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Construction of electron accelerators

M. Wakasugi, Y. Miyashita, H. Takehara, 1y, Takahashi,*2 M. Togasaki, *2T, Hori, M. Hara, K. Kurita™ 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 technique'?. These accelerators are
reuse of the synchrotron storage ring (AURORA-2S)? and
the racetrack microtron (RTM) ¥, 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-2D” 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).

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.

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) 150
Injection energy (keV) 80
Peak current (mA) 2-10
Pulse width (us) 0.2-2
Repetition rate (Hz) 100 (max.)
Energy resolution (%) +0.1 (1o)
Emittance (omm mrad) 0.5
Number of turns 25
RF frequency (MHz) 2856
RF peak power MW 2 (beam loading)
Energy gain MeV/turn 6

Table 2. SR2 specifications
Circumference (m) 21.95
Beam energy MeV) 150-700
Magnetic field (T) 0.6-2.7
Bending radius (m) 0.87
Betatron tune (h/v) 1.72/1.84
RF frequency (MHz) 191.244
Harmonic number 14
RF power (kW) 30
RF voltage kV) 220
Stored current (mA) 300 (expected)
Beam emittance (rmm mrad) 04

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



191.244 MHz and the power of 30 kW in the cavity is
required at the energy of 700 MeV.

[J 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 us, and the
repletion rate was 2 Hz.

=
19 |
; -"L‘“" al= __,“" '

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

- 11 -

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.

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.
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Formation of Nuclear “Pasta” in Supernovae'

G. Watanabe*!*2, H. Sonoda,*!*3 T. Maruyama,** K. Sato,*>*5 K. Yasuoka,*¢ and T. Ebisuzaki*!

[Supernova explosions, nuclear pasta phases, quantum moelcular dynamics]

The mechanism of collapse driven supernova explo-
sions?) has been one of the central mysteries in as-
trophysics for more than 40 years®). Matter in super-
nova cores is also yet to be understood and these issues
are closely connected. In collapsing supernova cores,
while matter consists of bee 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 formed*®) at higher densities
and they amount to more than 20% of the total mass
of the cores just before the bounce®. Since neutrino
scattering property is very different between pasta nu-
clei and spherical ones”®, 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 frame-
work called quantum molecular dynamics (QMD)%19),
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 conjecture'”) based on the
Bohr-Wheeler condition for fission predicts that the
formation of the pasta phases are triggered by the fis-
sion instability with respect to the quadrupolar de-
formation 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 den-
sities, the effect of the Coulomb repulsion between pro-
tons 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. How-
ever, the Bohr-Wheeler condition is derived for iso-
lated nuclei, and actually, several works have pointed

t Condensed from Ref.1). In this work, we used MDGRAPE-
2 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).

*1 RIKEN

*2 Asia Pacific Center for Theoretical Physics (APCTP)

*3  Department of Physics, University of Tokyo

*4  ASRC, Japan Atomic Energy Agency

*5  IPMU, University of Tokyo

*6 Department of Mechanical Engineering, Keio University
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(c) 0.243p, L=43.62fm
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(h-2) Top view

=76570 fm/c t=191210 fm/c 4 line of sight

Fig. 1. Snapshots of the transition process from the bcc
lattice of spherical nuclei to the pasta phase with rod-
like 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 re-
gion [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 bee lattice and their positions in the di-
rection of the line of sight are indicated by the size of
the circles: vertices with a large circle, with a small cir-
cle, 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.").

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 den-
sity region'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
p = 0.15p9 and the temperature T = 0.25 MeV [Fig.
1(a)]. At p ~ 0.243pg [Fig. 1(c)], the first pair of two
nearest-neighbor nuclei start to touch and fuse (dot-



{a) L=90.00 fm, t=0 fm/c

(b) L=86.91 fm, t=251810 fm/c

Fig. 2. Snapshots of the simulation of compression at 7' <
0.01 MeV using the simplified model. The red particles
show the centers of mass of nuclei and the nuclei within
the distance less than 0.897‘1(1(,)1) 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.!).

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 in-
corporate only its center-of-mass degree of freedom.
On the other hand, when the nearest neighbor nu-
clei are so close that the tails of their density pro-
file 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

v -

treated as a point charged particle interacting through
the Coulomb potential and the potential of the Woods-
Saxon 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 2°8Pb, 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 fi-
nally 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 sup-
ports 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 sce-
nario based on the fission instability. Our QMD simu-
lation has shown that a pair of the nearest neighbor nu-
clei start to connect before they deform due to the fis-
sion instability. This spontaneous breaking of the bce
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 con-
figuration of elongated nuclei, which are formed by a
fusion of original two spherical nuclei.
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Numerical evaluation of gauge invariants for a-gauge solutions in
open string field theory'

1. Kishimoto and T. Takahashi*!

[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 val-
ues of a approach those of Schnabl analytic solution®
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 Kato? is a con-
sistent 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

(boM + abocoQ)¥ = 0 (1)

for a classical open string field ¥. Here, the operators
M and Q can be expressed by expanding the Kato-
Ogawa BRST operator Qp with respect to ghost zero
modes (i.e., by and ¢) as

QB = Q + coLo + by M. (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 o of
the ordinary gauge theory; the relationship between
them is given by a = (a — 1)72.

We construct numerical solutions® for tachyon con-
densation to the equation of motion of the cubic string
field theory

Qp¥ + U+ =0 (3)

in the a-gauge using an iterative algorithm as fol-
lows. Using the initial configuration V¥ g, which is
the non-trivial solution in the lowest-level approxima-
tion, string fields W (), ¥(3), ¥(3),- -+ can be computed
by solving the following linear equations for W, 1)
(n=0,1,2,---) in (L,2L) or (L,3L) truncation:

Ocr¥(nt1) = 0, (4)

c0bo(Qu(y Ying1) = Yin) * Y(ny) = 0. (5)
Here, (4) imposes the a-gauge condition, i.e.,

Ocr = boM + aboco@  (la] < o0) (6)

or

T Condensed from the article in Prog. Theor. Phys. 121, 695
(2009)

*1 Department of Physics, Nara Women’s University

Ogr = bocoQ

Further, Qu,,, is an operator that can be expressed as

(a = 00). (7)

Qui® = Qud+ Uy + ¢ — (—1)¢gx W, (8)

for any string field ¢. If the configuration W(,) ob-
tained by the above iterations converges in the limit
n — oo, a projected part of the equation of motion
given by

cobo (@B (00) + P(o0) * Poc)) = 0, 9)

is satisfied in the a-gauge. In order to confirm the
complete equation of motion for the converged config-
uration V(.,), we have numerically evaluated the re-
maining part that is given by

boCQ(QB(I)(OO) + (I)(oo) * q)(oo)) = 0. (10)

For each numerical solution ® () obtained in the
a-gauge, we computed the values of the action and
the gauge invariant overlap. The results for the action
S(), where

S(0) = —giQ (;(w,QB\D + %@, \1/>> oA

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

&

Fig. 1. Plots of the action for various a-gauge solutions ¥,
in the (L,3L) truncation. The horizontal axis denotes
the value of a and the vertical one denotes the nor-
malized action S(V¥,)/S(¥s), where Wsg is the Schnabl
solution. The label (L, 3L) for each “curve” denotes the
truncation level.

results for the gauge invariant overlap? 0, (¥), where

O0y(¥) = (Y(1e, 2)[Py)1. V)2, (12)
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Fig. 2. Plots of the gauge invariant overlap for various
a-gauge solutions ¥, in the (L,3L) truncation. The
horizontal axis denotes the value of a and the verti-
cal one denotes the normalized gauge invariant overlap
On(¥a)/Oy(¥s).

in the (L,3L) truncation are plotted in Fig. 2. We
display plots of the action and overlap for various a
including @ = oo 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.®
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Fig. 3. Plots of gauge invariants for various a-gauge so-
lutions ¥, in the (L,3L) truncation. The horizon-
tal axis denotes the ratio of the action S(¥,)/S(¥s)
and the vertical one denotes that of the gauge in-
variant overlap O, (¥,)/0,(¥s). Each point denotes
(S(Wa)/S(¥s), 0n(¥4a)/Oy,(Ts)) for different values of
a. The left part of the “curve” for each level corre-
sponds to 4 < a < +o0 and the right part corresponds
to —oo < a < 1/2. The plots for a — 400 and a — —oco
are continuously connected at that of the Landau gauge
((a = co0)-gauge).

The action for the numerical solution in the Siegel gauge was
evaluated in the earlier literature®) 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

- Vi-

[ (L,3L) [ S(Wa=0)/S(¥s) [ On(Wa=0)/On(¥s) |

(0,0) 0.6846162 0.7165627

(2,6) 0.9593766 0.8898618
(4,12) 0.9878218 0.9319524
(6,18) 0.9951771 0.9510789
(8,24) 0.9979301 0.9611748
(10,30) 0.9991825 0.9681148
(12,36) 0.9998223 0.9725595
(14,42) 1.0001737 0.9761715
(16,48) 1.0003755 0.9786768
(18,54) 1.0004937 0.9809045
(20,60) 1.0005630 0.9825168
(22,66) 1.0006023 0.9840334
(24,72) 1.0006227 0.9851603

Table 1. The value of the action and the gauge invariant

overlap for the numerical solution with (L, 3L) trunca-
tion in the Siegel gauge ((a = 0)-gauge). The values are
normalized by the analytic result for Schnabl’s solution.
If we use the fitting function® Fy (L) = Zi\;o %
using data for L =0,2,---,24 (N = 13), we obtain the
extrapolated value of the action: 1.0000075 for L = oo.

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 — oo, 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 nu-

merically 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 analyt-
ical solutions. It may further imply that the nonper-
turbative vacuum in bosonic open string field theory,
where the original D-brane vanishes, is unique.
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Localization of YH2AX Fluorescence along Tracks of Argon Beams

K. Takagi*l, T. Tsukada, M. Izumi, Y. Kazama, Y. Hayashi, and T. Abe
[YH2AX, DSB, heavy ion]

LET (keV/um)
Mutations are generated through lesions in DNA and =
their inappropriate repair. Therefore, it is important to o
investigate the process of DNA damage for studying effects £9
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 ata [
serine residue near its carboxy terminal to form a cluster of
phosphorylated H2AX ( y H2AX), the so-called vy
H2AX “focus™”. Therefore, one can predict locations of
DSB sites in cell nuclei by detecting v H2AX foci. a0 H-H-L
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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 5.0
mouse fibroblast cell line was placed parallel to the beam
axis, as indicated in Fig.l, and *Ar'""beams (95
MeV/nucleon) radiated on the cell layer at an initial fluence
of 1 particle per 100 um?’. The cell layer was fixed 30 min
after the irradiation, and y H2AX was detected by means
of immunofluorescent microscopy using an antibody raised
against y H2AX.

Fig. 2. LET change and corresponding YH2AX foci
localization

Red color in the photograph indicates cellular nuclei,
and yellow color indicates immunofluoresecnce of
vyH2AX.

*]1 The Wakasa Wan Enerev Research Center
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Fig. 3. Localization of YH2AX 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 um.

Figure 2 shows depth dependent changes in the LET, and
vy H2AX 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 y H2AX at depth of 2, 4, 6, and
12.5 mm, respectively. At the depth of 2 mm (Fig. 3A),
v H2AX 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
v H2AX fluorescence intensity increased, and extended to
the entire cellular nuclear area in some cells. Interestingly,
there seem to be more lines of y H2AX 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 y H2AX
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 vy
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 y H2AX 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).
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a-fine structure spectroscopy for 2°"Lr and 2%°Lr

M. Asai,*! H. Haba, Y. Kasamatsu, N. Sato,*! K. Tsukada,*! and T.K. Sato,*!

[Nuclear structure,

Energy spacings and order of single-particle orbitals
are sensitive probes to investigating shell structure of
superheavy nuclei. In particular, energies of the pro-
ton orbitals around Z = 101, 103, and 105 (Md, Lr,
and Db) are interesting because one orbital, 1/27[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 configu-
rations 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.t)

Recently, Chatillon et al.?) studied the o decay of
255Lr using a recoil separator and a cold fusion reac-
tion of 299Bi(#8Ca,2n)?*>Lr. They found an a-decaying
isomer in 2°°Lr and proposed proton configurations of
1/27[521] and 7/27[514] for 2559Lr and 2°*™Lr, re-
spectively. To definitely identify the spin-parities and
configurations, spectroscopic data for a- or ~ transi-
tions are indispensable. However, in the « decay of
2559m] 1. no ~ ray was observed in coincidence with o
particles,?) because those a transitions would directly
populate the 7/27[514] ground state or the 1/27[521]
isomer in 2°’Md. The same situation is expected in the
« decay of other odd-mass Lr isotopes, which makes
it impossible to assign spin-parities of the Lr isotopes
through ~-ray spectroscopy. To study such nuclei, we
proposed high-resolution a-fine structure spectroscopy
which allows us to identify single-particle configura-
tions only by measuring an a-singles spectrum. In the
present work, we applied this technique to studying
the a decay of 2*"Lr and 2°°Lr.

The nuclei 2°“Lr and 2%°Lr were produced in the
28Cm(1N,5n)2°"Lr and 248Cm(*°N,4n)?*°Lr reac-
tions using the RIKEN AVF cyclotron. Reaction prod-
ucts were transported through a 10-m long capillary
with a He/KCl jet into a rotating-wheel a-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 con-
secutive detector stations each of which was equipped

*1 Advanced Science Research Center, Japan Atomic Energy

Agency

-ix -

#TLr, 29Lr, « decay]

with two Si detectors. To achieve a good a-energy res-
olution and to reduce a low-energy tail of o peaks, Si
detectors were set at the distance with a solid angle of
13% of 4. This setup also reduces energy sum between
« particles and subsequently emitted conversion elec-
trons, Auger electrons, and low-energy X rays which
considerably distorts the measured a-energy spectrum.
This energy sum becomes significant when « sources
are implanted into a Si detector by a recoil separator
like Ref. 2, which makes it impossible to observe « fine
structure and to determine « energies and intensities
precisely. The present setup using a gas-jet transport
system and a rotating wheel system is of great advan-
tage to observing « fine structure precisely.

Figure 1 shows a measured « energy spectrum for
257Lr. The « energy resolution of ~12 keV FWHM
was achieved. We can clearly see a weak «a line at
energy by 62 keV lower than that of the most intense
a line of 27Lr. These « lines are considered to be the
transitions to the rotational band members of the one-
quasiparticle state whose configuration is the same as
that of the ground state of 2°"Lr. Taking into account
energy difference and intensity ratio of « transitions
to rotational band members, we can assign a single-
particle 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 9/27 member of
the 7/27[514] band in neighboring nuclei. A similar
result was obtained for the o decay of 2°°Lr.

References
1) F.P. HeBberger et al.: Eur. Phys. J. A 26, 233 (2005).
2) A. Chatillon et al.: Eur. Phys. J. A 30, 397 (2006).
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In-beam ~-ray spectroscopy of 3?Nef

P. Doornenbal, H. Scheit,! N. Aoi, S. Takeuchi, K. Li,! E. Takeshita, H. Wang,' H. Baba, S. Deguchi,?

N. Fukuda, H. Geissel,? R. Gernhéuser,* J. Gibelin,® I. Hachiuma,® Y. Hara,” C. Hinke,* N. Inabe, K. Itahashi,
S. Itoh,® D. Kameda, S. Kanno, Y. Kawada,? N. Kobayashi,? Y. Kondo, R. Kriicken,* T. Kubo, T. Kuboki,®
K. Kusaka, M. Lantz, S. Michimasa,? T. Motobayashi, T. Nakamura,? T. Nakao,® K. Namihira,® S. Nishimura,
T. Ohnishi, M. Ohtake, N. Orr,® H. Otsu, K. Ozeki Y. Satou,? S. Shimoura,® T. Sumikama,'® H. Takeda,
K. N. Tanaka,? K. Tanaka, Y. Togano, M. Winkler,? Y. Yanagisawa, K. Yoneda, A. Yoshida, K. Yoshida and
H. Sakurai,

[Nuclear structure, Island of Inversion, neutron-rich nuclei, in-beam ~-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., re-
gions in which a certain set of magic numbers is valid,
seems more appropriate. Despite grand efforts, the ex-
act 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 ~v-ray spectro-
scopic study performed at the Radioactive Ion Beam
Facility, aiming for the determination of the first ex-
cited state of 32Ne. Its value provides a measure if
the the N = 20 shell is closed in this nucleus or not.
A 48Ca primary beam of 120 pnA average intensity
impinged at an energy of 345 MeV/u on a 20 mm ro-
tating Be target mounted at the focus FO of the frag-
ment separator BigRIPSY). The secondary beams were
separated and selected in the first stage of BigRIPS,
employing the Bp—AE—-Bp 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 AE-TOF-Bp method. The en-
ergy loss (AE) was measured with an ion-chamber?
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 Bp was obtained from posi-
tion measurements with parallel plate avalanche coun-
ters®) at the foci F3 and F5.

The main constituents of the secondary beam were
33Na (26 pps) and *2Ne (6 pps), which were trans-
ported to the focus F8 and incident on a 2.54 g/cm?

T Condensed from the article in Phys. Rev. Lett. 103, 032501
(2009)
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thick (natural) carbon target at mid-target energies of
245 and 226 MeV /u, respectively. After the secondary
target, the particle spectrometer ZeroDegree was em-
ployed to select and identify the reaction residues by
the same methods as described for BigRIPS.

To detect y-rays emitted from excited states in 32Ne,
the secondary target was surrounded by 180 large vol-
ume Nal(Tl) crystals, the DALI2 array®). After less
than eight hours measuring time, y-ray transitions
were seen in the inelastically scattered 32Ne and the
one-proton removal reaction from 33Na, which we as-
signed to the 27 — 0;; decay. The spectra are shown
in Fig. 1, revealing a single v-ray peak at 722(9) keV
for the sum spectrum of both reaction channels.

A comparison with shell-model calculations by Utsu-
no et al.?) and Caurier et al.% 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.

c(PNaNe") @) C(™Ne, Ny D)

—_ —_ N
S < S

Counts / 25 keV

[
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Fig. 1. Doppler corrected ~-ray spectra from DALI2 fol-
lowing one-proton removal of 2*Na (a) and inelastically
scattered *?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,*! N. Sakamoto, H. Suzuki,*> M. Dozono,*® Y. Maeda,** T. Saito,** S. Sakaguchi,

H. Sakai,*® M. Sasano, Y. Shimizu, T. Wakasa,*3

The study of three-nucleon forces (3NFs) is impor-
tant for clarifying nuclear phenomena. The first sig-
nature of the 3NF was found in the binding ener-
gies of the 3H and ®He, and the significance of 3NFs
has recently been pointed out in providing descrip-
tions of discrete states in higher mass nuclei. The
study of three-nucleon scattering at intermediate en-
ergies (E/A ~ 200 MeV) is a promising approach for
investigating the dynamical aspects of 3NF's, such as
momentum and/or spin dependence. The experimen-
tal studies by polarized deuterons beams at interme-
diate 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 (771, Tho,
T51, and Thy) for deuteron—proton (dp) elastic scatter-
ing at 250 MeV /nucleon.

A schematic diagram of the experimental setup has
been provided in Ref. (1). First vector- and tensor- po-
larized deuteron beams were accelerated by the injec-
tor 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 us-
ing a Wien filter system prior to their acceleration®.
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 polar-
izations 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
(CHz) with a thickness of 330 mg/cm? 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 kinemat-
ical coincidence condition by each pair of detectors.
The angles (6c.,.) measured in the center-of-mass sys-
tem are in the range 40°-162°. In the experiment,
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and K. Yako,*®

the deuteron beams were stopped in the Faraday cup
which was installed at the focal plane FO of the Bi-
gRIPS spectrometer.

