophysics
Major activity of the nuclear astrophysics group is to investigate experimentally nucleosynthesis
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of the universe, specifically of explosive phenomena in the universe such as novae and
supernovae. High-intensity RI beams of light nuclei from the CNS low-energy RI beam
separator CRIB provides a good opportunity to study stellar nuclear reactions under explosive
conditions both by the direct method as well as by indirect methods. The research programs
include investigations of α-induced stellar reactions on 7Li, 14O and 21Na. The beta decay of
46
Cr was also studied to learn the Gamow-Teller Transitions. Some beam developments were
made for new RI beams, and an active target was also designed for studies of stellar reactions
with low-cross sections.
Some technological development for the beam line as well as for the Wienfilter of CRIB were
made in the past year.
(3) Nuclear structure of exotic nuclei
The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic
structures in high-isospin and/or high-spin states in nuclei. The CNS GRAPE (Gamma-Ray
detector Array with Position and Energy sensitivity) is a major apparatus for high-resolution
in-beam gamma-ray spectroscopy. In 2009, the following progress has been made.
Neutron-rich nuclei around island-of-inversion have been studied by using nucleon transfer
and inelastic scattering where the final states are identified by measuring de-excited
gamma-rays. Several candidates of cluster states in 12Be was found especially for odd-spin
states suggesting asymmetric cluster configuration.
New high-spin states in 49-51Ti populated by fusion reactions of an RI beam have been found,
which gives information on the N=28 shell gap and the single particle energies in the fp-shell..
High-spin states in A〜40 mass region were studied via 18O+26Mg fusion evaporation reactions.
A superdeformed rotational band up to 12+ state was observed in 40Ar. This finding indicates
the presences of the N=22 and Z=18 superdeformed shell structure in this region. High-spin
states of 107In was studied via 58Ni(52Cr,3p) reaction. A rotational cascade consisting ten
gamma-ray transitions was observed. The band exhibits the features typical for smooth
terminating bands in A〜100 mass region.
Upgrade of the readout system of the CNS GRAPE has started, where digital pulse data taken
by sampling ADCs are analyzed by FPGAs on boards.

(4) Quark Physics
Main goal of the quark physics group is to understand the properties of hot and dense nuclear
matter created by colliding heavy nuclei at relativistic energies. The group has been involved
in the PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory, and in the ALICE experiment at Large Hadron Collider (LHC) at CERN. In 2009,
LHC finally started making collisions.
As for PHENIX, the group has been concentrating on the physics analysis with leptons and
photons, which include direct photon yield at low transverse momentum using the
virtual-gamma method, neutral pion yield at high transverse momentum as a function of
azimuthal angle from the reaction plane in Au+Au collisions, J/ψ production in ultra-peripheral
Au+Ai collisions.
As for ALICE, the group has been committing the commissioning of the Transition Radiation
Detector (TRD), and calibration and performance study of Time Projection Chamber (TPC).
The group has been leading development of forward calorimeter for a possible future upgrade.
R&D of gas electron multiplier (GEM) and related techniques has been continuing. Time
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projection chamber, to be used as an active target at RIBF experiments, was developed.
Resistive GEM, which utilizes resistive anodes, has been developed.
(6) Nuclear Theory
The nuclear theory group has been promoting the RIKEN-CNS collaboration project on
large-scale nuclear structure calculations since 2001 and maintaining its parallel computing
cluster. In 2009, we developed the effective interactions of various mass region based on the
large-scale shell model calculation technique and discussed the "shell evolution" and the role of
tensor force quantitatively in exotic nuclei, such as 17C, 48Ca, N=50 isotones, Sm isotopes and so
on.
(7) SHARAQ project
Construction of the SHARAQ spectrometer and the dedicated high-resolution beamline are
coming to the final phase. The magnetic field distribution in dipole magnets, D1 and D2, were
precisely measured with the search coil method. A major part of the beamline has been
constructed. Cathode readout drift chambers for tracking detectors at the SHARAQ focal plane
have been fabricated in GANIL and installed to SHARAQ in December 2008. It was also found
that Low-pressure multiwire drift chambers (LP-MWDC) developed for beamline tracking
detectors works well under pressure as low as 10 kPa with an isobuthane gas.
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1. Abstract
University of Tokyo and RIKEN agreed to corporate with each other in the field of nuclear
physics and established Todai-RIKEN Joint International Program for Nuclear Physics
(TORIJIN) in June 2006. The aim of this organization is to promote the international
collaborations, such as JUSTIPEN (Japan-US Theory Institute for Physics with Exotic Nuclei)
and EFES (International Research Network for Exotic Femto Systems). JUSTIPEN was
launched in June 2006 in order to facilitate collaborations between U.S. and Japanese scientists
whose main research thrust is in the area of the physics of exotic nuclei. More than 40 nuclear
scientists in U.S. have visited Japan in three years, and many collaborations are established.
EFES was selected as one of the Core-to-Core Programs of Japan Society for the Promotion of
Science (JSPS). This is the program to send Japanese nuclear scientists to U.S., Germany,
France, Italy, Norway, and Finland and to promote the international collaborations in the field of
nuclear study. Many joint workshops were held with the partner countries.
2. Main activities
Promote the international collaborations of both theoretical and experimental nuclear
physicists under JUSTIPEN and EFES programs.
3. Summary of Research Activity
Under the JUSTIPEN program, many nuclear scientists visited in this fiscal year and
collaborations are established. Under the EFES program, we have carried out four types of
activities: initiating the collaboration projects, organizing seminars with partner courtiers,
sending researchers abroad, and sending/inviting young scientists to the summer schools.
Regarding the collaborative works, we have carried out seven projects. Many experimentalists
and theoreticians have been sent abroad. As for the joint workshops, we have organized six
workshops and all of them were quite fruitful. Also, young scientists have been sent to partner
countries for educational purpose and starting collaborations. As for the summer school,
Japanese graduate students have been sent to the summer schools in Germany, Italy, and USA,
and we have invited students to CNS-EFES summer school from the partner countries.