Angular distributions of all deuteron analyzing pow-
ers 1111, Too, To1, and Thy represented by open cir-
cles in Fig. 1. The statistical errors are also shown.
The dark (light) shaded bands in the figure repre-
sent the Faddeev calculations with (w/o) the Tucson-
Melbourne99 3NF?) based on modern NN potentials,
namely CDBonn®, AV18%, and Nijmegen I and II7).
The solid lines represent the results of the calculations
with the Urbana IX 3NF* based on the AV18 poten-
tial. Good agreements between the data and the calcu-
lations with the 3NFs are obtained at forward angles
given by 6., < 120°; however, at backward angles,
good agreements are not observed even when 3NF's are
included. These results are quite similar to those ob-
tained for the cross section and proton analyzing power
for pd/nd elastic scattering at 250 MeV /nucleon®?).

dp
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1Ty, at 250 MeV/nucleon
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Fig. 1. Deuteron analyzing powers 111, T20, 121, and Ts2
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 linef

Kenichi Yoshida

[Nuclear structure, Density functional theory, Unstable nuclei]

Study of the multipole responses in unstable nu-
clei is of considerable interest because the multipole
responses can provide information on novel features
of collective modes of excitation in extreme environ-
ments. 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 sensi-
tive 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 per-
formed by many groups!. These studies, however,
have been largely restricted to spherical systems. Re-
cently the low-lying dipole excitation in neutron-rich
Ne?) and Sn isotopes® have been investigated by us-
ing deformed quasiparticle-random-phase approxima-
tion (QRPA),

In the present study, low-lying negative-parity
excitation modes are investigated using the de-
formed QRPA on the basis of Skyrme-Hartree-Fock-
Bogoliubov (HFB) mean fieldY. The HFB calcula-
tions reveal that Mg isotopes under investigation are
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Fig. 1. Transition strengths for the K™ = 17 isovector (IV)
dipole (upper) and isoscalar (IS) octupole (lower) ex-
citations in “°Mg. The arrow indicates the neutron-
emission threshold energy.

t Condensed from article in Phys. Rev. C 80, 044324 (2009).
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Fig. 2. IS dipole strength distribution in 2%*%4°Mg. The
transition strengths are smeared by a Lorentzian func-
tion with a width of I' = 2 MeV.

prolately deformed and that they have neutron skins;
the neutron-skin thickness of 36Mg, 38Mg and ‘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 transi-
tion density to this state shows the following character-
istic feature of PDR: Inside the nucleus and at the sur-
face of the nucleus, protons and neutrons oscillate co-
herently, 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 p—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 be-
cause 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 neutron-
emission threshold energy; the transition strengths in-
crease 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 AN interaction |

H. Nemura, for HAL QCD Collaboration,

[ Lattice QCD, Hyperon-Nucleon interaction, Nuclear forces, Hypernuclei]

Baryon-baryon interaction is one of the impor-
tant topics in nuclear physics. For the sector with
strangeness S = 0, modern nucleon-nucleon (NN) po-
tentials provide a good description of the NN scatter-
ing data at low energies. These NN potentials to-
gether with three-nucleon (NNN) forces have been
considered for precision calculations in normal light
nuclei?’. In contrast, hyperon-nucleon (Y'N) and
hyperon-hyperon (YY) interactions involve large un-
certainties because the scattering experiments are ei-
ther difficult or impossible due to the short lifetimes
of hyperons. The present phenomenological YN and
Y'Y interaction models are not well constrained by ex-
perimental data. The characteristics of the YN and
Y'Y interactions are important for studying the com-
position of hyperonic matter in neutron stars. For ex-
ample, according to recent experimental and theoreti-
cal studies on ¥ hypernuclei, 3-nucleus interaction ap-
pears to be repulsive. Therefore, a A particle, instead
of X7, would be the first strange baryon to appear in
the cores of neutron stars. Moreover, the quantitative
information of the YY (e.g., AA) 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 interac-
tions. Recently, a new approach has been proposed to
study the NN interaction using lattice QCD>%. We
study the AN 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 4 = 5.7 on a 323 x 48 lattice
are presented. The lattice spacing at the physical point
is determined as a ~ 0.14 fm from the p-meson mass.
The spatial lattice volume is approximately (4.5 fm)3.
Figures 1 and 2 show the AN potentials obtained by
the quenched QCD calculation. For the channel with
angular momentum and parity J™ = 17, the central
(Vo) and the tensor (V) potentials are shown in the
Fig. 1, while V¢ for the channel with J™ = 07 is shown
in Fig. 2. To compare the strengths of the repulsive
cores for two quark masses, the central potential mul-
tiplied by volume factor, i.e., 72V(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 (m,, mg) ~ (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.

' Condensed from the previously published articlel).
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Fig. 1. The central and the tensor potentials in 381 =3 Dy
channel of AN system in quenched QCD at m, ~ 407
MeV (downward-triangle and diamond) and 512 MeV
(upward-triangle and circle).
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Fig. 2. The central potential in 1Sy channel of AN sys-
tem in quenched QCD at m, ~ 407 MeV (downward
triangle) and 512 MeV (circle).

The present results show that the tensor force is weaker
than the NN interaction, and the dependence of the
tensor force on quark mass appears to be small. Both
of the repulsive and attractive parts increase in mag-
nitude as the v and d quark masses decrease. Calcula-
tions involving 2 + 1 flavor full QCD gauge configura-
tions that are generated by PACS-CS collaboration®
are also in progress.
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W-Boson Production by Polarized p+p Collisions
at /s = 500 GeV

K. Karatsu*! from the PHENIX Collaboration

[nucleon spin, W-boson, polarized parton distribution]

Although the polarizations of valence quarks have
been determined well by DIS (Deep Inelastic Scatter-
ing) and Semi-Inclusive DISY, large uncertainty about
the polarization of sea quarks still exists. One of the
main objectives at RHIC involving polarized p+p col-
lisions is to measure the polarization of sea quarks by
producing W bosons?. The single-spin asymmetry
(Ar) 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/ w3,

PHENIX® is a detector system that is capable of
measuring leptons produced by W decay at midrapid-
ity (|n] < 0.35, PHENIX central arms) and forward
rapidity (1.2 < |n| < 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 signif-
icant 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 (7+ and
7~ ) exceed the yield of the electrons at the same pr,
as shown in Fig. 12, on the basis of the ratio of the
deposited energy in the EMCal to the observed parti-
cle momentum (F/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. Ad-
ditionally, 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 pr spectra of raw yields obtained
from RHIC Run9 data. The left plot shows the spec-
trum 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 back-
ground by a factor of 3 to 5 (the E/p cut has been
applied in both plots).

*1 Kyoto University, Kitashirakawa Oiwake-cho, Sakyo-ku, Ky-

oto 606-8502, Japan
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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 RHICBOS®). ™t (black) and
7~ (red) are produced by other processes (data obtained
by pQCD calculation). No particle identification was
performed.
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Fig. 2. Spectrum of raw yields of positively charged par-
ticles in high-pr events (pr > 10 GeV) (Left: without
isolation cut, Right: isolation cut applied). The E/p
cut has been applied in both plots. A power-law func-
tion (blue) and W curve from RHICBOS? (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.

References

1) D. de Florian, R. Sassot, M. Stratmann, and W. Vogel-
sang: Phys. Rev. Lett. 101:072001, (2008).

2) 2008 RHIC Spin Plan Report

3) G. Bunce, N. Saito, J. Soffer, and W. Vogelsang: Ann.
Rev. Nucl. Part. Sci. 50, 525 (2000).

4) PHENIX collaboration: Nucl. Instrum. Meth. A 499,
469 (2003).

5) P. M. Nadolsky and C. P. Yuan: Nucl. Phys. B 666, 31
(2003); hep-ph/0304002.

- Xiv -



RIKEN Accel. Prog. Rep. 43 (2010)

Application of a Pair of Solenoid Magnets in Beam Transport Line

Yoichi Sato,*! Jun-ichi Ohnishi, Nobuhisa Fukunishi, Akira Goto, and Hiroki Okuno

Solenoid pairs can be used to independently deter-
mine the rotation and focusing functions. In beam
transport, a solenoid acts as a focusing and rotat-
ing 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 mag-
netic flux is zero in the beam line. The beam emit-
tance through these solenoids is decoupled horizon-
tally and vertically. Such decoupling can be used in
the muon-collider cooling channel' . 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 en-
ergy 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 x 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 ex-
pressed as the product of a rotation matrix and a com-
plex 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.

RB so1(BBsol, LB efi) @ Raritt @ Ra sol(Basol, Laeft)

= (RB,rot ® RA,rot) ® (RB,focus & Rdrift ® RA,focus)
== Rrot(eAB)

Ry R 0 0 0 0
Ryt Rey O 0 0 0
0 0 Rss Ry 0 0
“l 0 0 Ry Ru 0 0 )
O 0 O 0 1 Lt(,t/"}/2
o 0o 0o o0 0 1

where Rsol(Bsola Leff) = Riot ® Riocus = Rtocus @ Rrot
is the solenoid matrix of magnetic field By, and ef-
fective length Leg. Ryiot and Rgocus are the rotational
component and focusing component, respectively, of
the solenoid. The total rotational angle is Oap =
KpLaeg + KpLp e, where Ky = Basol/(2Bpo),

*1
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Kp = Bpso1/(2Bpy), and Bpyg is the momentum rigid-
ity of a beam. Lot = Laes + L + Lp.cg, where L is
the drift space of Rgygt. 7 is the Lorentz factor. If
KaKp < 0 and constant 65, we can use the solenoids
on a beam line as a focusing lens set with a fixed ro-
tational 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 ro-
tational components, and the horizontal and vertical
directions are decoupled since B4 so1 = —BB sol = Bsol
and L4 o = Lp g = Leg owing to which 6ap = 0.

The new injector of the RIBF project, RILAC2, is
under construction and is designed to produce high-
intensity uranium ion beam by late 20109%). The
LEBT of RILAC2 is the beam transport line from
the 28 GHz superconducting electron cyclotron reso-
nance ion source (ECRIS) to the entrance of the radio-
frequency quadrupole (RFQ), and this beam trans-
port 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 oppo-
site directions: this helps in the decoupling of beam
emittances. The decoupling feature enables us to con-
trol the downstream elements on the basis of the pro-
jected 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 SOLO following the ion source.

In addition to decoupling feature for emittance,
pair solenoids can be used to achieve a smaller beam
radii in the magnets than that achieved by using the
quadrupoles. Figure 3 shows the beam envelopes for a
pair solenoids and quadrupole magnets under identical
initial conditions in the RILAC2 LEBT design. The
quadrupoles are needed to match the beam emittances
with the acceptance of the RFQ and the buncher.

(1) The beam radii are reduced to half by introducing an-

other pair of solenoids. For beam matching, the pair
solenoids can be substituted by a series of quadrupoles,
but these quadrupoles require large bore diameters,
thereby, increasing the cost. Moreover, merely increas-
ing the number of quadrupoles cannot help reduce the
beam radii effectively. In general, for a quadrupole,
the beam size in its defocusing direction is larger than
that for a solenoid pair.

The aberration produced by the pair solenoids in
the RILAC2 LEBT is simulated by 3D tracking calcu-



p=510 mm
m/Am = 100

0
E '
| SOL34 '
28 GHz BUN RFQ (4-rod)
SC-ECRIS 18 .95 MHz 36.5 MHz

Fig. 1. Layout of RILAC2 LEBT. The 28 GHz supercon-
ducting ECRIS produces U?*" ions with an accelerating
voltage of 22.3 kV. SOLO is a single solenoid right af-
ter the exit of the ECRIS. SOL12 is the first set of
pair solenoids, and SOLS&j 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 aber-
ration.

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 fo-
cused 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° in-
clined diagnostics and the RFQ, the linac can be con-
trolled 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.
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Fig. 3. Beam envelopes from the analyzing slit to the RFQ
entrance in RILAC2 LEBT. The upper half shows ver-
tical beam envelopes, and the lower half shows horizon-

Ut jons,

tal beam envelopes. The beam comprises
the acceleration voltage is 22.3 kV, and the horizontal
and vertical emittance values are 200mr 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 af-
ter 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

Charge strippers are essential components in a
heavy-ion accelerator complex such as the RIKEN RI
Beam Factory (RIBF)! 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 (?**U) ions with energies up
to 345 MeV/ nucleon?. The first and second strippers,
which are carbon foils with thicknesses of 0.3 mg/cm?
and 17 mg/cm? ), are located downstream of the RRC
and fRC, respectively. The energies of 23U ions inci-
dent on each stripper are 10.75 and 51 MeV /nucleon.
It should be noted that there are two serious prob-
lems 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 result-
ing from the nonuniformity of the foil thickness®.

We have developed a gas stripper that is a candi-
date for a long-lifetime stripper with uniform thick-
ness. However, we could not predict whether the
charge states obtained with a gas stripper would be ac-
ceptable for the fRC since charge states of heavy ions
like 2*®U or xenon (13¢Xe) in gaseous media have not
been studied well at energies around 10 MeV /nucleon.
Therefore, the charge-state distributions of 23¥U and
136Xe 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 distribu-
tion. The use of a differential pumping system with
a target cell and five pumping stages*®) made it pos-
sible to enhance the nitrogen (N3) gas thickness up
to 0.9 mg/cm?, which was considered to be sufficient
to obtain equilibrium charge states, taking into ac-
count that the carbon foil thickness for equilibrium
is ~0.5 mg/cm? 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: 238U and !*6Xe 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 lo-
cated upstream of the fRC, as shown in Fig. 1. The
beam currents incident on the gas stripper were mea-
sured at Faraday cup D16 (FC-D16) and were typi-
cally 300~500 enA (9~14 particle nA) for 238U and
500~600 enA (25~30 particle nA) for 136Xe. The spot
diameter was about 6 mm, which was comparable to
the orifice at the gas stripper entrance. Beams in dif-

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 233U or 136Xe in the
selected charge state were measured with Faraday cup
F41 (FC-F41) downstream of DMD4.

The fraction F(g;) of a charge state g; is defined

Gas charge stripper Beam from RRC

V(F‘C-D16)

_Faraday cup D16
5
% A\

Fig. 1. Schematic view of the charge-state distribution
measurement. Please see the text for details.
as F(ql) = %, where IF41, ID167 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 238U and 36Xe
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0.16} 238 A N2 0.3 kPa o
014l A N2 0.5 kPa -
’ N2 0.9 kPa
0.12} N2 2.0 kPa o
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charge states
Fig. 2. Charge-state distribution of 2*¥U. The data ob-
tained for gas pressures of 0.3, 0.5, 0.9, 2.0, and 4.5 kPa

are denoted by open circles, open triangles, solid trian-
gles, open squares, and solid squares, respectively.
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Table 1. Obtained parameters of >¥U (left) and **SXe (right) charge-state distributions. The gas species

is N2.
238U 136Xe
pressure (kPa) peak height center o pressure (kPa) peak height center o

0.3 0.137 51.52 292 0.3 0.189 35.74 211

0.3 0.178 36.10 2.24

0.5 0.139 54.23  2.87 0.5 0.184 38.48  2.16

0.9 0.158 55.76  2.53 0.9 0.199 40.07  2.01

2.0 0.159 55.99 2,51 2.0 0.207 40.59 1.93

4.5 0.161 55.95  2.47 4.5 0.209 40.51 1.91
0244———+—+++++ as the center value of the Gaussian function. All fit-
0.22 136 N,0.3kPa o ] ted parameters are tabulated in Table 1. The most
0.20 Xe AW N203kPa o 1 probable charge states with values of 56.0 and 40.5
0.18 / \ N20.5kPa » correspond to the equilibrium charge states for 238U
0.161 ) L :z gg ::g: o and '35Xe, respectively. It is noticeable that the equi-
§ 0141 N245kPa = | librium charge states of ¥Xe obtained with the gas
G 0.12F ) stripper are acceptable for fRC acceleration. The most
= 0101 1 probable charge states are plotted as a function of the
0.08f 1 gas thickness in Fig. 4. The data of Ar, COs, He, and
ggj air are plotted together with those of Ny. We have one
0'02 | A | datum for He and air. The data are fitted by the func-
' > B tion f(t) = a—b exp(—ct), where t is the gas thickness

037°%0 31 33 35 37 39 41 43 45 47 49
charge states

Fig. 3. Charge-state distribution of **Xe. The data ob-
tained 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, respec-

tively.
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Fig. 4. Most probable charge states are plotted as a func-
tion of the gas thickness. Panels (a) and (b) present
data of 223U and '*®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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and a, b, and ¢ are parameters to be determined. The
thickness necessary for equilibrium is calculated by us-
ing f(t) and is found to be 59, 86, and 83 ug/cm?
in the case of Ar, COs, and Ns, respectively. As for
136X e, the thicknesses necessary for equilibrium are 78,
111, and 104 pg/cm?. 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. Investiga-
tion of these differences is currently in progress.

We plan to measure the charge-state distributions
of 238U at different energies in the near future.
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Pressure-induced new magnetic phase in T1(Cug.9s5Mgo.015)Cls
probed by muon spin rotation

T. Suzuki, I. Watanabe, F. Yamada,*' M. Yamada,*' Y. Ishii, T. Kawamata, T. Goto,*? and H. Tanaka,*!

[spin gap, impurity, crossover, magnetic order, pressure]

In impurity-introduced spin gap system T1(Cu;_, Mg, )

the magnetic phase transition to an ordered state is
observed by magnetization and specific heat measure-
ments; neutron elastic scattering measurements iden-
tified that this impurity-induced ordered state is an
antiferromagnetically ordered state in which the mag-
netic structure is the same as that in the case of the
field-induced phase in TICuCls". The inelastic neu-
tron scattering measurement revealed that a finite spin
gap still remains below the transition temperature?.
Imamura et al. reported a pressure-induced magnet-
ically ordered phase by magnetization measurements
for x = 0.012, and concluded that the change from the
impurity-induced phase to the pressure-induced phase
is a crossover®). The purpose of this study is to investi-
gate the microscopic properties of the pressure-induced
phase in the impurity-doped spin gap system by zero-
field muon spin rotation (ZF-uSR).

Single crystals were grown from a melt by the
Bridgman method. pSR measurements in hydro-
static pressures were carried out using a spin-polarized
double-pulsed positive decay-muon beam with an in-
cident muon momentum of 90 MeV/c. The samples
were pressurized by *He gas pressure in a CuBe cell
using the newly installed gas-pressurized uSR setup of
the RIKEN-RAL Muon Facility®).

Figure 1(a) shows the temperature dependence of
the ZF-uSR time spectra in a hydrostatic pressure of
3.1 kbar. Measurements were carried out with decreas-
ing temperature. Below 8 K, the spontaneous muon-
spin-precession is observed, which indicates the exis-
tence of a coherent long-range magnetically ordered
state. The observed transition temperature in the
pressure of 3.1 kbar is consistent with the temperature
reported in the same pressure for the case of x = 0.012
deduced from the magnetization measurement®. In
order to discuss the development of the internal static
magnetic field at the muon sites which corresponds to
the ordered Cu-3d magnetic moment, all spectra are
analyzed using the two components function as follows:
A(t) = Are1t cos(wt+0)+Ase 2t G, (A, t). The first
term is the signal from the magnetically ordered region
of samples, and the second term is that from the large
pressure cell and the spin-fluctuating region of samples.
A1 and Ao are the muon-spin-relaxation rate of each
component, and w is the muon-spin-rotation frequency.

T Condensed from the proceedings of ASR2009
*1 Department of Physics, Tokyo Institute of Technology
*2 Faculty of Science and Technology, Sophia University
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Fig. 1. (a) Time spectra of the ZF-uSR in the hydrostatic
pressure of 3.1 kbar. Solid lines are fitted results. Each
plot is shifted consecutively for clarity. (b) Temperature
dependence of Hiyt at 3.1 kbar and at 4.0 kbar. Dashed
line is a guide for the eye.

G,(A,t) is the static Kubo-Toyabe function. Fitted re-
sults are shown in Fig.1(a) as solid lines. From the fit-
ted result, the internal static magnetic field Hj,; at the
muon sites is deduced using the relation of w = v, Hint
because implanted muon spins precess around the to-
tal magnetic field, including the internal field and the
external field, at the muon sites. The deduced internal
static magnetic field Hiny = w/7, at the muon sites are
summarized in Fig.1(b). With decreasing temperature
at 3.1 kbar, Hj,; increases monotonously, and tends
to saturate to 280 gauss around 4 K. However, Hiy
decreases to 240 gauss at 2.3 K. Similar decrease of
H;,t below 4 K is observed at 4.0 kbar. The decrease
of Hi,; suggests an orientation of the ordered mo-
ments, because the change of the magnetic structure
leads to the modification of dipole fields at the muon
sites. Thus, we speculate that a spin-reorientation
phase transition occurs and that an oblique antifer-
romagnetic phase, which is observed at the pressure of
14 kbar in pure TICuCls®), appears in the Mg-doped
system. In the case of Mg-doped system, it is expected
that the pressure-induced new phase would appear at
a pressure lower than that at which it appears in the
case of pure system, because the spin gap has already
partially collapsed in space due to the Mg doping.
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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. Yokoyamal, K. Nagaminel’z, K. Shimomura?, H.W.K. Tom!, R. Kawakami', P. Bakule’,
Y.Matsuda®, K. Ishida, K. Ohishi, F.L. Pratt’, I. Shiraki’ and E. Torikai’

In the field o f the spintronics, the co nsideration o
spin-dependent exc hange scattering of a polarized electron
in ortho - m uonium (o rtho-Mu, u+e', abo und state of a
positive muon and an electron with the spins aligned in the
same direction) has been proposed to detect the conduction
electron s pin polarization ( CESP) i n semiconductors [1].
Recently, a feasibility study oft his m uon m ethod was
successfully carried out  in  strain-free n-type Ga As
containing 3%10'® cm™ Si by measuring the change in the
u' polarization co rresponding to a ch ange in the
polarization direction under both | 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 ~ (u'e’e’, a diam agnetic
bound state of " that contains two  singlet electrons) i n
n-type GaAs with Si doping higher than 10'° are known [3].

Following ar eport [2 ], the prese nt measurem ent was
conducted at Port 2 of the RIKEN-RAL by using a pulsed
4-MeV positive m uon beam. T unable | aser ligh t ofa
wavelength of around 831 nm and a repetition frequency of
25 Hz was generated using a widely tunable OP O system.
The lin early po larized laser output light was con verted to
CP light to illuminate the sample. A Pockel’s cell (PC) was
used fo r pu Ise-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 us after the muon pulse.

Asymmetry am plitudes ofthe ZF “Of f”at 15 Kare
known to co rrespond to m ainly Mu ~ state with Gaussian
relaxation (5 .7%). Duet o sp in ex change reactio ns with
doped el ectrons in n-GaAs, the 1/6 component of BC-Mu
(Mu at body-center si te, nearly 1.0%) s hows e xponential
relaxation (rate; 1 ps) and that of T -Mu (Mu at tetrah edral
site, nearly 1.0%) shows a rapid relaxation (within 1 ns).

Int he Z F*“ Para-Anti” ef fect (Fi g. 1),them ajor
characteristic of the Mu™ state changes with a change of CP
of the laser irrad iation, while the BC-Mu is in sensitive to
thel aseri rradiation. T ost udyt he Mu response to
laser-induced CESP, th e fo llowings were in vestigated: 1)
thel aser wavelength dependence,2 )1 aser-power
dependence ofth er esponseand 3) th eti me-delay
characteristic of the muon response.

A clear wavelength dependence re flecting t he ba ndgap
characteristics was  found (Fig. 1), s uggesting thatt 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-Anti”/“Off-On”, which is con sistent with th e spin
lifetime measured in optical measurement [4]. Precise time
spectrum m easurement showed a slow (33(13) ns) “Para”
response, in contrast to a fast (5.5(2.6) ns) “Anti” one.

In ordert ound erstand th e ob served sp in-dependent
Mu response, in ad dition to a po ssible multistep pro cess,
the a dmixture o f't he d-states duet o sy mmetry o ft he
interstitial sit eofth e M u state shou 1d be stud ied
theoretically [5]. Work on this line is currently in progress.
[1] E. Torikai et al., Physica B 289-290 (2000) 558-562.

[2] K. Yokoyama et al., RIKEN-APR 42 (2008) 234- 235.

[3] K.H. Chow et al. Semicon. and Semmetals S1a (1997)137.
[4] J.M. Kikkawa ef al., Phys. Rev. Lett. 80 (1998) 4313-4316.
[5] S. Maekawa, private communication (2009).
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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
20009.

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
Ist 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.

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,

Preface

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 SR?, 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 SR™.

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 **Ca beam was again
demonstrated by the in-beam [l-ray spectroscopy of
*?Ne by Doornenbal et al. utilizing the BigRips isotope
separator, the Zero-Degree Spectrometer and the Nal(T1)
crystal array, DALI2. A special campaign for many
experiments inline using **Ca 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.

Hideto En'yo
Director,
RIKEN Nishina Center for Accelerator-Based Science
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Measurement of interaction cross sections of Ne Isotopes

T. Ohtsubo *', M. Takechi, M. Fukuda*?, T. Kuboki*?, T. Moriguchi**, D.Q. Fang*®, H. Geissel *°,

R. Chen, N. Fukuda, 1. Hachiuma**, N. Inabe, Y. Ishibashi**, Y. Ito**, D. Kameda, Y. Kikuchi*®, M. Lantz, Y.G. Ma*>,

M. Mihara*? D. Nagae**, M. Nagashima*', H. Nakazato*®, K. Namihira**, D. Nishimura*?, T. Ohnishi, H. Ooishi**,

A. Ozawa**, K. Sakuma*?, T. Suda, H. Suzuki**, T. Suzuki**, H. Takeda, K. Tanaka, T. Yamaguchi*?, and T. Kubo

[BigRIPS, reaction cross section, nuclear structure, unstable nuclei]

Last year, we measured interaction cross sections (o;) of
neutron-rich neon isotopes “Ne (4:28~32) to determine the
root mean square radii <r,”>"? of these nuclei . 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
“Ne (4:20~28), in addition to the previous measurements
with the aime of copmaring the <r,,”>"values of “Ne 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 1/ and 2p orbitals was
predicted ¥, and the evidence supporitng the existance of
the neutron halo in *'Ne has been recently reported *.

The experiment was performed at the Big-RIPS facility
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 ". We employed a
transmission method to measure 0. A *Ca primary beam
with an energy of 345 MeV/nucleon bombarded a Be
production target at FO. 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/cm® or 3.6 g/cm” 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 Bp-AE-TOF
method. We used the standard detectors ® at F3, F5, and F7
to identify the beams. We used the ion chamber (IC) at F3
for the energy loss (AE) measurement of the incident beam.
We replaced the standard plastic scintillators at F5 and F7
with wider ones (240X 100 mm) having a thickness of 1
mm and 3 mm, respectively. These scintillation detectors
provided information on both TOF and AE.

* 1
*2
*3

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

*4
*5
*6

An example of a particle identification plot is shown in
Fig. 2.  We accumulated the data on the o values of all Ne
isotopes; the accuracyo of the data was 1 %. Data analysis
to determine oj is now underway.

reaction target
48Ca 345MeV/u =) I =
N N 20-28Ne ~250MeV/u
\ . Be target in out
Fo £l
s e = Fil
F1 F4 g 6 F10
73 I F1 | f8 Fo
wedge ¢ Fi2
degrader

F3

/BlgRIPS o
] (] 1 |

Plastic Scintillator ~ Reaction target (Carbon)

PPAC

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

"
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Fig. 2 Typical TOF-AE spectrum for the first stage of
BigRIPS.
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Inelastic scattering of 3?Mg at RIBF beam energies on various targets

H. Scheit, K. Li,* N. Aoi, H. Baba, P. Doornenbal, Y. Kondo, T. Motobayashi, S. Nishimura, H. Sakurai,
S. Takeuchi, Y. Togano, H. Wang,! and K. Yoneda,

[Nuclear structure, Island of Inversion, neutron-rich nuclei, in-beam ~-ray spectroscopy]

In-beam ~-ray spectroscopy of exotic nuclei pro-
duced in projectile fragmentation reactions at inter-
mediate beam energies is an important tool for nu-
clear structure studies and is routinely applied at ma-
jor radioactive ion beam facilities worldwide. Vari-
ous experimental methods depend or benefit from it,
such as Coulomb excitation, few-nucleon removal reac-
tions, direct reactions on light targets, in-elastic scat-
tering, secondary fragmentation, and lifetime measure-
ments (RDM, DSAM, recoil-shadow method). With
the commissioning of the RIBF not only has the inten-
sity of available radioactive beams been increased enor-
mously, 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 ener-
gies 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 collec-
tive 24 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, Coulomb-
nuclear interference effects are expected to be much
more enhanced at the higher beam energies, possibly
limiting the precision of the extracted transition prob-
abilities.

In order to study the background conditions for in-
beam ~-ray spectroscopy at the RIBF and to test cur-
rently employed analysis techniques a high statistics
measurement of elastic and inelastic scattering of 32Mg
on several targets was performed.

A primary “8Ca 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/cm?) thick rotating Be
target located at the FO focus of the BigRIPSY frag-
ment separator. The produced secondary beams were
separated using the standard Bp—AFE—-Bp method em-
ploying a 15 mm thick wedge shaped Al degrader at
the F1 dispersive focus of the BigRIPS separator. The
momentum acceptance was +3%. The beam parti-
cles were identified event-by-event using the standard
AE-TOF-Bp 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 Peking University, China

path of about 47 m), the energy-loss was determined
with an ion-chamber? also located at the F7 achro-
matic focus and the Bp 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 ex-
citations a 14.1 mm (2.54 g/cm?) thick (natural) car-
bon target was used. Furthermore, plastic (CHs) and
Pb targets, resulting in about the same energy loss as
for the carbon target, were employed. The secondary
32Mg 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 v rays
were detected by the DALI2 « spectrometer? with a
full energy peak efficiency of about 20% and an ex-
pected resolution after correcting the large Doppler
shift of about 10% for a 1 MeV ~ transition. For the
particle identification and track reconstruction after
the secondary target the spectrometer ZeroDegree was
employed. As before, the AE-TOF-Bp method was
applied to unambiguously identify the particles event
by event.

The data taking times for the Pb, CHs and the C tar-
gets were about 5, 3, and 2 hours, respectively, which
allowed us to collected several thousand counts in the
885 keV peak, corresponding to the 21+ — O;’S tran-
sition in 3?Mg. For the C and CH, targets several
transitions above 885 keV could be observed. In par-
ticular a comparison to similar data obtained at the
lower beam energy of about 50 MeV/u at the RIPS
facility®) will be of interest.

The data are currently under analysis.

1) T. Kubo et al., Nucl. Instr. Meth. B 204, 97 (2003)
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3) S. Takeuchi et al., PRC 79, 054319 (2009)



RIKEN Accel. Prog. Rep. 43 (2010)

Rates of production of fission fragments from a 23U beam
at 345 MeV /nucleon

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 *!, Y. Mizoi *2, M.
Matsushita *3, K. Ieki *3, N. Kobayashi **, K. N. Tanaka **, Y. Kawada **, N. Tanaka **, S. Deguchi **, Y.
Satou **, Y. Kondo **, T. Nakamura **, K. Yoshinaga *°, C. Ishii **>, H. Yoshii **, Y. Miyashita **, N. Uematsu
*5 Y. Shiraki *°, T. Sumikama *®, J. Chiba *°, E. Ideguchi *5, A. Saito *6, T. Yamaguchi *, I. Hachimura *7, T.
Suzuki *7, T. Moriguchi *8, A. Ozawa *8, T. Ohtsubo *°, M. A. Famiano *'°, H. Geissel *!' A. S. Nettleton *!2,
B. M. Sherrill *'2, S. Manikonda *!3, and J. A. Nolen *13

Unstable Nuclei, In-flight fission, nuclear reactions Be(***U, x) E = 345 MeV /nucleon,
nuclear reactions Pb(**¥U, x) E = 345 MeV /nucleon

The production rates of fission fragments from fis-
sible 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 in-
flight fission of 23¥U beam at 345 MeV /nucleon; these
rates were obtained during experiments performed in
2008 for finding new isotopes.®

The 2008 experiment was performed using a primary
238U beam at an energy of 345 MeV /nucleon and an
average intensity of 0.22 pnA. Fission fragments emit-
ted at an angle of around 0° were collected and an-
alyzed using the BigRIPS separator.?) 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 iden-
tification 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 frag-
ments 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
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reactions, respectively. For example, the measured
production rates of "®Ni and '32Sn are 4 x 1073 and
1x 103 count/s/pnA, respectively. These rates were
measured at a Bp value that was almost 10% higher
than the Bp value required for maximum yield. In case
of U beam with an intensity of 1 puA, the expected
count rates of "®Ni and 32Sn are several counts/s and
107 counts/s, respectively.

The solid lines in Fig. 1 indicate the predictions with
the LISE++ simulation.?) The production cross sec-
tions of the fission fragments were calculated using the
LISE++ code for abrasion fission and Coulomb fis-
sion 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.

T T T
7-25 28293031 33 3536373836‘041424344446

U+Be

Counts/sec/pnA

130 135 140 145 150

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 mea-
sured 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, respec-
tively.
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Study on the isomer ratios of fission products of 345 MeV /u 233U
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[in-flight fission, short-lived isomer, isomer ratio]

Techniques based on in-flight separation and iden-
tification 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 reaction’). A new-isotope
search utilizing the in-flight fission of 345 MeV /u 233U
was conducted in 20082, here, we observed a number
of known isomers along with more than ten new iso-
mers®. In this paper, the isomer ratios for several of
the known isomers are reported.

The isomer ratio can be expressed as F' = N, D/Nj,.
N, denotes the total number of particles implanted
into a aluminum stopper. For particle identification,
the mass-to-charge ratio A/Q and the atomic num-
ber Z were evaluated using the measured magnetic
rigidity (Bp) and time of flight in BigRIPS and the
energy loss in the ionization chamber which was lo-
cated 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. N,, denotes the popu-
lation of the isomeric state that was derived from the
~v-photo-peak counts by taking into account the de-
tection efficiency® and the total internal conversion
ratio reported in the y-decay scheme. The isomeric 7-
detection efficiency €., in particular for the low energy
v rays, depends on the position at which the particles
were implanted in the stopper due to the y-ray atten-
uation effect. We performed Monte-Carlo simulations
(GEANTS3) for evaluating this effect on the basis of
the measured Bp value and the observed beam profile
at the stopper. In addition, the e, decreased by 22 %
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Table 1. Isomer ratios for the known isomers. E* and I™
denote the excitation energy and the spin and parity of
the isomeric state, respectively. F' and oy indicate the
isomer ratio and spin cutoff parameter estimated from
the obtained isomer ratio, respectively.

Nuclide E*(keV) I F(%) o5(h)
®Zn 2673 (8%)  7.9(16) 3.7
PKr 196 (7/27)  39(10) 2.9
12804 2714 (10™") 3.0(5) 4.0
B0cd 2130 (8% 10(3) 4.0
13200 4849 (8M) 3.2(8) 3.2

in the worst case from the value calibrated offline; this
was due to the prompt v events prior to isomeric -
decay events. D is a correction factor of the in-flight
decay occurring between the production target and the
stopper. The Bp 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 o;. The parameter o; repre-
sents the width of the angular-momentum distribution
P(J) of the prefragments; the distribution is expressed
as P(J) o< (2J 4+ 1) exp(—J(J +1)/20%)%. The loss of
the angular momentum of the fragment in the subse-
quent particle evaporation and « emission is assumed
to be negligibly small. Then, of is tentatively esti-
mated using the obtained isomer ratio on the basis of
the sharp cutoff model in which the value of F' cor-
responds to the population of states with spin, higher
than the isomeric spin IV). The obtained values of o
are somewhat smaller than those reported in the case
of a-induced fission of 238U%) | although more detailed
evaluation of oy is needed. Further systematic investi-
gation is currently in progress.
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Measurement of the (t,3He) reaction at 300 MeV /nucleon
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[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 nuclei'). 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 im-
portance of the IVSMR, it has not been clearly iden-
tified, especially for the 31 side. In order to identify
the IVSMR(+), we measured the 2°8Ph(¢,3He) and
907r(t,3He) reactions at 300 MeV /nucleon. This was
the first physics experiment performed with the newly
constructed SHARAQ spectrometer?).

The experiment was performed at the RIBF facility
at RIKEN. A primary a beam of 320 MeV /nucleon was
bombarded onto a Be production target (thickness:
d = 4 cm) installed at BigRIPS-F0. The produced tri-
tons of 300 MeV /nucleon were achromatically ®) trans-
ported along the high-resolution beam line to the sec-
ondary target installed at the pivot of the SHARAQ
spectrometer. The intensities were typically 300 par-
ticle nA for the primary beam and 1 x 107 cps for the
secondary tritons. The purity of the triton beam was
100%, since no other particle has the same momentum-
to-charge ratio (p/Q = 2.4 GeV/c) at the energy, be-
cause of kinematic restrictions.

The secondary targets used were 2%°Pb (d
0.35 mm) and ?°Zr (d = 0.46 mm) foils for the IVSMR
measurements and a CHy (d = 0.5 mm) foil for cali-
brations. The 3He particles in the reaction products
were momentum analyzed by the SHARAQ spectrom-
eter and counted by cathode-readout drift chambers
installed in the final focal plane of the SHARAQ spec-
trometer. The differential cross sections were mea-
sured at an excitation energy of 0 < FE, < 70 MeV
and scattering angles of 0° < 6 < 3°.

Figure 1 shows the measured CHz(t,%He) spectra.
The left panel shows the XY spectrum measured in the
focal plane of the SHARAQ spectrometer. Xpp and
Yrp are proportional to the momentum and the verti-
cal scattering angle of the 3He particles, respectively.
Two main loci can be identified in the figure; these are
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The SHARAQ facility was not operated in the high-
resolution dispersive mode because of the requirement for
the large amount of statistics.
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Fig. 1. The obtained image at the SHARAQ focal plane for
the CHa (¢, ®He) reaction [left] and its projection [right].
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Fig. 2. Excitation energy spectrum for the *°*Pb(t, *He)

reaction (preliminary). See text for details.

attributed to the 'H(¢,3He) and '2C(¢,%He)?B [g.s.]
reactions. A kinematic correlation due to the recoil
of target protons is nicely observed for the 'H(t,3He)
reaction. A projection of this picture is shown in the
right panel. From the distance between the two ob-
served peaks, the dispersion of the SHARAQ spec-
trometer is determined to be 5.85 m, which is in agree-
ment with the design value of 5.86 m. The energy res-
olution obtained from the 2C(t,3He)'?B [g.s.] peak is
about 2 MeV (FWHM).

Figure 2 shows the 2°Pb(t, 3He) spectrum at a scat-
tering 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 sig-
nificant 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 cur-
rently in progress.
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Angular distribution for the ®He(d,t)"He, 5. reaction
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[Nuclear reactions, d(*He,t)"He, unstable nuclei]

Previously, we have reported on the measurement of
the excitation energy spectrum of “He nucleus in the
one-neutron d(®He,t)"He transfer reaction at the RIPS
facility. The reaction was studied at forward labora-
tory angles 0,5 ~ (11°-22°) using the ®He 42 MeV /u
beam and a deuteron target.)) In the spectrum of tri-
tons, a strong peak corresponding to the ground state
(g.s.) of "He was observed. Figure 1 shows the angu-
lar distribution for the 7Heg,5, state extracted from the
experimental data.

100

8He(d,t)7Heg s,

do/dQ (mb/sr)

0 5 10 15 20 25 30
Oc.m. (deg)

Fig. 1. The angular distribution for the 8He(d7 t)7Heg‘S‘ re-
action. The error bars are statistical only. The curve is
the DWBA calculation.