Leader
Takaharu OTSUKA (University of Tokyo)
Vice leader
Tohru MOTOBAYASHI (RIKEN)
Members
Susumu SHIMOURA (University of Tokyo),
Hiroyoshi SAKURAI (RIKEN),
Takashi NAKATSUKASA (RIKEN),
Tomohiro UESAKA (University of Tokyo),
Naoyuki ITAGAKI (University of Tokyo)
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1. Arctic FIDIPRO-EFES workshop, Apr.20-24 2, Saariselka, Finland, University of Jyvaskyla,
TORIJIN
2. Mini Workshop「KbarN and its Few-Baryon Derivatives」May.11 Advanced Meson Science
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IX. LIST OF SEMINAR

(2009 April ～ 2010 March)
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1 Elias Kiritsis (Physics Department, University of Crete, GR-71003, Heraklion,(REECE) Apr.3 ｢A holographic approach to
QCD」

2 Hidenori Sonoda (Graduate School of Science, Kobe University) Apr.10 ｢Quadratic divergences in the

Wess-Zumino model, revisited｣
3 T. Nakatsukasa(RIKEN Nishina Center) Apr.15 Colloquium「Symmetry breaking and phase transition in nuclei」
4 Takuya Kanazawa (Department of Physics, Graduate School of Science, The University of Tokyo ) May.8
「Dense QCD in a finite volume」
5 Hideo Matsufuru (Computing Research Center, High Energy Accelerator Research Organization) May.15
｢Lattice QCD simulation with dynamical overlap fermion｣
6 Tooru Yoshida (CNS, Univ. of Tokyo) May.27 13th Nuclear Theory Seminar「Appearance of cluster states in 13C」
7 Satoshi Yamaguchi (Seoul National University)

May.29「Surface operators and AdS/CFT correspondence」

8 Hans Feldmeier (GSI, YITP) Jun.8 14th Nuclear Theory Seminar「Shells, clusters, and halos - Concepts to solve
the nuclear many-body problem」
9 Shotaro Shiba (Department of Physics, Faculty of Science, University of Tokyo )