The differential cross sections were analyzed with
the DWBA approach using the code DWUCKS5.?) The
initial parameters of Woods-Saxon optical model po-
tentials (OP) were obtained in two steps: (i) we per-
formed optical model fitting of the elastic scattering
data from the 8He(p, p) reaction at Eiqp = 15, 26, 32.5,
66, and 72 MeV/u®) and obtained OP parameters for
Ejap = 42 MeV /u by linear interpolation; (ii) by ana-
lyzing the SLi(p, p), °Li(d, d) and °Li(*He,*He) scatter-
ing data® at 25 MeV /u, we determined the tendency
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of changes in OP under projectile variation and applied
it to the case of the deuteron-induced reaction. For the
final +-"He channel, the OP for the SLi(*He,>He) sys-
tem was used. Taking the spectroscopic factors (SF')
SF[t =n+d] = 1.5° and SF[®*He = n + "He] = 4
(assuming 4 neutrons in p3/, state, see also%), we ob-
tained 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 parame-
ters for the imaginary part in the exit channel were
slightly varied (within less than 10%) to fit to the ab-
solute 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(®He,®He)H reaction which was simultaneously
measured in this experiment.”)

Table 1. Optical potential parameters.
U(r) = =Vof(r,rv,av) + dawWpk f(r,rw, aw),
Fryrisai) = {1+ expl(r — riAY?) Jai]}

Vo ry av Wb rw aw
(MeV) (fm) (fm) (MeV) (fm) (fm)

d+®He 97.2 1.11 0.817 105 2.33 045
t+"He 89.7  1.03 0.790 8.8 1.50  0.70
n+"He *) 1.30  0.750 - - -
n+d *) 1.25  0.600 - - -

*) varied to reproduce the experimental separation energy.
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Breakdown of the Z = 8 shell closure in unbound 20*
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[Nuclear structure, unstable nuclei, missing-mass spectroscopy]

We report on the missing-mass spectroscopy of un-
bound 20 in the 1*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 neutron-
rich 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 proton-
rich nuclei. We experimentally investigated the mirror
symmetry in the shell quenching phenomena between
120, and its mirror partner 13Bes.

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 ?Be' ™) are known to be a
manifestation of the breakdown of the N = 8 shell
closure. However, experimental difficulties have ham-
pered the determination of a level scheme for 120. The
advantage of the (p,t) reaction is that the angular dis-
tributions are sensitive to the transferred angular mo-
mentum. Observations of the characteristic distribu-
tions 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 mea-
surement 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 ener-
gies, and this results in a severe constraint on the possi-
ble target thickness. However, in the present reaction,
which has a highly negative Q value (—31.7 MeV),
the momentum of the incoming 'O that yields 20
is greatly reduced; this results in a relatively large mo-
mentum being imparted to the recoiling triton that is
emitted in the forward direction. This enables us to
use a 1-mm-thick solid hydrogen target?) to increase
the experimental yield.

T Condensed from the article in Phys. Rev. Lett. 103, 152503
(2009)
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The experiment was performed at the GANIL facil-
ity. The secondary '*O beam at 51 AMeV was pro-
duced in the SISSI device® and delivered to the hy-
drogen target located in the scattering chamber of the
SPEG spectrometer.%) The incident position and inci-
dent angle on the target were monitored by two sets
of multiwire low pressure chambers, CATS.”) The pu-
rity (intensity) of 14O was around 40% (6 x 10 pps).
The ejectiles were detected by SPEG or a Si AE-E
telescope provided by RIKEN. The energies and an-
gles of the recoiling tritons were measured by an array
of four MUST? telescopes® located 30 cm downstream
of the target. Each telescope, with an active area of
10 x 10 cm?2, consisted of a 0.3-mm-thick double-sided
Si strip detector and a 4-cm-thick 16-fold CsI calorime-
ter.

The excitation energy (E, ) spectrum was made from
the total kinetic energy and the laboratory scattering
angle of the recoling tritons. We observed a peak at an
E, of 1.8(4) MeV, which indicates a new excited state
of 120. The spin-parity of the state was determined to
be 07 or 27 by comparing the measured differential
cross sections with distorted-wave calculations.

The E, of the 20 excited state is remarkably
smaller compared to the second 0T and first 2% states
of 160 (E, ~ 6 MeV) with a firm shell closure at
Z = 8. On the other hand, it is close to the states
of Be (E, ~ 2 MeV) with significant neutron sd-
shell configurations. Thus, the lowered excited state
indicates that the proton shell closure at Z = 8 is di-
minishing in 20. This demonstrates the persistence
of mirror symmetry in the disappearance of the magic
number 8 between 20 and '?Be. Implications for the
shell quenching mechanism were discussed in terms of
the shell model and the cluster model.
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Measurement of unbound excited states of 240
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[ Nuclear structure, Neutron-rich nuclei, Magic number, Shell structure |

Changes in the magic number and shell structure
that accompany an increase in neutron or proton num-
bers 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.”) While the 7-rays
from the bound excited states of 2°0, 210, and 220
(N = 12~14) have been identified at GANTL,? those
emitted from 237240 have not been observed. It im-
plies that the first excited states of 237240 lie above
the neutron threshold. Recently, the unbound excited
states of 220 have been determined by the invariant
mass method at RIKEN and MSU.?% The first 2% ex-
cited state of the most neutron rich oxygen isotope,
240, was studied by Hoffman et al.?) However, the ex-
cited state was not clearly identified. Since the posi-
tion of the first 27 excited state is one of the indica-
tors of a magic nucleus, unambiguous identification of
this state is essential to confirm that 24O is a doubly
magic nucleus. In the present experiment, we inves-
tigated the unbound excited states of 24O using the
240(p, p')?*O* —230+n reaction in inverse kinematics.
The 2% excited state can be identified in the invariant
mass spectrum of 220+n. The experiment was per-
formed at the RIPS facility operated by the RIKEN
Nishina Center. A 63 MeV /nucleon secondary beam of
240 was produced in a beryllium production target by
the fragmentation of a 95 MeV /nucleon “°Ar primary
beam. The secondary beam was selected by magnetic
analysis in the fragment separator, RIPS, and the 24O
beam with an intensity of ~4 ions/s was directed to-
wards a liquid-hydrogen target. The target thickness
was ~160 mg/cm?. Background measurements were
performed using an empty target cell. A schematic of
the experimental setup is shown in Fig.1. The trajec-
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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
240* 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
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Fig. 2. Preliminary decay energy spectrum of 2*O+n.

from the invariant mass of 220O+n is shown by the open
circles in Fig. 2. The first 2% excited state of 240 is
expected to be identified.
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Beta decay of the proton-rich nucleus 24Si and its mirror asymmetry’
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H. Sakurai

[Nuclear structure, Proton rich, Beta decay]

We performed 3-decay spectroscopy on 24Si to inves-
tigate the characteristic structure of proton-rich nu-
clei containing a weakly bound proton. We focused
on the mirror asymmetry of the Gamow-Teller tran-
sition strength B(GT). The asymmetry of B(GT) re-
flects changes in the configuration of the wave func-
tion, induced by the Thomas-Ehrman (TE) shift!?) of
the weakly bound s-wave proton. The spectroscopy
included measurements of delayed v rays, which had
not been measured previously, as well as delayed pro-
tons®?% using a AE-E method.

The experiment was performed at RIPS®). The sec-
ondary beam of 24Si was produced by projectile frag-
mentation of a 100-MeV /nucleon ?8Si beam. For the
~-ray measurement, 0.72-mm-thick "**Ni was used as
the primary target to improve beam purity, while for
the proton measurement, 3.0-mm-thick °Be was used
as the target to obtain a high yield of 24Si. The total
intensity of the secondary beam and the purity of 24Si
were 20 (4) keps and 1.5 (4.1) %, respectively, in the
case of the Be ("*Ni) target. To measure the half-
lives of the detected particles, the beam was pulsed
with a duty cycle of 500 ms/500 ms (beam on/off).

The measurements of delayed ~ rays and protons
were carried out using separate setups. In the ~-
ray measurement, the beam was stopped by an ac-
tive stopper made of a plastic scintillator to deter-
mine the implantation number of ?4Si. The emitted
~ rays were detected using a clover-type Ge detector
equipped with BGO Compton suppressors and a plas-
tic B veto counter. For the proton measurement, the
AE-FE method, using telescopes composed of a gas AFE
detector and silicon E detectors, was employed in or-
der to distinguish protons from 3 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 2*Si was reconstructed. We
observed two 3 branches to the bound 1] and 15 states
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n 24Al for the first time. The observation of the al-
lowed transition firmly established the spin-parity as-
signment for the 15 state. The branching ratios to the
17 and 15 states were determined to be 31(4)% and
23.9(15)%, respectively. For obtaining the branching
ratio to the 17 state, we assumed a reference value of
the y-decay ratio, I,(2*Al™) = 0.82(3)%). The branch-
ing ratios to three unbound states in ?4Al, including a
new level at 6.735 MeV, were also determined for the
first time. From the half-life measurement, the pre-
viously observed proton peaks®* were confirmed to
originate from 24Si.

B(GT) of 24Si 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 11 and 17 states, which were smaller
than its mirror counterparts”™ by 22(11)% and 10(8)%,
respectively. The asymmetry observed of B(GT) in
the 15 state and the 1] state indicated changes in
the configuration of the wave function, induced by the
TE shift. To clarify the mechanism of the asymme-
try from a microscopic perspective, the experimental
values of B(GT) were compared with theoretical esti-
mates obtained using the shell model. The asymmetry
of B(GT) was reproduced by the shell-model calcula-
tion with the USD Hamiltonian® and effects of the
weak binding energy, where the single-particle energy
of the proton 1s; /5 orbital was lowered by 500 keV to
reproduce the TE shift for the 15 state in 2Al. The
applicability of the calculation was confirmed in terms
of the overall B(GT) distribution over the unbound
states in 2*Al. The calculation indicated the asymme-
try of B(GT) in the 1] state could be attributed to
the changes in the configuration of the wave function,
accompanying the lowering of the 1s /5 orbital. As for
the 15 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 23Al
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[C(23A1,p+p+21Na)C, two-proton emission, momentum correlation ]

For the proton-rich nuclei, the proton decay mech-
anism is complicated, especially for two-protons ra-
dioactivity). Considering the proton-rich nucleus 23Al
is of very interesting in many aspects® ), we measured
the relative momentum and opening angle of the two
protons emitted from the excited state in 22Al. A ra-
dioactive isotope beam of 22Al was produced and se-
lected using RIPS facility in RIKEN Nishina Center.
The secondary 23Al beam with an incident energy of
72 AMeV were generated by the projectile fragmenta-
tion of a 135 A MeV 28Si primary beam on a Be pro-
duction target and then transported to a '2C 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 12C target were used to measure the emitted angle
of the fragment and protons. Each Si-strip layer con-
sists of 5x5 matrix without detectors in the four cor-
ners. Three layers of element Si detectors were used as
the AFE-FE detectors for the fragment. The plastic ho-
doscopes located 2.95 m downstream of the target were
used as AF, F and TOF detectors for protons. Most of
the protons stopped before the third layer. The parti-
cle identification of 23Al before the reaction target was
done by means of Bp-AFE-TOF method. After the re-
action target, the heavy fragments were identified by
five layers silicon detectors combination through the
AE-FE technique. Both the emitted angle and energy
loss can be obtained for the fragments. The total en-
ergy 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 (*'Na
+ p + p) reaction channel was picked. By the full re-
construction of 23Al three-body decay channel, we can
reconstruct the excitation energy of 22Al based on the
invariant mass analysis. Preliminary results of relative
momentum spectrum and opening angle of the two pro-
tons in the rest frame of three-body decay system of
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Fig. 1. Preliminary results of the relative momentum spec-
trum of two protons for 23Al decays into two protons
and 2'Na (upper panel) and of the opening angle be-
tween two protons in the center of mass of decaying
system (lower panel) in different excitation energy win-
dows.

p+p+2'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* <88 and 10.5 < E* < 15, respectively. Two
Gaussian fits are plotted in the spectra. A peak in
relative momentum ¢,, around 20 MeV/c is observed
which dominantly corresponds to a peak in smaller
opening angular 6, around 30-60 ° in those excitation
windows. In the same time, another peak is observed
around g, ~ 40 MeV /¢ which dominantly corresponds
to larger 6,,. Physically, the peak at 20 MeV/c of
gpp and small opening angle is consistent with the di-
proton emission mechanism. In contrary, the peak at
larger gy, and 60, 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 2°C by ~ spectroscopy’
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[nuclear structure, unstable nuclei, inelastic scattering]

A few years ago, the decoupling of strongly bound
neutrons in heavy carbon and boron isotopes was re-
ported’ ¥: the decoupling was observed as a reduction
in the quadrupole polarization charge of the neutrons.
This suppression of the polarization charge was associ-
ated with the extended distribution of the valence neu-
trons® 7 detected in reaction cross-section measure-
ments® . This might also be accompanied by a change
in the structure of the giant quadrupole resonance in
neutron rich nuclei®%9).

Recently, the lifetime of the 2] state in '9C has
been remeasured, and the decoupling phenomenon has
been reviewed'?). However, another recent work sug-
gests the existence of this decoupling effect'!). Here,
we report a study on neutron and proton transition
strengths and polarization charges, as investigated by
inelastic scattering processes in the heavy carbon iso-
tope 2°C, lying next to C in the chart of nuclides,
which shows halo characteristics in its ground state.
Our aim is to provide further evidence that the decou-
pling phenomenon occurs in the carbon isotopic chain.

The experiment was carried out at RIKEN Nishina
Center, where a 2°C beam with an intensity of 10 par-
ticle/s (pps) was provided by the RIPS fragment
separator. The beam was transmitted to secondary
targets of 20%Pb and liquid hydrogen with thick-
nesses of 1445 mg/cm? and 190 mg/cm?, respec-
tively. 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 'H run. A stack
of 160 NalI(T1) crystals, called DALI2, surrounded the
target; thus the de-excitation ~ rays emitted by the
inelastically scattered nuclei could be detected. From
the experimental v ray spectra, we determined the
cross sections at UPZ’(O;S — 2f) = 35 £ 8 mb and
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oP?(0f, — 2{) = 24 £ 4 mb for the runs involving
Pb and liquid hydrogen targets, respectively. The re-
sults were analyzed in the framework of the coupled
channel code Ec1s97. This code uses standard collec-
tive form factors to calculate the inelastic cross sec-
tions. In this manner, the neutron and proton de-
formation lengths were determined as §,, = 1.57 £
0.14 (stat) fm, J, = 0.60 £ 0.32 (stat) fm. The corre-
sponding multipole proton and neutron transition ma-
trix elements (M2, M?) could then be calculated as M?
= 7.8 T2%0 (stat) fm* and M2 = 292 +52 (stat) fm?,
respectively. The validity of the phenomenological ap-
proach was further examined by performing micro-
scopic coupled-channels (MCC) calculations involving
the use of folding model interactions along with the
AMD transition density'?); the results of this calcula-
tion agreed well with those of phenomenological anal-
ysis. In order to analyze the effective charges, the
transition probabilities were calculated within the shell
model. A reduction in the value of the normal polar-
ization 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 neu-
trons decoupled to some extent from the nuclear core.
These decreased values of polarization charges could
be attributed to the extended valence neutron distri-
bution.
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Spin-Orbit Potentials of Neutron-Rich Helium Isotopes'
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[Nuclear reactions, Polarized proton, Elastic scattering, Helium isotope]

Recently, much interest has been focused on spin-
dependent 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 scatter-
ing from SHe and ®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 experiments!2).
The target was a 1-mm-thick single crystal of naphtha-
lene. The averate target polarization was 11.0 + 2.5%.
Recoil protons and scattered particles were both de-
tected. The measured differential cross sections do /dS)
and analyzing powers A, are indicated by closed circles
in Fig. 1. The values of do/dS2 are consistent with the
previous data®) , which are indicated by open circles.

In order to extract the global nature of p—%8He in-
teractions, our experimental data were phenomenolog-
ically 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
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Fig. 1. Differential cross sections and vector analyzing pow-
ers of the p+5®He elastic scattering at 71 MeV/A.
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data. The parameter set for p+SLi elastic scatter-
ing at 72 MeV /A% was used as the initial potential.
The dashed lines in Fig. 1 indicate the calculation per-
formed using the initial parameters. Results obtained
using the best-fit parameters are represented by the
solid curves. Except at backward angles, the do/df2
and A, 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 “L.S 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 *He and 8He are in-
dicated by closed squares in Fig. 2. Those of neighbor-
ing even-even stable nuclei®® and the global optical
potential” are indicated by closed and open circles,
respectively. It is apparent that the LS amplitudes
of 5He and 8He are much smaller than those of sta-
ble nuclei. Thus, the neutron-rich helium isotopes are
characterized by remarkably shallow spin-orbit potne-
tials. This feature can be intuitively explained from
the diffused density distribution of *He and 8He, whose
density gradient is less than half that of *He.
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Fig. 2. LS radii and LS amplitudes of even-even nuclei.
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Elastic scattering for 60MeV "F on '2C target!

G. L. Zhang,** K. J. Liu,*! H. Q. Zhang,*? C. J. Lin,*? C. L. Zhang,*> G. P. An,*?> Z. D. Wu,*2 H. M. Jia,*? X. X. Xu,*?
F. Yang,*? Z. H. Liu,*? S. Kubono,*® H. Yamaguchi,*® S. Hayakawa,*®> D. N. Binh,*® Y. K. Kwon,** and N. Iwasa*®

[Elastic scattering, optical potential, proton drip line]

Our knowledge of nuclei comes mainly from the experi-
ments with nuclei in the valley of the stability. Experiments
with nuclei far from the stability-line are expected to pro-
vide tests of current nuclear structure models. In particu-
lar, light nuclei locating near the drip line may exhibit ex-
otic phenomena, such as manifestations of halo/skin struc-
ture. 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 relia-
bility 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 nu-
clei in reactions and reliability of simple-minded extrapola-
tion 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 "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 bind-
ing energy of 601keV, the rms radius could be significantly
larger than that of *®O core. (ii) It has only one bound state
below the breakup threshold, (iii) its first excited state
has a halo structure.2) Many experiments have been per-
formed to explore its structure and reaction mechanisms in
recent years. Elastic scattering of *"F+2°®Pb was measured
at 1OMeV/nucleon,3) 98MeV and 120 MeV,4) 90.4MeV,5)
respectively. Precise data have been obtained for the elas-
tic scattering of !"F on '2C and "N at 1OMeV/nucleon‘6)
In most of the above cases, the data are taken for the 2°*Pb
target. The experimental data on light targets are hardly
found, except for the data on *>C and *N at the energy of
10MeV/ nucleon.®) Therefore the experiment was planned
to extract the optical potential of the elastic scattering for
17F on light target at energies near Coulomb barrier.

In order to obtain the elastic scattering data at energy
near Coulomb barrier, 60MeV "F+'2C reaction was stud-
ied at CNS Radioactive Ion Beam separator (CRIB). The
beam intensity on the target was about 4x10° pps. A
435ug/cm2-thick 12C target was used. Projectile 'F was
identified by the time of flight (TOF) method. The Posi-
tion of "F on '2C target was determined by using infor-
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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
AE-E detector telescopes were composed of double sided
Silicon strip detectors(50mmx50mm in area)(DSSD) and
silicon detectors without strips (SSD), and covered angle
range 01,5 = 5° —80°. They were symmetrically positioned
around the beam axis in order to measure efficiently the
events of 1"F elastic scattering. The distance from the tar-
get center to the strip detectors are 145 mm, 115 mm and
85 mm depending on the three angle settings. Thin AE
detectors (DSSD, 65um thickness) were placed in front of
300um-thick E detectors (SSD). Such detector configura-
tion allowed identification of the atomic number Z of the
scattered charged particles. The emission angle of '"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 *"F4'2C.,

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 res-
onator. TOF is obtained by using the time signals of two
PPACs before target. It is shown that '“F particles can be
identified clearly from the primary 0O beam with a high
intensity. More detailed analysis of elastic scattering for
60MeV "F4-'2C are being done.
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Experiment to determine the g-factor of neutron-rich S isotope

A. Yoshimi, H. Ueno, Y. Hasama,*! H. Iijima,*! Y. Ishii,*! Y. Ichikawa, K. Tajiri,*?> T. Furukawa,*!
Y .Ishibashi,*® D. Nagae,*® K. Suzuki,*! T. Inoue,*! M. Tsuchiya,*! H. Hayashi,*!
M. Uchida,*! H. Kawamura,** and K. Asahi*!

[Nuclear structure, magnetic moment, unstable nuclei]

The nuclear moments of neutron-rich 3°~33Al were
determined 3 using the 3-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 disap-
pearance of the N = 28 shell gap in Si and S isotopes
were reported from -spectroscopy experiments4). The
measurement of magnetic moments is important in or-
der to precisely understand the nuclear wave function.

The first experiment for 'S was carried out at the
RIKEN Accelerator Research Facility in January 2010.
A beam of 4'S was produced by the fragmentation of
48Ca projectiles at an energy F = 63 A MeV impinged
on a °Be target having a thickness of 139 mg/cm?.
The beam current of “8Ca impinging on the Be tar-
get was typically 100 — 200 particle nA. The isotope-
separation of the 4'S beam was carried out using a
projectile-fragment separator RIPS (RIken Projectile
Separator), in which the emission angle fr and momen-
tum pg of the fragment were selected so as to obtain
spin-polarized secondary beam. Under the condition
of pr = po x (1.035 £ 0.030) and fr > 0.5° with a pri-
mary beam of 100 particle nA, 'S beam from RIPS
with a purity of 44% and an intensity of 3.8 x 103 par-
ticles/s was obtained. Here, py represents the central
momentum of the fragment.

The #1S beam was then transported to the final focus
and implanted into a 0.7-mm-thick CaS (Calcium Sul-
fide) multi-crystal stopper in the 5-NMR apparatus. A
static magnetic field By = 500 mT was applied to the
stopper in order to preserve the spin polarization. A
radio-frequency oscillating field B; of around 1mT was
applied to the stopper in the direction perpendicular
to Bg. From the results of solid-state NMR, measure-
ments for the stable isotope 338, it was observed that
the relaxation time of 33S in CaS was longer than in
other materials®); hence, CaS was as the material for
the stopper.

The search of the g-factor of 4'S was performed using
the -NMR technique. In this technique, resonance is
detected by the change in the S-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/Ry, where Ry is the S-ray up/down
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ratio when the oscillating magnetic field B; is not ap-
plied, the resonance frequency is derived from the mea-
sured -NMR, spectrum. Since the ground-state spin
and parity of 'S have not been determined, the shell
model predicts the 'S g-factor to be in the wide range
0.25 — 1.25. For this experiment, we have developed
a fast-switching LCR circuit® in order to realize the
quick and sequential application of the NMR B 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 per-
formed for two kinds of stopper materials CaS and Si.
The analysis of the NMR spectrum is now in progress.
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Coulomb excitation of 36Ca

N. Iwasa,*' N. Kume,*' Y. Togano, N. Aoi, H. Baba, S. Bishop, X. Cai,*?> P. Doornenbal, D. Fang,*?
T. Furukawa, Y. Hara,*® T. Honda,*® K. Ieki,*® S. Kanno, T. Kawabata,** N. Kobayashi,*® Y. Kondo,
T. Kuboki,*® K. Kurita,*® M. Kurokawa, K. Li, Y.G. Ma,*?> M. Matsushita,*® S. Michimasa,** H. Murakami,
T. Nakamura,*® K. Okada,*® S. Ota,** Y. Satou,*® H. Scheit, S. Shimoura,** R. Shioda,*® T. Suzuki,**
S. Takeuchi, K.N. Tanaka,*® K. Tanaka, W. Tian,*?> H. Wang,*?> J. Wang,*” K. Yamada, Y. Yamada,*?
K. Yoneda, and T. Motobayashi

[NUCLEAR REACTIONS: Pb(*Ca,*K p), Coulomb excitation]

The Coulomb excitation of the proton-rich nucleus of
3 (Ca was studied to determine the reduced transition
probability B(E2) and the ratio of neutron-to-proton
multipole matrix elements M, /M, for the 0, — 2f
transition in **Ca. Recently, the 2 excitation energy
of 38Ca was determined to be 3.015(16) MeV'), which
is 0.44 MeV higher than the proton separation energy
and 0.28 MeV lower than the excitation energy of the
mirror nucleus **S. The extremely large mirror energy
difference was discussed in the framework of the shell
model by considering an '®Q core, the sd-shell isospin-
symmetric interaction USD, and the experimental sin-
gle particle energies of '"F and '*O'). To obtain fur-
ther information on the nuclear structure of **Ca, the
experimental determination of B(E2) and M, /M, is
desirable.

An experiment was carried out using a part of the
RIBF accelerator complex operated by the RIKEN
Nishina Center and Center for Nuclear Study, Univer-
sity of Tokyo. A lead target with a thickness of 244
mg/cm? was bombarded by a radioactive 3°Ca beam;
the beam was produced by the fragmentation of a *°Ca
beam at 100 AMeV on a 1-mm-thick Be target and sep-
arated by RIPS and the RF deflector?. The average
beam energy in the target was 58 A MeV. The typical
38 (Cla beam intensity was 100 cps and the purity of the
beam was 4.3%.

Scattering angles of reaction products, *¢Ca, %°K,
and protons were measured by an array of 21 position-
sensitive silicon telescopes arranged in a 5 x 5 matrix
and placed 0.62 m downstream of the target. Since
36Ca and 3°K particles were stopped in the telescopes,
particle identification was performed by the AE-E
method. Protons penetrated the telescopes and were
detected by a plastic scintillator hodoscope consisting
of 5-mm-thick AE and 60-mm-thick E layers that were
placed 2.95 m downstream of the target. De-excitation
~ rays from the reaction products were detected using
160 Nal (TI) scintillators (DALI2)* surrounding the
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Fig. 1. Yields of breakup events plotted as a function of the

excitation energy of ®Ca. The solid curve represents
the best fit; simulated response functions at E, = 3.0,
4.3, and 6.0 MeV are also shown (dashed, dot-dashed,
and dotted curves, respectively).

target. Experimental results relating to the v channel
have previously been reported?®.

The p-?K coincidence yields are shown in Fig. 1
as a function of the excitation energy of **Ca which
is calculated from the measured scattering angles and
energies of %K and proton. A peak corresponding to
the 21 excited state is clearly seen at 3.0 MeV, and
two new peaks are observed around 4.3 MeV and 6.0
MeV. The spectrum is well reproduced by response
functions calculated by Monte Carlo simulations using
GEANT3%. In the calculation of the response func-
tion, theoretical angular distributions calculated with
the coupled channel code ECIS97%) were used. Further
analysis of the data is in progress.
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Experimental investigation of stellar 3°S(p, v)3!Cl reaction by
Coulomb dissociation method

Y. Togano, T. Motobayashi, N. Aoi, H. Baba, S. Bishop, X. Cai,*! P. Doornenbal, D. Fang,*! T. Furukawa,
K. Ieki,*? N. Iwasa,*? T. Kawabata,** S. Kanno, N. Kobayashi,*® Y. Kondo, T. Kuboki,*® N. Kume,*3
K. Kurita,*? M. Kurokawa, Y. G. Ma,*! Y. Matsuo, H. Murakami, M. Matsushita,*?> T. Nakamura,*®

K. Okada,*? S. Ota,** Y. Satou,*® S. Shimoura,** R. Shioda,*? K. N. Tanaka,*® S. Takeuchi, W. Tian,*!
H. Wang,*! J. Wang,*” K. Yamada, Y. Yamada,*? and K. Yoneda

[208Pb(3lCl,p 308)208Ph, nuclear astrophysics, Coulomb dissociation]

The stellar reaction 3°S(p,~v)3'Cl was studied by
Coulomb dissociation method. This reaction occurs
during the rapid proton (rp) capture process of hydro-
gen burning on an accreting neutron star. The 3°S
nucleus is a candidate for the waiting point, at which
the reaction flow temporarily stops, in the rp process.?)
As the 3°S(p, )3 Cl reaction proceeds, the amount of
308 decreases and thus, the reaction flow in the rp pro-
cess is speeded up. Therefore, the strength of this reac-
tion affects the resultant abundance of heavy elements
and energy production in the rp process. 3!Cl forma-
tion in the rp process mainly depends on the cross sec-
tion of resonance capture to the first excited state in
31C1 (energy: 0.75 MeV).?) Thus far, direct measure-
ments have not been made on the 3°S(p,~)3LClI reac-
tion because of the short lifetime of 3°S and the small
reaction cross section. We overcome this difficulty by
employing the Coulomb dissociation method.*) 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 3°S(p,~)3'Cl, which
leads to the first excited state in 3'CL

The experiment was performed using the RIKEN
Projectile Fragmentation Separator RIPS at the
RIKEN Nishina Center. A 3'Cl beam with an en-
ergy of 58 MeV /nucleon was produced by the frag-
mentation of a 115-MeV /nucleon 36Ar beam. The®'Cl
beam bombarded a 2°®Pb target whose thickness was
104 mg/cm?. The momentum vectors of the reaction
products, i.e., the 3°S nucleus and protons, were ob-
tained using the detectors located downstream of the
target. The energy of 3°S and the positions of 3°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 ho-
doscope located 2.95 m downstream of the target. De-
tails of the experimental setup are provided in Ref. 5.
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Fig. 1. Preliminary relative energy spectrum between 3°S
and proton in the Coulomb dissociation reaction of 3*CL
The peak at 0.45 MeV corresponds to the first excited
state in 3'Cl at 0.75 MeV.

The relative energy between 3°S nucleus and the pro-
tons was calculated from the momentum vectors.

Fig. 1 shows the preliminary relative energy spec-
trum. The peaks at 0.45 MeV and 1.1 MeV, respec-
tively correspond to the known first and second ex-
cited states in 31C19 at 0.75 MeV and 1.4 MeV. The
Coulomb dissociation cross section for the first excited
state in 3'Cl is found preliminarily to be 7 mb by as-
suming the detection efficiency of the 3'Cl — 39S +p
channel to be 45%. This value is consistent with that
estimated using the known lifetime of the 3'Si mirror
level”). The angular distribution of the scattered 31 Cl
is currently being analyzed to determine the multipo-
larity of the excitation.
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Branching ratio of ~ to particle decay in 1.6-MeV state of 23Al

T. Honda,*! Y. Togano, K. Okada,*! Y. G. Ma,*? N. Aoi, H. Baba, X. Cai,*? J. Chen, *?> D. Fang,*> W. Guo,*?
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[ C(?3Al,p 22Mg)C, nuclear structure ]

We carried out the inelastic scattering of 23Al on
a C target to investigate the structure of the excited
state in 2Al. Emission of 1618-keV 7 rays was ob-
served from the 7/27 state in 22Al; the energy of these
v rays was 1.5 MeV higher than the one-proton sepa-
ration energy of 22Al (141 keV?)). On the basis of the
shell-model calculations, Gade et al. suggested that
the 7/2% state of 23Al consists of 2?Mg(2") and a dj 2
proton and estimated the branching ratio between the
~ decay to the 23Al ground state and the particle de-
cay to 22Mg(2%) and proton (T',/T',) to be 20Y). The
aim of the present study is to determine the branching
ratio between the v decay and the particle decay in the
1618-keV state of 23Al.

Experiments were performed using the RIKEN Pro-
jectile 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 22A1%). A sec-
ondary 2> Al beam at 72 MeV /nucleon was produced by
the fragmentation of a 135-MeV /nucleon 28Si beam on
a 9Be target. The 23Al beam was made to bombard
a 355-mg/cm? C target. The momentum vectors of
the reaction products, 22Mg nuclei and protons, were
measured by the silicon telescope and plastic scintilla-
tor hodoscope located downstream of the target. The
energy of the de-excitation y-rays emitted from 2?Mg
was measured using DALI2Y. Details of the exper-
imental setup are described in Ref. 5. The relative
energy between 22Mg and the proton was obtained by
using the invariant mass method.

Figure 1 shows the relative energy spectrum of 22Mg
and the proton coincident with the de-excitation -~
ray from the first 2+ state in 22Mg at 1274 keV. The
Doppler-corrected y-ray energy spectrum obtained for
22Mg is given in the inset. In the y-ray spectrum, de-
excitation of the y ray from the 2% state at 1274 keV to
the ground state and from 47 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-
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Fig. 1. Relative energy spectrum between 2*Mg and proton
coincident with the de-excitation v ray from the first 27
state of 22Mg at 1274 keV. The Doppler-corrected y-ray
energy spectrum of Mg is shown in the inset.

ative energy spectrum, a peak at around 250 keV was
observed; this peak corresponded to the 23Al(7/27T)
— 22Mg(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 vy decay channel from
the 7/2F state to the ground state®), we determined
the branching ratio I', /T, 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 'Be™ -II

A. Takamine, M. Wada, K. Okada*!, T. Nakamura, T. Sonoda, P. Schury*?, H. limura*?, Y. Yamazaki,
Y. Kanai, T. M. Kojima, T. Kubo, S. Ohtani**, I. Katayama*®, H. Wollnik*®, and H. A. Schuessler*”

[neutron halo, magnetization radius, laser spectroscopy]

To study the electromagnetic properties of the one-
neutron halo nucleus ''Be by using the nuclear-model-
independent probe of optical spectroscopy, we have
measured the hyperfine constants of radioactive Be iso-
tope 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.' ) Here, we re-
port recently obtained results of the precision measure-
ment of the ground-state hyperfine constant of ''Be™;
this measurement is 30 times more accurate than our
previous measurement.>)

A unique feature of 'Be™ in comparison with "Be™
and “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,mp)=(0,0) < (1,0), a 0-0 transition that is field
independent to the first order. We evaluated the pop-
ulation of the ground-state hfs levels of Be isotopes us-
ing incompletely polarized radiation, o™ with a small
percentage of c~. We observed that only in the case
of 'Be™ a noticeable fraction of the population was in
the (F,mp) = (0,0) state even with a small mixture
of depolarized-radiation. Under this pumping condi-
tion, resonant microwave radiation at ° 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 ''Bet obtained by considering the flu-
orescence intensity as a function of the applied mi-
crowave frequency is shown in Fig. 1. The Rabi os-
cillation observed in this spectrum can be attributed
to 76-us pulsed microwave radiation. The transition
frequency was determined by a least-square fit to the
Rabi transition probability function.

Table 1. Resonance frequencies v° for different magnetic
fields.

Teon [A] B [mT] V¥ [MHz]
5 0.23813(16)  2677.31134(12)
14 0.69627(26)  2677.37430(10)
30 1.504448(18)  2677.63430(13)
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Fig. 1. Typical laser-microwave double resonance spectrum
of the ground state hfs transition (F, mr)=(0,0)—(1,0)
for "' 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:

W(B) = /42 + B2g2u(1—7)? (1)

where A is the magnetic hfs constant; B, the mag-
netic field strength; g, the atomic g-factor; ug, the
Bohr magneton; and <, the g-factor ratio. We mea-
sured v0 for three different magnetic fields, as listed
in Table 1. The field strengths were determined from
the hyperfine splittings of Be™ ions under the same
conditions. The resonance frequencies were fitted to
Eq. (1), and the hyperfine constant was determined to
be Ay = 2677.302988(72) MHz.

The present study provides important data for the
study of the magnetization radius of the one-neutron
halo nucleus ''Be by taking into consideration the
Bohr-Weisskopf effect.* %) We need high-precision nu-
clear 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 Zee-
man splittings of the hfs for a high magnetic field. We
have demonstrated the measurement method for stable
9BeT ions” and are preparing to apply it to radioac-
tive isotopes.
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Determination of nuclear charge radii of Be isotopes by precision
optical spectroscopy of trapped ions

A. Takamine, M. Wada, T. Sonoda, T. Nakamura, K. Okada*!, P. Schury*?, H. Iimura*3, Y. Yamazaki,
Y. Kanai, T. M. Kojima, T. Kubo, S. Ohtani*4, I. Katayama*®, H. Wollnik*®, and H. A. Schuessler*”

[neutron halo, charge radius, laser spectroscopy, ion trap]

Precision optical spectroscopy experiments for
trapped ions have been performed at the prototype
SLOWRI facility of RIKEN' ) with the aim of study-
ing 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 manner® . How-
ever, 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 10 MHz and the
effect due to the different mass is about 10% MHz. We
need precise theoretical results”) to subtract the mass-
dependent contribution from the isotope shifts as well
as to measure the absolute transition frequencies with
a relative accuracies of over 1077,

In previous reports,>* we presented the measure-
ment results for the 2525, /5 (smaller F)-2p? Py 5 tran-
sition frequencies obtained by the optical-optical dou-
ble resonance spectroscopy with the 2 25; /2 (largest F)-
22p, /2 transition for cooling and detection of the res-
onance. However, in this study, we noticed that there
are several possible transitions for the probe transition
due to the occurrence of Zeeman splitting, and fur-
ther, that the probability of each transition strongly
depends on the optical-pumping condition. We ob-
served noticeable fluctuation in the transition frequen-
cies in systematic measurements.

In order to avoid such ambiguities, the same tran-
sition as the cooling transition was measured using a
weak probe laser (0.2 pW) for a short period of 14
us, while a strong cooling laser (170 pW) was used
to irradiate for 5.6 ps so that the ion temperature re-
mains low. Fast and sharp switching of the cooling
laser was carried out by an AOM device. The probe-
laser frequency was measured simultaneously with the
photon-counting data using a frequency comb system
and a beat frequency counting system, which was con-
structed in-house.®) 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 251/2 — 2p 2P3/2 transi-
tion were deduced after taking into account the com-
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Fig. 1. Spectra of the probe transition for Be isotopes.
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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 791011 Bet 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, respec-
tively. The large discrepancy between the results for
HBet obtained in the present study and that obtained
in a previous one® is mainly attributed to the incom-
plete cooling condition as a results of the large hyper-
fine splitting of !Be™.

Although the analysis is still in progress, the charge
radii of Be isotopes obtained from preliminary eval-
uation are shown in Fig. 2 along with the results of
the collinear-laser spectroscopy experiment performed
by the COLLAPS group at ISOLDE?. There are no-
ticeable discrepancies between our results of the ab-
solute frequencies and those obtained by the COL-
LAPS 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,*!

A computer program hctak.f, which is based on
the continuum discretized coupled channels(CDCC)")
idea, was developed. It aims at calculating S matrix el-
ements of a scattering process involving loosely bound
projectile and a hard target. The whole system is as-
sumed to composed of three particles and are named
as 1, 2 and 3. The Hamiltonian H of the system is
written as,

H =T+ Ta12)-3+ Viz + Vizg + Vas.

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 Tis + Via, 2) expand
the potentials Vi3 + Vo3 into multipoles and evaluate
the matrix elements of these potentials, 3) construct
a set of coupled equation for given angular momen-
tum 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 eval-
uate many physical observable, like differential cross
sections of elastic scattering, double and triple differ-
ential cross sections of break up processes, momentum
distribution in the fragmentation reaction.

The reaction 23Al1+12C with E4; = 1.702 GeVwas
taken as the first case to apply this newly developed
analysis method. The projectile 23Al is assumed to
consists of a proton and a 22Mg. The binding energy
is reported to be 125 keV, and the spin and parity J™
of the system is reported® to be 5/2%. To save cpu
time, intrinsic spin of nucleons are suppressed. To see
the structure dependence of the projectile, two calcu-
lations are performed, one with d-state and the other
with s-state as the ground state wave function. Scat-
tering states of proton-22Mg system(1-2 system) are
generated by assuming a real central potential, which
reproduce the bound state energy and a resonant s-
state 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~*. This wave num-
ber span is divided into 20 bins. Interaction potentials
between proton and '2C, Vi3, is taken from the liter-
ature?) | while that of 22Mg and '2C, Vag is the set F
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of the work by Beunerd et al.,”). Nucleon optical po-
tential is well established, but that of heavy ions are
under developing stage.

The following figure compares ?2Mg momentum dis-
tribution measured at 0°. Dots are the experimental
ones, red and blue curves are due to s (d)-state ground
state wave functions.