Jun.12 「Dp-branes and U-duality from

BLG model」
10 Atsushi Mochizuki(RIKEN）Jun.17 Colloquium「Structure of regulatory networks and dynamics of bio-molecules」
11 Shinya Aoki (Univ. of Tsukuba) and others Jun.25-27「Structure of Nuclear Matter and Baryon-Baryon Interaction」
12 Makiko Nio (RIKEN Nishina Center) Jul.8 15th Nuclear Theory Seminar「Anomalous magnetic moments of the lepton」
13 So Matsuura (Department of Physics, Hiyoshi Campus, Keio University) Jul.13 ｢Instanton Counting and Dielectric Branes｣
14 Norihiro Iizuka (Kavli Inst. for Theoretical Physics, Univ. of California, Santa Barbara, USA) Jul.17「Matrix Quantum
Mechanics for the Black Hole Information Problem」
15 Takenori Furumoto (Osaka City Univ.) Jul.22 16th Nuclear Theory Seminar「Optical potential based on complex G-matrix
folding model - Important role of three-body force effect -」
16 In Yong Park（Philander Smith College）Jul.24「Open string induced D-brane geometry: Two loop analysis」
17 Takeshi KOIKE (Department of Physics,Graduate School of Sience,Tohoku University. Jul.24「gamma-ray spectroscopy
of well deformed sd-shell hypernuclei」
18 Kazuhito Mizuyama (Univ. of Jyv_skyl_) Aug.3 17th Nuclear Theory Seminar「Microscopic description of the two-body
correlation density in the ground state and in the excited states of nuclei」
19 Makoto. Oka(TITECH) and others Aug.3-6 「Summer School on Exotic Nuclei」
20 Mitsutoshi Fujita (Department of Physics, Kyoto University) Aug.7「Eschenburg space as gravity dual of flavored N=4
Chern-Simons-matter theory」
21 Cristina Manuel (Instituto de Ciencias del Espacio (CSIC)) Aug.15「Cold Relativistic Superfluids: Transport Phenomena
and Applications」
22 Oleg Andreev (TU Munich and Landau Moscow) Aug.15「Searching for a mean string theory description of the pure
gauge theory in the IR」
23 "Hirotaka Hayashi (School of Science, the University of Tokyo) Aug.21「Codimension-3 Singularities and Yukawa
Couplings in F-theory」"
24 Edmond Iancu (IPhT, CEA Saclay) Aug.22「AdS/CFT and Heavy Ion Collisions」
25 Kazuhiro Sakai (Hiyoshi Department of Physics, Keio University) Sep.4 「Entanglement through conformal interfaces」
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26 Shinji Ejiri (Brookhaven National Laboratory, USA) Sep.7「 Study of the critical point in finite density lattice QCD」
27 Hitoshi Nakada (Chiba Univ.) Sep.16 18th Nuclear Theory Seminar「Self-consistent mean-field and RPA calculations with
semi-realistic NN interactions」
28 Takashi Okamura (Department of Physics, School of Science and Technology, Kwansei Gakuin University) Sep.25
「Superfluidity of holographic superconductor models」
29 Simone Baroni (INT, Univ. of Washington and TRIUMF, JUSTIPEN guest) Oct.8 19th Nuclear Theory Seminar
「Odd-even
mass staggering and nuclear superfluidity」
30 Jun Goryo (Department of Physics, Nagoya University) Oct.9「Chiral p-wave superconductivity」
31 Wen Wen-Yu (National Taiwan University, Taiwan) Oct.16 「Greybody factor in warped AdS3 black hole and its CFT
interpretation」
32 Hyun Seok Yang（KIAS）Oct.19「Anatomy of Spacetime」
33 Jnanadeva Maharana（Inst. Phys., Bhubaneswar）Oct.20「Toroidal Compactification of Type IIB Theory with Fluxes」
34 Robert Dijkgraaf（Amsterdam Univ.）Oct.27「Superconformal gauge theories, Liouville theory and matrix models」
35 Yutaka Okochi (Perimeter Institute for Theoretical Physics, Canada) Oct.27「On Confinement Index」
36 Katsushi Ito (Tokyo Institute of Technology, Department of Physics) Oct.27「Supersymmetric Gauge theories and
Instantons IX」
37 Robert Dijkgraaf (Amsterdam Univ.) Oct.27「Superconformal gauge theories, Liouville theory and matrix models」
38 Jnanadeva Maharana (Inst. Phys., Bhubaneswar) Oct.27 「Toroidal Compactification of Type IIB Theory with Fluxes」
39 Goro Ishiki (CQUeST(Center for Quantum SpaceTime), Sogang University, Korea) Oct.3 「A novel large N reduction for
gauge theories on 3-sphere」
40 Norihiro Iizuka (CERN, Switzerland) Oct.30「Exploring N-body Nuclear Force in Holographic QCD」
41 Yutaka Ohkochi (Perimeter Institute for Theoretical Physics) Oct.30 「On Confinement Index」
42 Nick Stephen Manton (Cambridge Univ.) Nov.2「Nuclei as quantized skyrmions」
43 Dominik Smith (Frankfurt Univ.) Nov.6 「Lattice simulation of a three dimensional effective theory for SU(2) Yang
Mills」
44 Yuri Aisaka (Instituto Fisica Teorica, Sao Paulo State University, Brazil)

Nov.13 「Some Recent Developments in Pure

Spinor Formalism」
45 Hiroshi Suzuki (RIKEN Nishina Center) Nov.18 Colloquium「Spontaneous breaking of supersymmetry 」
46 Toshio Nakatsu (Department of Mathematics and Physics, Setsunan University) Nov.20「Melting crystal, quantum torus
and supersymmetric Yang-Mills」
47 Ken'ichiro Nakazato (Kyoto Univ.) Nov.25 20th Nuclear Theory Seminar「Gyroid Phase in Nuclear Pasta」
48 Ryuichiro Kitano (Department of Physics, Tohoku University) Nov.30「Higgsinoless Supersymmetry and Hidden Gravity」
49 Raffaele Millo (University of Trento) Dec.3「Vacuum polarization and Strong CP-violation: from macroscopic effects to
microscopic dynamics」
50 C.S. Lim (Department of Physics, Kobe University) Dec.5 「CP Violation in Higher Dimensional Gauge Theories」
51 Tatsuo Kobayashi (Graduate School of Science, Kyoto University) Dec.5「Extra dimensional models with magnetic
fluxes」
52 Yutaka Hosotani (Graduate School of Science, Osaka University) Dec.5「Stable Higgs bosons as cold dark matter in the
realistic gauge-Higgs unification」
53