0.25 .
23AI+120
02 Ea=1.702 GeV J
*
_ L s dx0.9
>
[4)
S 015} $x0.33 A
Qo
E :
g 3
s  01f . 1
2 X
© .
0.05 | 7 X 1

7800 7900 8000 8100 8200 8300 8400 8500 8600
cP [MeV]

d-state wave function reproduces the experimental
width better than that of the s-state. Absolute mag-
nitude of the calculated results are scaled to fit into
the figure. Total reaction cross section is reported?
to be 1609 mb, while the present calculation predicts
1271(1305) mb for d(s)-state of the 22Mg. We can
adjust the relatively ambiguous optical potential of
22Mg+'2C to reproduce the magnitude of total reac-
tion cross section, at the cost of reduced intensity of
the momentum spectrum. ;From this experience, im-
proved 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 1Li
using solid hydrogen target

T. Moriguchi,*! A. Ozawa,*! H. Suzuki,*! Y. Ito,*! H. Ooishi,*! Y. Ishibashi,*! Y. Abe,*! S. Ishimoto,*?
T. Suzuki,*® T. Yamaguchi,*> T. Kuboki,*® I. Hachiuma,*? K. Namihira,*3 M. Fukuda,** D. Nishimura,*4
T. Suda, M. Takechi, M. Lantz, K. Tanaka, and T. Ohtsubo*®

[reaction cross section, nuclear structure, unstable nuclei, solid hydrogen target]

The reaction cross section (og) for 'Li has been
measured by using a solid hydrogen target (SHT). The
purpose of this experiment is to deduce the skin thick-
ness by combining the ogr value with the carbon tar-
get!) 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 "®Ni, on which opti-
cal isotope shift measurements cannot be performed.
In this method, we performed the or 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 or measurement of unstable nuclei?.

The experiment was performed using the RIKEN
Projectile Fragment Separator (RIPS). A primary
beam of 180 was accelerated up to 100 MeV /nucleon
in the RIKEN Ring Cyclotron. A secondary beam
was produced by bombardment of the '®0 beam on
a Be target (10 mm®). !!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/cm? 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 Bp-TOF-
AFE method (Fig. 2), where Bp, TOF, and AF 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.
AFE was measured by a 150-pum-thick silicon detector
(SSD) placed in F3. The typical yield and purity of
1T 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 ''Li by employ-
ing 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 ¢50
mm x 30 mm®, which corresponded to approximately
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0.26 g/cm?. A Kapton foil with a thickness of 25 ym
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-pm-thick Mylar foil was used
for the vacuum window, downstream of the SHT. AF
and the total kinetic energy (E) of the particles ejected
from the reaction target were detected by two silicon
detectors (100 x 10 0 x 0.3 mm?) and a Nal(T1) detec-
tor (¢5” x 60 mm'), respectively. The AE-E method
was used for the identification of the outgoing parti-
cles. We also performed an experiment using a carbon
target and an empty cell and compared the obtained
result with the earlier result’). In this case, the car-
bon target (0.505 g/cm?) was installed immediately
after the vacuum window in air. ogr can be deduced
from the ratio of the number of incident particles to the
number of outgoing particles. The analysis to deduce
OoR 1s now in progress.

SHT Vacuum window

CD-PPAC
—— i SSD

1L

Nal(Tl)
C-target

" Plastic
scintillator

Fig. 1. Experimental setup at F3.

12Be ;
3

0.0
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- w “u E] ] Ll

0
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Energy Loss [MeV]

Fig. 2. Identification of the incident particles before the
reaction target by the Bp-TOF-AFE method.
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The change about the number of trapped ions in the SCRIT experiment

S. Wang, T. Suda, T. Emoto, K. Kurital, T. Tamaez, M. Wakasugi and Y. Yano

In the SCRIT experiment, ions trapped by an electron beam
in an electron storage ring are used as nuclear target for electron
scattering experiment. In the R&D experiment using '**Cs ions,
the number of trapped ions and their charge-to-mass ratio were
measured by an analyzer'", which consists of an electrode, a
magnet and nine channeltrons, as shown in Fig.1. Luminosity of
ion-electron scattering was determined from a luminosity

monitor’® by measuring small scattering angle electrons.

X N
=

-

Fig.1 Position of analyzer and luminosity monitor.

The luminosity determined by luminosity monitor and the
number of trapped ions at different beam currents are shown in
Fig.2. Both of them increase with beam currents from 40 mA.
This may cause by deeper trapping potential of the electron

beam at larger beam current.

microseconds and extracted”], as shown in Fig.3. The
background measurement was done for the successive 50
microseconds without ion injection. Those 18 cycles are defined
as cycle number from 1 to 18. Each cycle included with and
without Cs ions injection.

Time sequence of the measurement
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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
and became stable at large cycle numbers, as shown in Fig.4.
Due to radiation damping, electron beam shrunk to small size
gradually and became stable, after being injected into storage
ring. This mechanism can be thought to cause larger luminosity
and the higher number of trapped ions at large cycle numbers. In

Fig.4, the electron beam seemed to become stable around cycle

M 1 - ty —— v 120 - number 10. Therefore, we can use similar figure like fig.4 to
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Electron beam was injected into storage ring every 4 0 5 4 6 8 10 12 14 16 18

seconds in order to keep a large beam current at 80 mA and the
measurement started at 2 seconds after beam injection. During
the 2 seconds measurement, ions were injected, trapped for 50
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Fig.4: Luminosity and the number of trapped ions at different

cycle numbers.
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Proton elastic scattering by °C beam with E/u of 290 MeV

Y. Matsuda,*! T. Kobayashi,*! S. Terashima,*? H. Sakaguchi,*® J. Zenihiro,*® H. Takeda, H. Otsu, K. Yoneda,
K. Ozeki, Y. Satou,** T. Murakami,*® and M. Kanazawa*6

[Nuclear structure, Proton elastic scattering, Unstable nuclei]

Size and density distribution are the fundamental
properties of nuclei and have been experimentally and
theoretically studied. Proton elastic scattering at in-
termediate energies can be used to study these prop-
erties and has been analyzed for medium-heavy sta-
ble nuclei by using relativistic impulse approximation
(RIA).") 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 interme-
diate energies using a °C beam with E/u of 290 MeV
which was extracted from the HIMAC synchrotron at
NIRS.? Since ?C has no bound excited states, proton
elastic scattering by the °C beam can be feasibly stud-
ied by using a 5 mm thick solid-hydrogen target, drift
chambers, plastic scintillators, and NalI(T1) calorime-
ters. In addition, due to the large difference between
the proton number (6) and the neutron number (3) of
9C, we can expect ?C to have a large proton skin.

In Fig. 1, we show the experimentally observed an-
gular distribution of proton elastic scattering from °C
represented by circles along with that from '2C repre-
sented by squares, which is considered to be the refer-
ence data.?) The diffraction pattern obtained for °C is
smoother than that for 12C.

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 calcu-
lated results of scattering for different density distri-
butions. In Fig. 1, the solid and the dashed lines
show the results obtained for the density distributions
given by the relativistic mean field (RMF) theory® and
by the antisymmetrized molecular dynamics (AMD)%),
respectively. Since the RIA tends to underestimate
the scattering at backward angles, a comparatively
smoother diffraction pattern is reproduced for the den-
sity 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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proton and neutron density distributions for the RMF,
respectively, while the long dashed-dotted and the dot-
ted lines show those for the AMD. The proton and neu-
tron 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 dif-
ference between the proton and neutron radii, which
are 2.58 fm and 2.06 fm, respectively. In conclusion,
the obtained data indicates that ?C has a proton skin.
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Fig. 1. The differential cross sections for H(°C,p) reaction
compared with 12C data. Results of the theoretical cal-
culations (described in the text) are also plotted.
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Fig. 2. Proton and neutron density distributions of °C cal-
culated by using the RMF theory and the AMD.
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Energy Dependence of w~/n+ Ratio Observed in In+28Si Reaction

T. Murakami,*! Y. Ichikawa,*! S. Imajo,*! M. Sako,*! R. Sameshima,*! E. Takada,*? K. Ieki,*?
M. Matsushita,*3 J. Murata,*® Y. Nakai, S. Nishimura, and H. Sakurai

[Symmetry energy, pion ratio, high density]

The density dependence of nuclear symmetry en-
ergy Esym(p) is one of the hottest topics not only in
both nuclear physics but also in astrophysics. It is
predicted that detailed studies of Y(7~) /Y (7 ") yield
ratios in central nucleus-nucleus collisions at interme-
diate energies would provide significant constraints on
the Egym (p) at high densities p > po). For last three
years we have been developing a compact centrality fil-
ter and a pion range counter in order to measure the
Y(r~) /Y(x*) yield ratios. This year we have modi-
fied 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) ele-
ments of its 2008’s version?). By this addition we could
improve its identification-power for low energy pions.

Following the successful application of both the cen-
trality filter and the range counter to the In(*32Xe,7%)
reaction at E/A = 400 MeV last year®) | we have per-
formed a series of experiments using 400, 600, and 800
MeV /nucleon 28Si beams accelerated at HIMAC. A
typical intensity was 5x 10%ppp and a target thickness
was 330 mg/cm?. Using the range counter 7+ events
were clearly identified by selecting double pulse signals
corresponding to 7" — pT + v, 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 us-
ing AE;-AE; correlations empirically determined for
7T events. It turned out that four or more AE detec-
tors are needed to sufficiently suppress the background
arising from protons. Signals from the range counter
were processed by a FPGA module, QDC’s and multi-
hit 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 w" energy spectra obtained for
In+28Si 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 uncer-
tainties for the absolute values. Only smooth change
in shape was observed as a function of the angle. We
have not yet finalized 7~ energy spectra since we still
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need to work out the efficiency of AE;-AE; correlation
gates for the charged pion extraction.
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Fig. 1. Double differential cross section for 7 productions
with 400A MeV **Si on In.

Preliminary results of Y(7~) /Y (x™) yield ratios es-
timated 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 in-
cident 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.
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Fig. 2. Preliminary results of Y (7 ™) /Y(n ") yield ratios
at 90° in the laboratory system for In4+28Si collisions
at various incident energy/nucleon.
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Study of time-reversal symmetry in 8L using tracking detector

H. Kawamura,*! T. Akiyama,*! J.A. Behr,*?> M. Hata,*! Y. Hirayama,*? Y. Ikeda,*' T. Ishii,** D. Kameda,
P. Levy,*? S. Mitsuoka,** N. Miyahara,*! H. Miyatake,*3 Y. Nakaya,*! D. Nagae,*® K. Ninomiya,*! M. Nitta,*!
N. Ogawa,*! J. Onishi,*! M. Pearson,*? E. Seitaibashi,*! T. Toyoda,*! K. Tsukada,*! Y.X. Watanabe,*® and
J. Murata*!

A new experimental project, MTV (Mott polarime-
try for T-Violation), that aims to test the time-reversal
symmetry in nuclear -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%"Y. The leptoquark model predicts a signifi-
cant T-violating effect around 0.01% level when the
leptoquark mass is about 1 TeVY. The R-parameter
is defined in the -decay rate function as®

=

W) 7 ) (Fx7
chl—i—AJ E—I—RJ T ,

where J is the nuclear polarization, and FE, p, and
0 are the energy, momentum and spin of the elec-
tron, respectively. The R-correlation term represents
a transversely polarized electron emitted from polar-
ized nuclei that violates time reversal as well as parity
conservation. The transverse polarization of electron
is measured by Mott scattering. The up-down asym-
metry 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 nul-
lify the major background and systematic effects. The
drift chamber is located between a 8Li 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 RNBO8K04 was performed at
KEK-TRIAC in September 2008 using an 8% verti-
cally polarized 8Li beam at 178 keV/u and 10° pps®).
Fig. 1 shows the Mott-scattering angular distribu-
tion obtained by electron-tracking analysis. The R-
parameter is determined using the effective analyzing
power in the Mott scattering as follows:

R = —0.020 = 0.41(stat) % 0.024(syst) (1o).

We confirmed that our detector setup worked well.
In order to achieve a higher precision, we had pro-
posed that the next set of experiments be conducted
at TRIUMF-ISAC by using an 80% polarized 8Li beam
with very high intensity, which could help us to mea-
sure the R-parameter with a precision of 0.01%. The
proposal was accepted, and the experiment number is
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Fig. 1. Two-dimensional histogram for the decay angle ~
and the scattering angle 6 of the Mott-scattering events.
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We performed the first commissioning run at TRI-
UMF in November 2009. The entire experimental
equipment was shipped from KEK-TRIAC to TRI-
UMF in July 2009. In the test run, some techni-
cal problems were encountered in studies on beam-
intensity dependence of the event trigger rate. Two
major problems pertained to the space-charge effect
and DAQ bandwidth. The space-charge effect ob-
served 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 ac-
quiring 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% preci-
sion, which is the value for the final-state interaction
predicted by the standard model. We are also evalu-
ating how to distinguish between the standard-model
effects and the new physics signals, which are expected
to have nonzero values, using electron-momentum de-
pendence. Precise measurement of the R-correlation
using a high-pitch cylindrical drift chamber will be
performed subsequently; the drift chamber is currently
under construction.

References

1) R. Huber et al.: Phys. Rev. Lett. 90, 202301 (2003).

2) J.D. Jackson et al.: Nucl. Phys. 4, 206 (1957).

3) H. Kawamura: Ph. D. Thesis, Rikkyo University, Tokyo
(2010).



RIKEN Accel. Prog. Rep. 43 (2010)

New neutron-deficient actinide isotopes of ?3*Bk and 23°Am

D. Kaji, H. Haba, Y. Kasamatsu, Y. Kudou, K. Morimoto, K. Ozeki, T. Sumita,*! A. Yoneda, H. Koura,*? N.
Sato,*? S. Goto,*3 H. Murayama,** F. Tokanai,*® K. Mayama,*® S. Namai,*®> M. Takeyama,*®> and K. Morita

[#3*Bk, 23 Am, new isotope, GARIS]

Two neutron-deficient actinide isotopes, 2**Bk and
its decay product 23°Am, were newly identified via a
197 Au(40Ar,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 de-
formed heavy nuclei, and fission properties far from
nuclear stability line via the electron-capture (EC) de-
layed 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 “9Ar with the charge state 117 were
extracted from the 18-GHz ECR ion source and ac-
celerated by RILAC (RIKEN Linear Accelerator). An
40Ar beam with an energy of 189.5 MeV was extracted
from RILAC. The absolute accuracy in the beam en-
ergy was £0.3 MeV. The typical beam intensities at the
target were 1.5 x 1013 s7!(corresponding to 2.5 puA).
The target was prepared by the vacuum evaporation
of metallic 197 Au on a 30-ug/cm? carbon backing foil.
The target thicknesses were 513 ug/cm?. Sixteen tar-
gets were mounted on a ¢30 cm wheel, which rotated at
3000 rpm, so that they could withstand the irradiation
by high-intensity beams. The reaction products of in-
terest 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 pm-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
234Bk measurement was set to Bp = 1.92 Tm. In the
gas-jet chamber, the reaction products were stopped
in He gas, attached to KCI 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 «-spectrometry. The He flow rate
was 2.0 L min—!, and the pressure inside the chamber
was 46 kPa. In MANON, the aerosols were deposited
on 0.5 pm-thick Mylar foils placed at the periphery of
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a stainless steel wheel of diameter 420 mm. After the
aerosol collection, the wheel was moved in steps at 30-
s intervals to position the foils between seven pairs of
Si PIN photodiodes (Hamamatsu S3204-09).The prod-
ucts was identified basis of the genetic correlations of
mother and daughter nuclei.

Total of 119 decay chains were assigned to subse-
quent decays from 23*Bk. The a(mother)-a(daughter)
correlation plot is shown in Fig. 1. The 23‘Bk had
the following decay modes: alpha decay, spontaneous
fission, and electron capture. The 23*Bk was con-
nected to 23°Pu through two routes : [1] *Bk(a) —
BO0AM(EC) — 20Pu and [2] 234Bk(EC) — 23*Cm(«)
— 230Py. Then, 23°Pu underwent subsequent decays
of 230Pu — 226U — 222Th — 218]_:{a — 214Rn.

Three groups of a-decay energies for 234Bk were
identified. The mean «-decay energies for the three
groups were 7.95, 7.87, and 7.75 MeV. The half-life
of 234Bk was determined to be 10 s. No a decay due
to 220 Am was detected in measurements that followed
the alpha decay of 234Bk, but four SF events of 220Am
were observed. The half-life of 239Am was determined
to be 31 s. The decay properties of 234Cm agree well
with those indicated by reference values!). Detailed
analysis is in progress.
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First Quantitative Study of Resonance Scattering of a-particles
Using a ?'Na Radioisotope Beam?

D. N. Binh,*! L. H. Khiem,*? N. T. Tho,*? H. Yamaguchi,*! Y. Wakabayashi,*! S. Hayakawa,*!
T. Hashimoto,*! T. Teranishi,*® N. Iwasa,** N. Kume,** N. Kato,*® and S. Kubono*!

[RI beam, Novae, X-ray burst]

Nucleosynthesis of 22Na is an interesting subject be-
cause of possible y-ray observation and the presence
of isotopic anomalies in the presolar grains’?). 22Na
should be mainly produced in the NeNa cycle. It is a
long-lived radioisotope with a half-life of 2.6 years; its
[-decay leads to the first excited state which promptly
followed by the emission of an 1.275 MeV ~-ray®). This
~-ray is a candidate to detect by satellite observatories
to understand stellar events. At high temperatures,
the 2'Na(a,p)?*Mg reaction could play a significant
role in the NeNa cycle progressing to the MgAl cycle
and beyond. Clearly, the 2! Na(a,p)?*Mg stellar reac-
tion would make a branching reaction on ?'Na and by-
pass 22Na, resulting in a reduction in ??Na production.
Therefore, it could be directly related to the 1.275 MeV
galactic v-ray observation and the Ne-E problem?®. Tt
could be also important in understanding the early
stage of the rp-process®). Resonances observed by the
resonance scattering of a-particles on 2!Na and their
resonant parameters are very important for calculating
the stellar reaction rate of the 2! Na(a,p)?*Mg reaction.

Measurement of the resonance scattering of -
particles using a low energy 2!'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 separa-
tor (CRIB) of the University of Tokyo®. The 2'Na
particles were produced by the (d,n) reaction in in-
verse kinematics; a 2°Ne primary beam accelerated
up to 6.2 MeV/u by the RIKEN-AFV cyclotron was
used. The 2'Na beam was selected and purified by
the CRIB facility, and finally, at the scattering cham-
ber containing the experimental setup, we obtained
a 39.5-MeV beam with of about 93% purity. Ener-
gies and positions of both proton and a-particles were
measured in the o + 2'Na scattering by three AE-E
telescopes mounted at three different angles (6°, 16 °,
and 26°) with respect to the beam line. Each tele-
scope consisted of a Micron double-sided silicon detec-
tor (MDSSD), a Hamamatsu position sensitive silicon
detector (HPSSD), and two solid state silicon detectors
(SSD). Protons and a-particles were clearly identified
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by the AE-E method. The alpha scattering data were
analyzed to obtain the excitation function. Five reso-
nances were observed, as shown in Fig. 1. The gap at
around E.,, = 3.5 MeV in the figure is due to the dead
layer of the MDSSD. A combination of spins and par-
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Fig. 1. Excitation function of resonance scattering of a-
particles on 2! Na.

ities has been deduced successfully so far by applying
the R-matrix method. The best fit of this combina-
tion is shown in Fig. 1, and the result of the R-matrix
analysis is presented in Table 1.

Table 1. R-matrix analysis result

E. (MeV) T (MeV) 4
3.390 £0.305 0.523 £0.052 5/2° 3
3.983 £0.279 0.217 £0.017 7/2F 2
4.516 £0.135 0.231 £0.009 5/27 2
5.214 £0.260 0.371 £0.022 5/2F 2
5.760 £0.058 0.233 £0.005 3/27 2

The analysis is still in progress. We are investigat-
ing other possible combinations of spins and parities
for which the R-matrix fit gives reasonable x? values
(within the standard deviation).
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Progress in 3°S Beam Development for a Measurment of *He(3°S,p)

D. Kahl,*! A. A. Chen,*? S. Kubono,*! D. N. Binh,*! J. Chen,*? T. Hashimoto,*! S. Hayakawa,*! D. Kaji,** A.
Kim,** Y. Kurihara,*! N. H. Lee,** S. Michimasa,*! S. Nishimura,** Y. Ohshiro,*! K. Setoodeh nia,*? Y.
Wakabayashi,*!*> and H. Yamaguchi,*!

[Unstable nuclei, astrophysics]

We performed a third and final low-energy 3°S RI
beam development test in preparation for a future
measurement of the *He(*°S,p) cross section. Our
July 2009 experiment, reported here, was a follow-up
to our previous beam tests in December 2006Y) and
May 2008%). This work is performed at the low-energy
Center for Nuclear Study (CNS) radioactive ion beam
(CRIB) separator facility®*) 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 *He(3°S,p) cross-section at astrophysical energies
relevant to Type I X-Ray Bursts. The 3°S(a,p) reac-
tion rate is important to the overall energy generation
of X-Ray Bursts®), influences the neutron star crustal
composition® , and may explain the bolometric double-
peaked nature of some rare X-Ray Bursts”).

We produce 3°S via the *He(?2Si,39S)n reaction by
bombarding a cryogenic gas target®?) of He at 90 K
with beams of 28Si. By placing a 2.5 um Be foil after
the production target, we are able to increase the pop-
ulation of the 39S!6* species (compared to the charge-
state distribution of the gas-cell Havar exit window),
which is easier to purify from beam contaminates. Al-
though the 39S+ species is more preferentially pop-
ulated 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 com-
pared to Fig. 1 by passing the beam through a Wien
(velocity) filter after F2.

We successfully developed a 3°S'6+ RI beam of 10*
pps of 25% purity and Epeqr, = 30+ 3 MeV on target
normalized to a 7.4 MeV/u 28Si%* primary beam at
1.3 e A; the primary beam intensity is limited by the
maximum heat deposit of 2 W in the 2.5 ym Havar
exit window of the production target. The improve-
ment 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 MO-
CADI, our transmission efficiency is primarily limited
by energy straggling in the production target, and
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Fig. 1. ToF-E spectrum using a delay-line PPAC and SSD
at F2. 3°S'5% is clearly separated.

thus the ability to accelerate a 28Si* beam up to 7.4
MeV/u is a considerable improvement for 3°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 3°S'6+ 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+4+; this discrepancy can
be somewhat accounted for by the fact that the Be foil
was partially broken.

In September 2010, we will measure the He(3S,p)
cross section on an event-by-event basis using an ac-
tive target method using the thick-target method in
inverse-kinematics!®. It is critical that we may get
a 28Si°t beam at 1.3 euA with long-term current-
stability delivered to the primary beam focal point of
CRIB for the future experiment using the 3°S beam
developed and detailed in this report.
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New measurement of resonance scattering of alpha particles on “Li

H. Yamaguchi,*! T. Hashimoto,*! D.N. Binh,*! D. Kahl,*' S. Hayakawa,*! Y. Wakabayashi,*> T. Kawabata,*>
and T. Teranishi*4

[Nuclear astrophysics, Nuclear cluster structure, unstable nuclei]

In recent years, the exotic cluster structures in ''B
and ''C nuclei have attracted considerable attention
D, The 3/2; state of 1'B at the excitation energy
Fo=8.11 MeV is considered to be a dilute cluster state
2)in which two alpha particles and *He are weakly in-
teracting. In particular, the a-cluster structure in ''B
was studied by measuring its isoscalar monopole and
quadrupole strengths in the 'B(d,d’) reaction. The
studies indicated that the mirror state of the 8.11-
MeV state has a dilute cluster structure.®*. In the
present study, we used “Li+« resonant elastic scatter-
ing to investigate the cluster structures. The strengths
of the resonances are expected to provide information
about the a-cluster structure. The "Li+a system is
also related to the astrophysical reaction "Li(a,y)''B.
The study of resonance parameters carried out in the
present work should contribute to the precise determi-
nation of the "Li(a,y)''B reaction rate at high tem-
peratures (Tg > 1).

The measurement of the "Lit-a elastic scattering
was performed at CRIB>® using the thick-target in
inverse-kinematics method™®) to determine the exci-
tation function when the excitation energy of 'B is
10-13 MeV. The excited states of !B in this energy
region have been studied by "Li+a elastic scattering
and other methods?); 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 "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 colli-
mated by a 3 x 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. « particles re-
coiling at forward angles were detected and identified
by the “AFE-E counter”. The counter consisting of
20-pm- and 480-pm-thick silicon detectors was placed
in the small chamber. Measurements for 2.9 x 109
particles of “Li injected into a helium-gas target were
performed for 2.5 days. Most of the particles measured
was « particles from the elastic scattering, and only a
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small number of protons and tritons, which are possi-
bly from "Li(a,p) reaction and from the break up of
"Li, were observed in the measurement.

The obtained energy spectrum of « particles is
shown in Fig. 1. The spectrum had peaks consistent
with those observed in previous measurements!®').
A low-background measurement was successfully per-
formed, and it was demonstrated that the thick-target
inverse-kinematics method can be adopted for mea-
surements involving light beams and target particles
with the minimum atomic number difference (AZ =
1). The calculation of the kinematics by taking into
account the energy loss in the gas target can provide
the excitation energy of 1!Bfrom the measured energy
of the alpha particle. Thus, the excitation fuction for
the “Li+a elastic scattering will be obtained.
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Subsystem correlations in Coulomb breakup reaction of *He

Y. Kikuchi,*! T. Myo,*>** M. Takashina,*3** K. Kato,*! and K. Ikeda

[NUCLEAR REACTIONS: Halo nuclei, Coulomb breakup]

The purpose of our study is to understand the struc-
tures of two-neutron halo nuclei such as He and ''Li
via the Coulomb breakup reactions. Here, we focus
on the correlations of the binary subsystems of core-
n and n-n in two-neutron halo nuclei. We clarify the
relationship between E1 excitations and the correla-
tions in halo nuclei. In this study, we investigate the
breakup of ®He into o + n + n three-body continuum
states.

To describe the subsystem correlations in three-
body breakups, we use complex-scaled solutions of the
Lippmann-Schwinger equation (CSLS)". In the CSLS,
the formal solution of the Lippmann-Schwinger equa-
tion is combined with the complex scaling method.
CSLS makes it possible to evaluate the physical quanti-
ties 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 *He for both
subsystems of a-n and n-n.

Figure 1 shows the calculated invariant mass spec-
tra and the one obtained from the experiments?). The
results obtained using the CSLS for the a-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 FE,., ~ 0.7 MeV, which corresponds to
®He(3/27) resonance energy. This result indicates the
importance of the sequential decay via the He(3/27)
resonance in the Coulomb breakup reaction of ®He.
In the invariant mass spectrum shown in Fig. 1(b), a
higher number of the cross section is seen near zero-
energy 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 in-
variant 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-
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Fig. 1. Invariant mass spectra given in arbitrary units. The
panels (a) and (b) show results with respect to the a-
n 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 transi-
tion from the ground state to the non-interacting three-
body continuum states. The open squares with error

2)

bars denote experimental data®’/. The arrow in panel

(a) indicates the resonance energy of *He(3/27).

tion on the ground-state correlation directly from the
Coulomb breakup. This fact indicates the strong in-
fluence of the final state interactions on the breakup
cross section.
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One-neutron removal strength of "He into °He using the complex
scaling method

T. Myo, ! 2 R. Ando, 2 and K. Kato, 3

[Nuclear structure, Unstable nuclei, Cluster model, Resonance]

In recent times, many experiments on the unbound
nucleus “He, have been reported?). However, there
are still contradictions in the observed energy levels,
in particular, in the excited states. Experiments sug-
gest that the excited states of "He appear as four-body
resonances above *He4n+n-+n threshold energy.

Theoretically, when we discuss the structures of “He,
it is important to consider its many-body decays to the
channels SHe+n, °He+2n, and *He+3n. The purpose
of this study is to investigate the resonance structures
of "He by imposing the accurate boundary conditions
of many-body decays. We employed the cluster-orbital
shell model of the *He+n+n+n system, in which the
open channel e ects of the multineutron emissions
are explicitly taken into account. We will describe
the many-body resonances under the correct bound-
ary conditions using the complex scaling method. We
employed the Hamiltonian to obtain the *He-n scat-
tering data and the SHe energies?).

We obtained ve resonances of "He as shown in Ta-
ble 1. Further, we investigated the spectroscopic fac-
tors (S factors) of the He-n component, which are im-
portant to understand the coupling between He and
the additional neutron in “"He. It was found that the
OHe(2]) state contributed largely in several “He states.
Only in the case of the 1/2 state, the He(0) com-
ponent 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 p;,, neutron
surrounding the halo state of He.

In Fig. 1, we show the one-neutron removal strength
S(E) from the "He ground state into He; this strength
is determined by taking into account the three-body
continuum components of ®He in the nal states as
well as the 2] resonance shown in Table 1. From
Fig. 1 (a), it is found that the contribution of “He(2%)
is considerably large, resulting in the peak value at
the resonance energy of 2f. The SHe(0]) contri-
bution of 0.61 agrees with the recent observation of
0.64 4 0.09%. The strengths of other spin states made
small contributions, as shown in Fig. 1 (b). The
peak values for these states was observed at approx-
imately 1 MeV. This structure is a threshold e ect
of the 5He(3/2 )+n two-body decay, which starts at

T Condensed from the article in Phys. Rev. C80, 014315
(2009)
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Table 1. Energies and widths of the “He resonances mea-
sured from *He+3n threshold in MeV, and the corre-
sponding S factors of the ®He-n components.

Energy | Width | ®He(0])-n SHe(2])-n
3/2, | —0.790 | 0.014 | 0.64 + i0.06 1.55 — i0.31
3/2, 2.58 1.95 | 0.005 4+ 40.01 0.95 + 40.02
3/24 4.53 5.77 | 0.003 +0.0002 | 0.02 — i0.004
1/2 0.26 2.19 | 1.00 —0.13 0.10 — i0.05
5/2 2.46 1.50 | 0.00 + i0.00 0.95 + 0.02
1(9) T T T T T T
- 6 -
8 b He(2") (a) -
7 - -
~ L 4
m ¢r i
N
n 431 P -
> [ JHe(OJl') ]
b [ . . . ]
a1 0 T+1 2 3 4 5
2] E[MeV]
014 F =6 ' ' ' :
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~ 010F {3} -
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»n 0.06
0.04
0.02
0.00

Fig. 1. One-neutron removal strength of “He to *He(J™,E)
states measured from the *He+n+n threshold energy.

The vertical arrow in (a) indicates the resonance energy
of *He(2}).

0.74 MeV. From these results, it is concluded that the
contribution of the SHe(2]) is maximum in the one-
neutron removal strength of “He above the *He+n+n
threshold energy.
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Five-body resonances of 8He using the complex scaling method

T. Myo, ! 2 R. Ando, 2 and K. Kato, 3

[Nuclear structure, Unstable nuclei, Cluster model, Resonance]

Recently, many experiments on ®He have been re-
ported. Most of the excited states of 8He are located
above the *He+4n threshold energy!). This indicates
that the observed resonances of ®He can decay into the
channels of "He+n, SHe+2n, *He+3n, and ‘He+4n.
This multiparticle decay of ®He makes it difficult to
observe its excited states.

The purpose of this study is to carry out the reso-
nance spectroscopy of ®He by imposing the accurate
boundary conditions of many-body decays. We em-
ploy the cluster-orbital shell model of the ve-body
4He+n+n+n+n system, in which the open channel
e ects of the multineutron emissions are taken into
account explicitly. We describe the many-body reso-
nances under the correct boundary conditions by using
the complex scaling method (CSM). It is a challenge
to describe the ve-body nuclear resonances by using
CSM. We employ the Hamiltonian, which reproduces
the *He-n scattering data and the °He energies?.

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 He and ®He nicely reproduce the experiments, as
listed in Table 1. We also successfully predict 0; of
8He as a 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 neu-
trons in 8He; the pair number is de ned by the ma-
trix element of the operator > _; AT,W( B)A=( B).
Here, and [ represent the single-particle orbits of
neutrons, and A’ (A;+) is the creation (annihila-
tion) operator of a neutron pair with spin-parity J™.
This quantity helps us to understand the pair coupling
structures of four neutrons. Figure. 2 shows the pair
numbers for *He (07,). In the 07 state, the 2% neu-
tron pair is close to ve and the 0T pair is almost
unity. This result was obtained from a main con g-
uration of (ps/2)* with the probability of 86% using
the CFP decomposition ( 1 and 5 for 0% and 2T, re-
spectively). The 0; state has almost two 0 neutron
pairs in addition to the 2% pairs. This is consistent
with the (p3/2)2(p1/2)2 con guration with a probabil-
ity of 96%; this con guration is decomposed into the
pairs of 0%, 17 and 27 with occupations of 2, 1.5, and
2.5, respectively. In summary, by using CSM, we have
successfully obtained the 02+ state as a ve-body reso-
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Table 1. Matter (Rm) and charge (Ra,) radii of ©®He com-
pared with the experiments; a4), b5)7 CG), a3,

Present [fm]  Experiments [fm)]
6 Fm | 237 2.33(4)* 2.30(7)® 2.37(5)°
® Ra | 201 2.068(11)
spe Bm | 251 2.49(4)* 2.45(7)° 2.49(4)°
Ren | 1.92 1.929(26)4
6F 46
- =5.90 5 -
T 4 razegt 0 44
= Wt g13p TER0*
L By mY —Sen 15
= 003 Lot .
< 2 n
g . —— 0
| E(*He) —_——t o 32
W o2t {2
__0+
4+ -4
6 7 8
He He He He(0")

Fig. 1. Energy levels of He isotopes. Small numbers are
decay widths. Black and gray lines represent theory
and experiments, respectively.
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Fig. 2. Pair numbers of the OtQ states of ®*He.

nance, which has two 07 pairs of neutrons.
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Gamow-Teller transitions from 2!'Li to %11Be

Y. Kanada-En’yo*!

Experimental studies of the § decays from unstable
nuclei near drip lines are currently progressing due to
recent advances in experimental techniques. In recent
years, the 3 decays of °Li and ''Li have been measured
in several experiments, e.g., at the ISOLDE facility in
CERN. They provide information on new states in *Be
and 'Be such as their excitation energies, spins, and
B(GT) values. In the 3 decay of ?Li, the GT transi-
tions to the low-lying ?Be states at £, < 10 MeV are
weak, while strong transitions have been reported to
the 11.81 MeV state' ®) which give an abnormal large
B(GT) value as a few factor large as the theoretical
value calculated by a shell model®. The 8 decay has
also been measured experimentally for the drip-line nu-
cleus, "'Li®®, and many excited states of ''Be were
observed in the low energy region.

In this paper, we investigate the GT transition
strengths of the B decays, °Li—?Be and ''Li—'!Be,
with a theoretical method of antisymmetrized molec-
ular dynamics(AMD)%19).  The distribution of the
B(GT) values is analyzed for each spin of final states.

B(GT) distribution for the decays °Li—?Be and
HTi—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 2a-core structures in the
final states. Significant strengths are found in the
B(GT) distribution to non-cluster states of Be in the
E, > 10 MeV region. Also in 'Li—!!Be decays, rela-
tively large B(GT) values are found for excited states
at excitation energy E, > 10 MeV.

Particular attention was paid to the strong (-
transition from °Li to “Be(5/27) state at 11.8 MeV
which was reported experimentally’). The present
results are inconsistent with the strong GT transition
to the 5/27 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 5/27 state
seems too large to be described by theoretical calcula-
tions if the ?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 high-
lying non-cluster states. Although the present model
space is not a complete basis, it exhausts the GT tran-
sition strengths exactly.
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Fig. 1. B(GT) distribution for the decays °Li—°Be and
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Systematic study of adiabatic-energy surfaces of Be isotopes |

M. Ito,*!

[Nuclear structure, cluster model, chemical bonding]

In the last two decades, experiments performed us-
ing a secondary RI beam significantly improved our un-
derstanding 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 sys-
tems, which build on ®Be with an a+4a rotor. Like
the covalent electrons of molecules, low-lying states of
these systems are characterized by the formation of
molecular orbitals (MOs) such as 7~ and o orbitals®).

Furthermore, recent experiments on ?Be have re-
vealed the existence of many resonant states with
small energy spacings of less than 1 MeV?23). The ob-
served resonances decay strongly into 6Heg,5,+6Heg,s.
and a+%He, 5. Similar resonances, which decay into
He isotopes, have also been observed in °Be? and
14Be3). The observed resonances are the candidates
for the ¥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 nu-
clear structures of °'?Be and the nuclear reactions
of a+58He* 9 by applying the generalized two-center
cluster model (GTCM). In this model, various AO
configurations with excess neutrons can be considered
around the a4+« cores, and the eigenvalue problem is
solved using the basis functions of the constructed AO
configurations. We found that the characteristic struc-
tural change from MOs to AOs is as the function of
excitation energy, and many resonances with small en-
ergy intervals are reproduced well.

Recently, we have extended our studies to include
the neutron drip-line systems 1*16Be = a+a+Xn (X
= 6, 8) In this report, we present the adiabatic energy
surfaces (AESs) calculated using the GTCM and dis-
cuss the possible appearance of XHe+Y He structures
in heavier Be isotopes. The adiabatic states can be de-
termined by solving the eigenvalue problem for a fixed
« — a 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 1“Be. When the a — « distance becomes large,
the energies of the AESs increase, and AESs A and
B are smoothly connected to the asymptotic channels
of 6He9‘5_+8Heg.s‘ and 6He(2{“)—|—8Heg‘sv, 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-

*1 " Department of Pure and Applied Physics, Kansai University
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Fig. 1. Adiabatic energy surfaces (AESs) of "Be. The cir-
cles and curves represent the adiabatic states and the
AESs, respectively. The origin of the energy axis is
taken to be the threshold energy for SHe+5He.

ergy levels on the basis of the adiabatic states indicate
that the adiabatic states of 1912Be*9) are stabilized as
the resonant states. Therefore, the present calculation
results strongly suggest the possible appearance of the
GHeg.S‘—i—sHeg.s‘ and 6He(2f)+8Heg,s, structures in the
excited state of *Be. We can expect SHeg,s.—i—SHeg,S,
structures in 1Be because there appears a connection
between the local minimum and the asymptotic chan-
nels in AES. We should calculate the energy spectra to
investigate the possibility of the formation of He+%He
and ®He+8He. The calculation of energy level is now
under progress.
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Study of A = 7 isotiplet A hypernuclei with the four-body cluster
model’

E. Hiyama Y. Yamamoto,*! T. Motoba,*? and M. Kamimura*3

[hypernuclei, cluster model, hyperon-nucleon interaction]

This study is focus on the structure of a multiplet
of A hypernuclei such as {He, {Li and §Be; this mul-
tiplet is specified by an isospin T, An important sub-
ject related to the isospin multiplet of A hypernuclei
is the charge symmetry breaking (CSB) component in
AN interactions. The most reliable evidence of the
CSB interaction appears in the A binding energies
By of the A = 4 members with 7' = 1/2 ({He and
4H). The CSB effects are attributed to the difference
Acsp = Ba(3He) — Bp(3H); the experimental values
of Acsp are 0.35 & 0.06 MeV and 0.24 £ 0.06 MeV
for the ground (0) and excited (1*) states, respec-
tively. In the p-shell region, there exist mirror hyper-
nuclei such as the 7" = 1 multiplet with A = 7 ({He,
7 Li*, and {Be). Historically, some authors mentioned
CSB effects in these p-shell A hypernuclei’?). How-
ever, there is no microscopic calculation of these hy-
pernuclei taking account of the CSB interaction.

In this study, we investigate A = 7 hypernuclei
within the framework of an o + A + N + N four-body
model so as to take account of the full correlations
between all the constituent baryons. Two-body inter-
actions among constituent particles are chosen so as
to reproduce all the existing binding energies of the
subsystems (aN, AN, aletc). Our analysis is per-
formed systematically for ground and excited states of
aANN systems with no more adjustable parameters
in this stage, so that these predictions offer important
guidance for the interpretation of the upcoming hy-
pernucleus experiments such as the "Li(e,e/ KT) [ He
reaction at Jlab.