Yutaka Sakamura (Theoretical Physics Laboratory, RIKEN) Dec.5「Radius stabilization in gauge-Higgs unification」
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54 C.S. Lim (Kobe Univ.) Dec.5「CP Violation in Higher Dimensional Gauge」
55 Masatoshi TAKANO（Waseda University） Dec.21 「Variational calculations for the nuclear equation of state」
56 M. Takano (Waseda University) Dec.21 「Variational calculations for the nuclear equation of state」
57 Hidenori Sonoda(Kobe University) Jan.12 「A simple proof of the non-renormalization theorem for the Wess-Zumino
model」
58 Toshikazu Ebisuzaki(Riken) Jan.20 Colloquium「Gamma-ray Signal from Earth-mass Dark Matter Microhalos」
59 Masaya Kohda (Graduate School of Science and Engineering, Saitama University) Jan.29「The strongly coupled fourth
family and a first-order electroweak phase transition」
60 Tetsuya Sakurai (Dept. of Computer Science, Univ. of Tsukuba)

Feb.10 21st Nuclear Theory Seminar「A Parallel

Eigensolver using Contour Integration for Large-Scale Scientific Computing」
61 Junya Yagi(Rutgers University) Feb.12 「Chiral algebras of (0,2) models: Beyond perturbation theory」
62 " Shinji Hirano (Niels Bohr Institute, Denmark)
（Niels Bohr Institute） Feb.17 「Anomalous Charge Shifts in AdS(4)/CFT(3)」"
63 Pascal Naidon (The University of Tokyo) Mar.18 「Efimov physics in cold atoms」
64 B. R. Barrett（Univ. of Arizona） Mar.26 22st Nuclear Theory Seminar Using the Concavity of Thermodynamical
Functions to Predict Nuclear Binding Energies (not open to the public)
65 "Takenori Furumoto (Osaka City Univ.) Jul.22 The 16th Nuclear Theory Seminar「Optical potential based on complex
G-matrix folding model- Important role of three-body force effect」"
66 Kazuhito Mizuyama (Univ. of Jyvaskyla) Aug.3 The 17th Nuclear Theory seminar「Microscopic description of the twobody correlation density in the ground state and in the excited states of nuclei」
67 Hitoshi Nakada (Chiba Univ.) Sep.16The 18th Nuclear Theory Seminar「Measurement of Low-mass Vector Mesons in HotMedium created by Relativistic Heavy-Ion Collisions」
		
Sub Nuclear System Research Division		
1 Julius Kuti (University of California, San Diego) Apr.9 ｢Nearly Conformal Gauge Theories and Compositeness at the
LHC｣
2 Stefano Profumo (SCIPP, University of California, Santa Cruz ) Apr.10 ｢Fundamental Physics from the Sky｣
3 Mark Trodden (University of Pennsylvania) Apr.16「Constraining Interactions in Cosmology's Dark Sector」
4 Eugene Levin (Tel Aviv University) Apr.17 「Glauber-Gribov approach for DIS on nuclei in N=4 SYM」
5 Saul Cohen (JLab) Apr.30 「Electromagnetic Neutral-Meson Decays on the Lattice」
6 Urs Heller (APS/BNL) May.1 「Center Vortices, Confinement and Chiral Symmetry Breaking」
7 Ian Low (Argonne National Laboratory/Northwestern University) May.7「Implications of the Higgs Discovery in MS
8 Ayako Yamamoto（Magnetic Materials Laboratory,RIKEN) May.7「Variation of magnetic properties in metal complex
oxides with pyrochlore-type structure」
9 Matthias Burkardt (New Mexico State University) May.8 「Transverse (Spin) Structure of Hadrons」
10 Amarjit Soni (BNL) May.9 「``4th generation" and B-CP anomalies」
11 Matthew Reece (Princeton Center for Theoretical Science) May.21 「The AdS/QCD Correspondence: Still Undelivered」
12 Adrian Dumitru (Baruch College) May.28 「Gluon propagator and quarkonium decay width in a viscous QGP」
13 Eduardo Fraga (Rio de Janeiro Federal University) Jun.5 「Chiral symmetry restoration and strong CP violation in a
strong magnetic background」
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14 D. A. Bryman (TRIUMF/University of British Columbia, Canada) Jun.5 「Rare opportunities: Seeking new physics
with rare decays of light particles」
15 Douglas Bryman (TRIUMF) Jun.5 「Rare opportunities: Seeking new physics with rare decays of light particles」
16 Nasser Demir (Duke University) Jun.6「Eta/s of a relativistic hadron gas from a hadronic cascade」
17 Miura Kohtaroh (Yukawa Institute for Theoretical Physics, Kyoto University) Jun.9 「Strong coupling lattice study in
QCD phase diagram and dense matter」
18 Marco Stratmann (Regensburg University) Jun.10 「The story behind a half - from current probes to future avenues」
19 Antonio Masiero (INFN/PADUA) Jun.12 「Flavor and SUSY: between frustration and hope」
20 Tim Tait (Argonne National Laboratory) Jun.18 「Academic Lectures, Top Quark Physics」
21 Giovanni Chirilli (Old Dominion University & JLAB) Jun.23 「Small-x Evolution of Structure Functions in the Next-toLeading Order」
22 Sebastian Klein (DESY) Jun.25 「Moments of the 3-loop corrections to the heavy flavor contribution to F2(x,Q2) for Q2
>> m2」
23 Harutaka SAKAGUCHI (RCNP) Jul.3 「Neutron skin in 208Pb」
24 Gilad Perez (Weizman) Jul.8 「The inside and outside of top jets」
25 Thomas McElmurry (Madison) Jul.9 「Colored Scalars at the LHC」
26 Yasumichi Aoki (RBRC) Jul.10 「Non-perturbative renormalization in lattice QCD」
27 Chris Jackson (ANL) Jul.11「The WIMP Forest」
28 Kirill Tuchin (Iowa State University) Jul.17 「Coherence at high energies and J/Psi production」
29 Anastasios Taliotis (Ohio State University) Jul.18 「Applications of AdS/CFT in DIS」
30 Seung Lee (Weizman) Jul.23 「Anti-Matter Signals from Matter Stability (DM from RS-GUT @ Galactic Cosmic Rays
and LHC)」
31 LAURA REINA (FSU) Jul.25 「W/Z+b jets at hadron colliders: a challenging background」
32 Eduardo Ponton (Columbia University) Aug.6 「MSSM Higgs extensions: a model-independent approach」
33 Hye-Sung Lee (UC Riverside) Aug.8 「U(1)' instead of R-parity」
34 Shaouly Bar-Shalom (Technion, Haifa) Aug.13「Flavor Physics with Friedberg-Lee hidden symmetries & the case for the
Standard Model with 4 families"」
35 Bowen Xiao (Lawrence Berkeley National Lab.) Aug.19「Polarized DIS and Spin Puzzle in AdS/CFT」
36 Jian Zhou (LBL, Berkeley & Shandong U) Aug.21「Azimuthal Ssymmetry in the Polarized Drell-Yan Process」
37 Emil Mottola (Los Alamos National Lab.) Aug.28「Systematics of High Temperature Perturbation Theory」
38 Kai Wang (University of Tokyo) Sep.17「Probing B/L Violation in the Extended Scalar Models at the LHC」
39 Gustavo Burdman (Sao Paulo/FNAL) Sep.24「Fourth Generation and Electroweak Symmetry Breaking」
40 Jens Braun (TRIUMF) Sep.25「Extreme limits of QCD: On QCD with many flavors or many colors」
41 Zhongbo Kang (RIKEN/BNL) Oct.2 「Some recent progress on single transverse spin asymmetry」
42 Sakai Nobuhiko(University of Hyogo)

Oct.5 「3D Momentum Density Distribution of Spins of Magnetic Electron ｓ in

Ferromagnetic Fe and Ni 」
43 Sergey Syritsyn (MIT) Oct.7 「Electromagnetic Form Factors of a Nucleon in Full Lattice QCD」
44 Sean Fleming (University of Arizona) Oct.22 「Top Jets & Precision Measurements of the Top Quark Mass」
45 Lev Lipatov Oct.29 「Integrability of high energy scattering amplitudes in multi-color QCD and N=4 SUSY」
46 Cecilia Lunardini (Arizona State University / RBRC) Oct.30 「Neutrinos from collapsing stars and future neutrino
telescopes」
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47 Jorge Noronha (Columbia Univ.) Nov.13 「Connecting Polyakov Loops to the Thermodynamics of $SU(N_c)$」
48 Aleksandr Azatov (University of Maryland) Nov.14 「Flavor physics of the scalar sector of the models with warped extra
dimension」
49 Aaron Pierce (University of Michigan) Nov.19 「Non-minimal Dark Matter--Nucleon Scattering」
50 Cai-Dian Lu (IHEP, Bejing) Dec.12 「Study of light scalar meson: four quark states and glueball possibility」
51 Kathryn Zurek (University of Michigan) Jan.7 「Dark Matter from the Baryon Asymmetry」
52 Ying-chuan Li (Univ. of Wisconsin, Madison) Jan.22 「EDM's & Bayrogenesis」
53 N. Arkani-Hamed (Institute for Advanced Study)

Jan.28 「N=4 SYM and the GrassmannianN. Arkani-Hamed (Institute

for Advanced Study)」
54 Jay Hubisz (Syracuse University) Feb.4 「Revealing Randall-Sundrum Hidden Valleys」
55 Yoshimasa Hidaka (Kyoto University) Feb.5 「Novel Diagrammatic Method for Computing Transport Coefficients」
56 Lance Dixon (SLAC) Feb.10「NLO QCD Predictions for Vector Bosons Plus Jets at the LHC」
57 Catalina Oana Curceanu （LNF-INFN,Italy）Feb.12「Exotic Atoms and Nuclei search at the DAFNE collider in Frascati」
58 Brent Nelson (Northeastern University) Feb.18「Nonuniversal Gaugino Masses, Dark Matter and the LHC」
59 Jan Pawlowski (University of Heidelberg) Feb.19「The QCD phase diagram: Results and challenges」
60 Andrea Ferroglia (Mainz University) Feb.25「Top-Quark Pair Production Beyond Next-To-Leading Order」
61 Sanjay Reddy (LANL) Feb.27「Transport and Screening in the Magnetized Neutron Star Crusts」
62 Jamie Gainer (Northwestern University and Argonne National Lab) Mar.4 「Supersymmetry without Prejudice」
63 Yamazaki Toshimitsu (RIKEN Nishina Center)

Mar.5 「DDR (High Density Deuterium Reaction) Project 」

64 Antonio Delgado (University of Notre Dame) Mar.11 「Unitarity applied to hidden sector processes」
65 Masanobu Yahiro (Faculty of Sciences, Kyushu University )

Mar.16 「Microscopic approach to reaction of unstable

nuclei (not open to the public) 」
66 Jesse Thaler (MIT) Mar.25 「Goldstini」
67 Yasushi Nara (Akita International University) Mar.26 「Eccentricity fluctuations and CGC」
		
RIBF Recearch Division 		
1 "Yoichi Momozaki (Argonne National Laboratory) Apr. 27
RIBF accelerator seminar ｢Proper handling and safety of liquid lithium｣ "
2 "Kimitoshi Kono (RIKEN) RIBF Accelerator Seminar Apr.21「Free surface of superfluid 3He」"
3 Hideyuki Sakai（Faculty of Science & Graduate School of Science, The University ）May.19 Colloquium 「--EPR paradox
and Bell's inequality test by pairs of two protons -- Einstein was wrong? --」
4 Shunsuke Imanishi（National Institute of Vegetable and Tea Science,National Agriculture and Food Research Organization）
May.21 Radiation Biology Seminar「Isolation of heavy-ion induced mutant in M1 plant generation」
5 Morita Kosuke (RIKEN Nishina Center) May. 26 Nuclear Physics Seminar「Decay Properties of 266Bh and 262Db
Produced in the 248Cm + 23Na Reaction」
」
6 "Toru Tamagawa (RIKEN) Jun.9
RIBF Nuclear Physics seminar「Observations of Supernova Remnants with the Suzaku X-ray satellite」"
7 Akira MIZUTA（Center for Frontier Science, Chiba University ）Jun.16「Nuclear Physics Seminar「Gamma-Ray-Burst Jet
from Collapsars｣」
8 Satoshi Sakaguchi（RIKEN）Jun.23 Nuclear Physics Seminar「Spin-orbit potential in neutron-rich helium isotopes」
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9 Yoshitaka KASAMATSU (RIKEN ) Jun.23 Nuclear Physics Seminar「Fluoro Complex of Element 105, Db」
10 Toshimi Suda(RIKEN) Jun.30 Nuclear Physics Seminar「First demonstration of electron scattering using a novel target
developed for short-lived nuclei- towards Hofstadter’s experiments for short-lived nuclei -」
11 Markus Friedl（Inst. of High Energy Physics,Austrian Academy of Sciences）Jul.10「The Silicon Vertex Detector upgrade
for Belle II」
12 Kaori Otsuki (Hokkaido Univ. Graduate School of Science, School of Science）Jul.14 Nuclear Physics Seminar「In quest of
the Origin of r-process elements
13 Erik Arner (RIKEN, Omics Science Center) Jul.17 Radiation Biology Seminar「Rice mutant re-sequencing mate pair
analysis」
14 Sasano Masaaki (Heavy Ion Nuclear Physics Laboratory) Jul.21 Nuclear Physics Seminar
「Study of Gamow-Teller transition
strengths in the intermediate nucleus of the 116Cd double-beta decay by the 116Cd(p,n) and 116Sn(n,p) reactions at 300
MeV 」
15 Satoshi Chiba (Advanced Science Research Center, Japan Atomic Energy Agency) Jul.28 Nuclear Physics Seminar
「Nuclear
data research for nuclear energy and possible cooperations with nuclear and cosmo-nuclear physics」
16 Wayne M. Itano (National Institute of Standards and Technology, Boulder, CO USA) Aug.25 Nuclear Physics Seminar
「Diamagnetic Shift of the Hyperfine Interaction in 9Be+ - Experiment and Theory 」
17 Gentaro Watanabe (RIKEN) Sep.8 Nuclear Physics Seminar「Formation of nuclear "pasta" in supernovae」
18 Umeya Atsushi (RIKEN) Sep.29 Nuclear Physics Seminar「Shell-model study on Lambda-Sigma coupling effect in
neutron-rich lithium hypernuclei」
19 Hara (RIKEN) Oct.7 RIBF Accelerator Seminar「Calculation of Emittance in Aurora Storage Ring」
20 Thomas Schilcher(Paul Scherrer Institute (PSI)) Oct.16 RIBF Accelerator Seminar ｢Status of PSI Accelerators」
21 M. Broennimann (PSI）Oct.16 RIBF Accelerator Seminar「Status about RF activities at the PSI accelerator facilities」
22 A. Caruso (LNS/INFN) Oct.23 RIBF Accelerator Seminar「The radiofrequency system at INFN-LNS」
23 Christian Smorra (Mainz University, Germany) Oct.27 「TRIGA-TRAP: A double Penning trap mass spectrometer at the
research reactor TRIGA MAINZ」
24 "Yoshiyuki Aoki and Masataka Masuyama (Department of Monozukuri Engineering Aerospace engineering course
Tokyo Metropolitan College of Industrial Technology) Oct.27 Detector Team Informal Seminar「Development and
evaluation of the wide dynamic range preamplifier for silicon sensor｣ "
25 Naoto Nagaosa (Univ. of Tokyo) Oct.28 Colloquium「Symmetry and topology in multiferroics」
26 E. Donets（Dubna, Russia）Nov.5 RIBF Accelerator Seminar「ELECTRON STRING ION SOURCES APLIED FOR
FORMATION OF HIGLY CHARGED AND PRIMARY RADIOACTIVE ION BEAMS」
27 T. Hirano, Y. Kazama (RIKEN ) Nov.9 Radiation biology seminar「Frontiers of plant reproduction research」
28 Avraham Lalazar (Inst. of Plant Sciences）Nov.12「DET1 gene - good and bad aspects of pleiotropism」
29 "Tomoko. Abe(RIKEN ), Yoshiaki Nagamura (NIAS) Nov.24 Radiation biology seminar「Advancement of mutation
breeding technology in rice」"
30

H. Hosotani (Graduate School of Science, Osaka Univ.) Nov.24 Colloquium「What the Higgs boson really is like -from
symmetry breaking to extra dimensions 」

31 Ken'ichiro Nakazato (Kyoto Univ..) Nov.25 Nuclear Theory Seminar「Gyroid Phase in Nuclear Pasta」
32 Hans Geissel (GSI) Nov.26 Nuclear Physics Seminar「Present and Future Experiments with Exotic Nuclei at GS」
33 " Andreas Adelmann（PSI）Nov.27 RIBF Accelerator Seminar「The Object Oriented Parallel Accelerator Library (OPAL),
Design, Implementation and Application」"
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34 "Hiromi Okamoto (Graduate School of Advanced Science
Matter, Hiroshima Univ.) Nov.30 RIBF Accelerator Seminar「Beam Cooling and Coulomb Crystallization」
,
「Space-Charge
Effectsin Intense Particle Beams」and「Phase-Space Manipulation by Means of Coupling Resona"
35 "Hiromi Okamoto (Graduate School of Advanced Science
Matter, Hiroshima Univ.) RIBF Accelerator Seminar「Non-neutral plasma and its experimental applications to beam
dynamics studies」"
36 Alexei A. Ogloblin (RRC Kurchatov Institute, Russia) Dec.7 Nuclear Physics Seminar「Measuring the radii of particle
unstable nuclear states and search for the signatures of alpha condensation in light nuclei」
37 Tatsuyuki Takatsuka（Iwate University）Dec.14 Colloquium「New nuclear-physics-problems addressed by neutron stars」
38 "Richard F. Casten（Yale U./JUSTIPEN Guest）Jan.6 RNC Lecture Series on Nuclear Physics Course VIII「Shell Model
and Collective Models in Nuclei: experimental and theoretical perspectives」"
39 "Tomonari Hirano, Yusuke Kazama(Riken), Yuko Odaira (Fukushima Pref. Soma High School) Jan.8 Radiation biology
seminar「Educational materials for genetics using Arabidopsis mutants II」"
40 Bikash Sinha（VECC, SINP Former Director) Jan.15「Accelerator based activities at VECC & SINP」
41 T. Kubo (RIKEN) Jan.19 Nuclear Physics Seminar「Overview of BigRIPS In-flight Separator at RIBF: Production and
Identification of RI Beams Using In-Flight Fission of a 345 MeV/u 238U Beam」
42 Heiko Scheitt (RIKEN) Jan.19 Nuclear Physics Seminar「Spectroscopy of 32Ne and the "Island of Inversion"」
43 Toshio Takeyumi（National Institute of Agrobiological Sciences）Jan.19「Evaluation of radiosensitivity (irradiation with
gamma rays) in soybean 」
44 Carlo Barbieri (RIKEN) Jan.26 Nuclear Physics Seminar「Toward an accurate understanding of optical models and singleparticle states in exotic nuclei」
45

LIU Yong（IMP, Chinese Academy of Sciences）Feb.4 RIBF Accelerator Seminar「HIRFL-CSR STATUS AND
ACTIVITIES FOR FUTURE UPGRADES」

46 HE Yuan（IMP, Chinese Academy of Sciences） Feb.4 RIBF Accelerator Seminar 「Design of New LINAC Injector
for SSC of HIRFL」
47 C.Reed（ANL） Feb.8 RIBF Accelerator Seminar 「Development of the Liquid Lithium Thin Film Stripper and its
Electron Beam Film Thickness Monitor for FRIB」
48 Nobuo Hinohara (Theoretical Nuclear Physics Lab, Nishina Center) Feb.9 Nuclear Physics Seminar 「Microscopic
approach to large-amplitude collective dynamics in Se isot」
49 Yasutaka Taniguchi (RIKEN) Feb.9 Nuclear Physics Seminar 「Triaxiality of excited states in sd-shell nuclei」
50 C.Reed（ANL） Feb.9 RIBF Accelerator Seminar「Options for Beam-on-Film Testing of the FRIB Liquid Lithium
Stripper」
51 N. Hinohara (RIKEN) Feb.9 RIBF Nuclear Physics Seminar「Microscopic approach to large-amplitude collective
dynamics in Se isotopes」
52 Y.Taniguchi (RIKEN) Feb.9 RIBF Nuclear Physics Seminar「Triaxiality of excited states in sd-shell nuclei」
53 XU Zhe（IMP,Chinese Academy of Sciences）RIBF Accelerator Seminar「RF systen in the institute of modern physics」
54 Nakamura Takashi (Department of Physics, Tokyo Institute of Technology) Feb.23 Nuclear Physics Seminar「Halo
structure and shell evolution studied by breakup reactions」
55 Giuseppe Verde（INFN, Catania）Mar.8 Heavy Ion Nuclear Physics Lab. Seminar「Correlation measurements in heavy-ion
collisions: probing dynamics and spectroscopy with unbound systems」
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56 N. Inabe (RIKEN) Mar.9 Nuclear Physics Seminar「Discovery of 42 new isotopes and 13 new isomer using 345 MeV/u U
beam with BigRIPS」
57 Maya Takechi (RIKEN) Mar.9 Nuclear Physics Seminar「Measurements of Interaction cross sections towards neutron rich
Ne isotopes at RIBF」
58 Tohru Motobayashi (RIKEN) Mar.30 Special Colloquium「Study of unstable nuclei with direct reactions」
CNS
1 "S. Ota (CNS, University of Tokyo), Jul.21 CNS Seminar,「Low-lying Proton Intruder State in $^{13}$B」"
2 "Y.~Tsuchimoto (CNS, University of Tokyo), Sep.8
CNS Seminar,「Measurement of Low-mass Vector Mesons in Hot-Medium
created by Relativistic Heavy-Ion Collisions」"
3 "S.~Romano (University of Catania), Dec. 17 CNS Seminar,「Recent results on the $^{10}$B(p,$\alpha$)$^7$Be and
$^{11}$B(p,$\alpha$)$^8$Be reactions studied by means of the THM」"
4 "G.~Pizzone (INFN-LAS), Dec.17 CNS Seminar,「Effects of distortion of the intercluster motion in light nuclei」"
5 "S. Cherubini (University of Catania), Dec.17 CNS Seminar,「Nuclear Astrophysics at Catania」"
6 "S.~Amari (Washington University, St. Louis, USA), Mar.12 CNS Seminar,「Presolar grains from meteorites: a new window
to stars」"
7 "D. N.~Bihm (CNS, University of Tokyo), Mar.30 CNS Seminar,「The measurement of 21Na+alpha in inverse kinematics
and the 21Na(alpha,p) stellar reaction rate」"
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