First, in Fig. 1, we show the energy spectra of A =7
hypernuclei without the CSB interaction. The ground-
state energy of T1He is —6.39 MeV with the respect to
the o +n+n+ A four-body breakup threshold. ;From
7Li to {Be, as the number of protons increases, the
Coulomb repulsion becomes more and more effective.
Recently in KEK-E419 experiment®), they produced
the T = 1, 1/2% state of {Li. The observed value
of BA\=5.26 MeV is in good agreement with our cal-
culated value 5.28 MeV. In the case of | Be, there are
the old emulsion data giving By=5.16 MeV. This value
should be compared with our obtained value 5.21 MeV.
Then, the By value in the ground 1/27 state of {He

T Condensed from the article in Phys. Rev. C. 80,
054321(2009)
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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 {Li, the calcu-
lated Bj is 5.29 MeV, to which the CSB interaction
brings about almost no contribution, because there is
one proton and one neutron outside the a core and the
A n and A p CSB interactions cancel each other out.

The calculated Bas are 5.16 MeV and 5.44 MeV for
7 He and ? Be, respectively. The CSB interaction works
repulsively (+0.20 MeV) and attractively (—0.20 MeV)
in the [ He and 7 Be cases, respectively. Therefore, our
result indicates that if the experimental energy resolu-
tion is as good enough as less than 0.2 MeV, the CSB
effect could be observed in these cases.
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Fig. 1. The calculated energy levels of 5He, % He, SLi*, % Li,
5Be and % Be with spin-spin and spin-orbit AN interac-
tions. The CSB potential is not included in the calcu-
lated energies of A = 7 hypernuclei.
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Shell-model study of ¥-mixing in hypernuclear isotopes

A. Umeya and T. Harada !

[Nuclear structure, shell model, hypernuclei]

One of the important subjects in strangeness nuclear
physics is neutron-rich A hypernuclei.!) Tt is expected
that a A hyperon acts as a glue in the nuclei that are
beyond the neutron drip line, and knowledge of the
behavior of hyperons in an environment with excess
neutrons will signi cantly in uence our understanding
of neutron stars because the addition of hyperons soft-
ens the Equation of State.?) Recently, Akaishi et al.>*
suggested that coherent AN-XN coupling was impor-
tant in light A hypernuclei, and a shell-model study®
showed that the ¥-mixing probability and the energy
shift due to the AN-XN coupling in the JLi ground
state are higher than those in {Li. The purpose of
our study is to theoretically clarify the structure of
neutron-rich A hypernuclei by using a shell model. In
this study, we investigate the structure of , Li hypernu-
clei in which A is in the range 7-10 by focusing on the
Y-mixing probabilities and energy shifts in shell-model
calculations for which the AN-XN coupling e ect is
taken into consideration.

In the con guration space for A hypernuclei in which
AN-YXN coupling exists, the Hamiltonian is given as
H = H,+Hy+V,y,, where H, and Hy, are the Hamil-
tonians in the A and ¥ con guration spaces, respec-
tively. V5 denotes the two-body AN-XN coupling
interaction. We can write a ,Li eigenstate as

where |¢2) and |z/)§> are eigenstates of H, and Hy,, re-
spectively. We construct wave functions in the p-shell
model space for the nucleon part and the s-shell model
space for the hyperon part. In the case of NN e ec-
tive interaction, we consider the Cohen-Kurath (8-16)
2BME.® We use radial integrals® in the case of YN
e ective interaction, which is given in Refs.”® and is
based on the NSC97e.f potentials.?)

Table 1 lists the calculated values of Y-mixing prob-
abilities and energy shifts for the ,Li hypernuclei. We
observe that the X-mixing probabilities and energy
shifts are of the order of 10 '% and 10 ! MeV, respec-
tively, and increase with the neutron number. The 3-
mixing probability is approximately 0.35% and the en-
ergy shift is approximately 0.28 MeV for the neutron-
rich 10Li ground state; these values are about three
times those of % Li.

Figure 1 shows the calculated values of the strength
|D,|? of the AN-XN coupling between the ¥-nuclear

1 Research Center for Physics and Mathematics, Osaka
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Table 1. Calculated values of ¥-mixing probability Py, and
energy shift Ae for ,Li isotopes.

J° T Z N Py (%) Ac(MeV)
TLi 1Yo 3 3 0098 0.085
RLi 1 4 3 4 0172 0.139
Li Y1 3 5 o211 0.172
WLi 1 2 3 6 0345 0.280
0.30
¥ 0.20 | s
et
2 0.10 - f
0.00 — - J ! :

60 70 80 90 100
EWS) — EWh,) (MeV)

Fig. 1. AN-ZN coupling strength |D,|? of the Y-nuclear
states in the ground state of JLi.

eigenstates |w,§> and the A-nuclear ground state |¢é\b)
Several Y excited states considerably contribute to
the ¥-mixing. These contributions are coherently en-
hanced by con guration mixing, which is caused by
the XN interaction, leading to the enhancement of the
3-mixing probability. It is shown that the nature of
the Y-nuclear states plays an important role in the
AN-YN coupling. Such a ¥ admixture is required in
a DWIA calculation'® to explain the (7 , K*) spec-
trum of '{Li on a °B target at 1.2 GeV /c.'V)
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Complex-scaled CDCC method for nuclear breakup reactions

M. Takashina,*'*2 T. Myo,*3*? Y. Kikuchi,** Y. Hirabayashi,*® and K. Kato**

[Complex scaling method, CDCC, breakup reaction]

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 three-
body 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 processes?). In CDCC, the breakup contin-
uum 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 in-
troducing a smoothing function when the projectile
breaks up and forms a two-body system?. It also be-
comes possible to include the three-body breakup ef-
fects of projectile like *He in analysis of elastic scatter-
ing®). More recently, several new methods for obtain-
ing smoothing functions have been developed?); these
methods can be used to study three-body breakup.

In the present study, we propose another approach.
We consider applying the complex-scaling method®
to the CDCC [ complex-scaled (CS) CDCC ] method
such that only the internal coordinate and the mo-
mentum of the projectile are complex-scaled. The ex-
pected advantages of CS-CDCC are as follows: (1)
In spite of the discretization, exact continuum level
density can be obtained”, and then, the continuous
S-matrix elements can also be calculated without in-
troducing any smoothing function. (2) In the complex-
scaling method, the three-body scattering problem can
be properly solved®). (3) The resonance state is strictly
separated from the continuum states; as a result, the
CS-CDCC method is more advantageous for inves-
tigating the reaction mechanism than the ordinary
CDCC method®.

We derive the CS-CDCC equation for the breakup
reaction d — p + n on a °®Ni target at an inci-
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Fig. 1. Squared modulus of S-matrix elements as a function
of k.

dent energy of E4=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 °®Ni, and
the imaginary potentials of the p-?®Ni and n-°8Ni sys-
tems. 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 complex-
scaled, 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 rel-
ative 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 6 of 10° and 5°, re-
spectively. It is found that the results of the CS-CDCC
calculations at a scaling angle of 10° are almost equiv-
alent to those of PS-CDCC. As expected, the dotted
curve exhibits oscillatory behavior. This result indi-
cates 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 CS-
CDCC 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 6Ni isotope and investigated how different
types of correlations quench their spectroscopic factors
(SFs). The single-particle Green’s function®) was cal-
culated in Refs.??) 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 particle-
vibration 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 pfshell
are evident. Their SFs are obtained from

1
| %@ , (1)
- Ow w::t(EfileS‘)

Lo =

where X%, (w) =< P T (W)|the > is the matrix ele-
ment of the self-energy calculated for the overlap func-
tion itself but normalized to unity ([ dr |9 (r)* = 1).
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Fig. 1. Single-particle spectral distribution for neutrons in
56Nj 23, Energies above (below) Ep are for transitions
to excited states of " Ni (**Ni). The quasiparticle states
close to the Fermi surface are clearly visible.

The formalism of Ref.?) allows to separate the con-
tributions 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 inter-
action®: LRC are responsible for most of the quench-
ing. In order investigate the importance of configura-
tion 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 correla-
tions in the SM is almost negligible in this case. The
total results after adding this correction is given Tab. 1

t Condensed from the article in Ref.3)
*  Theoretical Nuclear Physics Laboratory, RIKEN Nishina
Center, Japan

_4] -

10 osc. shells Exp.5)
SRC  S+LRC FRPA+AZ,
'Ni:  vipi, 096  0.63 0.61
v0fs;2 095  0.59 0.55
vips;2 095  0.65 0.62 0.58(11)
Ni:  v0fr, 095  0.72 0.69

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

pf space
FRPA SM AZ,
'Ni:  vipip 079  0.77 -0.02
v0fs5/2 0.79 0.75 -0.04
vlps 2 0.82 0.79 -0.03
55Ni: v0f7/2 0.89 0.86 -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 (AZ,) estimate the importance
of configuration mixing beyond 2plh ans 2hlp.

and nicely agree with the experiment. Similar conclu-
sions were obtained for **Ca as well®).

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)ﬁ). On the
other hand, the overall quenching of absolute SF's re-
quires the coupling to collective modes at higher en-
ergies 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 in-
teractions 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]

At present, the small excitation energy of the first
27F state and striking enhancement of B(F2; 0] — 27)
in 3>Mg") are being actively studied with reference to
the onset of the quadrupole deformation and the dis-
appearance of the spherical magic number N = 20.
The electric quadrupole moment (¢ moment) repre-
sents the deviation from a sphere. The ) moment is
directly related to the deformation property of the nu-
cleus, and hence it is desirable to experimentally and
theoretically investigate the @ moment of neutron-rich
nuclei around N = 20%. Recently, the Q moment of
33 Al was measured at GANIL?).

In order to study the @ moments of neutron-rich
Al isotopes in the vicinity of the “island of inversion,”
we carry out particle-vibration coupling (PVC) calcu-
lation on the basis of the Skyrme energy-density func-
tional; the self-consistent HFB + quasiparticle-RPA
(QRPA) that was developed recently®.

The wave functions of the odd-A system,

6y = 810y + > e}, BLA10), (1)
i Aj

are obtained by diagonalizing the Hamiltonian

ﬁ = Z E’LBZB’L + Z hUJ)\B;B)\ + Hcouplc- (2)
% A

Here, B;‘ and B; are creation operators of the Bogoli-
ubov quasiparticles and the QRPA phonons respec-
tively. The Bogoliubov quasiparticles have excitation
energy of F;. The QRPA phonons with excitation en-
ergy hw) 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, 3'Al, 33Al, and 3°Al are
described as a proton single-hole state (wds/2) ! cou-
pled to a 32Si,34Si, and 35Si core to form I™ = 5/27F.
Figure 1 shows the ground-state ) moments of Al iso-
topes. The calculated @ moment of 3L Al agrees well
with the new experimental value®), 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 33Al also agrees well
with the experimental value®). The difference between
the value denoted as GR by the filled circle and the
value denoted by the diamond represents the core po-
larization effect originated from the coupling to the

t Condensed from article in Phys. Rev. C 79, 054303 (2009).
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Fig. 1. Comparison of Q moments of 313335 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 repre-
sent the (2 moment of the proton lds_l2 state. The ex-
perimental values, exp(1), exp(2), and exp(3), are ob-
tained from Ref.z), Ref.%) and Ref.?’), 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.%), and the neutron
pairing across N = 20 that results in a neutron 2p —2h
configuration admixture, play a crucial role in explain-
ing the experimental value. When the neutron pairing
is not considered, the enhancement of the ) 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 33Al. However, this weak-
ening is insufficient to drive permanent nuclear defor-
mation. Therefore, we consider that 33Al 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 28Si and °Ar have been
focused on superdeformation and clustering; deformed-
basis 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 de-
terminant of triaxially deformed Gaussian wave pack-
ets. 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 superpos-
ing those obtained wave functions after parity and an-
gular momentum projections, Hamiltonian and norm
matrices were diagonalized (GCM).

1 « clustering and superdeformation in 28Si

It was proposed to develop a—2*Mg cluster struc-
tures by carrying out the 2*Mg(°Li, d) reaction®.

By applying constraints to the cluster distance and
quadrupole deformation during variational calculation,
GCM basis wave functions with various structures such
as a—2*Mg and '2C-'60 cluster structures and de-
formed structures are obtained. The superposition
of these basis wave functions yields an oblate ground
state band, a [ vibration band, a normal-deformed
prolate band (ND), and a superdeformed band (SD).
The ND and SD bands correspond to a high percent-
age of the 2C-160 and a2*Mg cluster components,
respectively. The results also suggest the presence of
two excited bands with the developed a—2*Mg cluster
structure; the intercluster motion and the 2*Mg-cluster
deformation play important roles in this cluster struc-
ture.

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 4°Ar

Very recently, the presence of an SD band corre-
sponding to the J™ = 05 state (2.12 MeV) was ex-
perimentally confirmed up to the J™ = (127) state
3) but theoretical studies on the SD states have not
been conducted. GCM basis wave functions were ob-
tained by considering the energy variation by apply-
ing a constraint on the quadrupole deformation pa-
rameter 3, and other quantities such as the triaxiality
~ were optimized by energy variation. By perform-
ing the GCM calculation, an SD band just above the

-43 -

ground state band was determined. This SD band in-
cludes a K™ = 2% sideband due to the triaxiality. The
calculated values of the quadrupole electric transition
strength of the SD band agree well with the experi-
mental values. The present results suggest that the ex-
perimentally observed J™ = 23 (3.92 MeV), 3* (4.23
MeV), and (2,3,4)" (5.17 MeV) states are members
of the K™ = 2% SD band. It is important to consider
triaxiality in order to understand deformations in low-
lying 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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Examination of non-monotonic shell evolution beyond IN = 28 on the
basis of the 3-decay of K isotopes

Y. Utsuno,*! T. Otsuka,*?*3 B.A. Brown,***3 M. Honma,*> and T. Mizusaki*®

[Nuclear structure, shell model, unstable nuclei]

One-body potentials such as the Woods-Saxon po-
tential have been successful in describing the shell
structure of near-stable nuclei. The one-body pic-
ture 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-momentum-
averaged interaction between two orbits, could cause a
different behavior in very neutron-rich regions.!) It is
thus of great interest to find such a manifestation of
shell evolution.

In this study, we explore the proton shell struc-
ture;we perform shell-model calculations using a
monopole-based universal interaction picture proposed
recently.?) Many cases of single-particle evolution in
exotic nuclei have been successfully explained by con-
sidering a simple force consisting of a Gaussian force
as the central force and a m + p meson-exchange force
as the tensor force.?) In the present study, the param-
eters in expression for the central force given in Ref.
2 are modified to better fit to the central part of the
GXPF1 interaction.?) 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 differ-
ent from that predicted by the potential picture, as
shown in Fig. 1. The 1s;/, orbit moves above 0d3/,
at N = 28, and it goes down below 0Ods/, at N = 32,
where 1ps /5 is fully filled. This is an example of non-
monotonic shell evolution, which is never given by the
one-body picture.

If non-monotonic shell evolution occurs, the ground
state of 'K must be 3/2%. Although there is no direct
measurement of the spin/parity of 'K, we have found
that it is highly likely that the ground state is 3/27F.
Our finding is supported by the good agreement be-
tween the B-decay properties observed experimentally
and those obtained theoretically (Fig. 2). The exper-
imental decay pattern cannot be explained from the
1/27 state of °'K.
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Shell-model description of N=Z pfg-shell nuclei

M. Honma,*! T. Otsuka,*>*3 T. Mizusaki,*> and M. Hjorth-Jensen*4

[NUCLEAR STRUCTURE, shell model]

In upper pf-shell nuclei, various interesting phenom-
ena have been discovered recently, such as the devel-
opment of nuclear deformation, the coexistence of dif-
ferent shapes near the ground state, the formation of
isomeric states, the double (8 decay, and so on. In
neutron-rich nuclei, the shell structure can be differ-
ent from that of the stable nuclei, which reveals a new
aspect of the nuclear tensor force?. For deeper under-
standing 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 consist-
ing of valence orbits 1ps/2, 0fs5/2, 1p1/2 and 0gg /o as-
suming an inert *Ni core (f5pg9-shell). Here, we mod-
ified a realistic interaction (renormalized G-matrix?
derived from the Bonn-C potential) through the itera-
tive fitting calculations to a body of experimental en-
ergy data as we did in the derivation of the GXPF1
interaction for the pf-shell’’. 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 collec-
tivity. 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 ex-
amine to what extent we can explore this region with
the f5pg9-shell space.

As an example, we consider %Se (N=2=34), for
which the shape coexistence has been predicted by
the deformed potential model. Experimental obser-
vation®® 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 07 and the 05 states. The calculated quadrupole
moment for the 2] is +44efm?, and that for the 23
state is —41lefm?. This indicates that the ground band
shows the oblate shape, while the excited band is pro-
late, which is consistent with the experimental find-
ings. However, the calculated moment of inertia is

T Condensed from the article in Phys. Rev. C 80, 064323/1-
36 (2009)
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Fig. 1. Comparison of energy levels between the experi-
mental data and the shell-model results for ®Se. The
width of the arrow drawn in the experimental part cor-
responds to the relative -ray intensity, while it stands
for the relative B(E2) values in the theoretical part.
Experimental data are taken from Refs.>%). The shell-
model results are obtained by using the efficient shell-
model code MSHELL®).

somewhat too small especially in the prolate band. As
a result, the crossing with the oblate band never oc-
curs. This indicates the insufficient collectivity for the
prolate deformation within the present model space.

The calculated occupation number of the gg /o 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, re-
spectively. Thus, the higher spin bands are generated
by successive promotions of nucleons into the gg/o or-
bit. Considering the reasonable overall agreement be-
tween the experimental data and the shell-model re-
sults, we can expect that the JUN45 successfully de-
scribes the single-particle properties related to the g2
orbit in the deformed mean potential.
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Newly developed program for the Monte Carlo shell model

N. Shimizu, ! Y. Utsuno, 2 T. Abe, ! and T. Otsuka ' 3

[nuclear structure, shell model, computational physics]

The Monte Carlo shell model method (MCSM)
has been developed since 1995" 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 nuclei®) 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 limi-
tations that restrict its use in more up-to-date nuclear-
structure calculations. In particular, it can handle only
isospin-conserving interactions. In most ab initio cal-
culations, 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 state-
of-the-art supercomputers because the Parallel Virtual
Machine (PVM)S), which is decreasing in popularity,
is used for parallel computing. It is not easy to over-
come these limitations by locally modifying the exist-
ing code. This is partly because the original MCSM
code was coded in Fortran 77, in which it becomes in-
creasingly difficult to develop well-structured code as
the size of the code increases.

In order to overcome these limitations and fully uti-
lize 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)* and OpenMP
is used.

(3) It can handle isospin-breaking interaction.

(4) Tt can evaluate many physical quantities which
are important in ab initio calculations (e.g. root-
mean-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 angular-
momentum and parity projection for any Slater deter-
minant 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.
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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 56Ni
in pf-shell is computed with given ve Slater determi-
nants. Angular momentum is fully projected by per-
forming three-dimensional (25 x 25 x 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 °°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 com-
puted by matrix multiplication; here, we exploit the
symmetries of the two-body interaction to reduce the
computation time. Table 1 indicates that this algo-
rithm results in an improvement of 50% in the perfor-
mance, 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 su-
percomputers will enable us to attack p-shell nuclei
and its beyond through ab initio calculations. In ad-
dition, the good maintainability of the code makes it
easy for us to incorporate useful functions, for exam-
ple, a quasi-particle vacuum can be adopted as a basis
wave function®.

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

N. Hinohara, T. Nakatsukasa, M. Matsuo ! and K. Matsuyanagi 2

[Nuclear structure, large-amplitude collective motion]

Recent experimental data®) for °Se and 7?Se indi-
cate 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 pro-
late shapes in the low-lying states of "°Se and 7?Se.
Since shape mixing is caused by large-amplitude col-
lective motion connecting di erent shapes, it cannot be
theoretically described within the static mean- eld ap-
proximation or the small-amplitude uctuations about
equilibrium shapes.

We investigate the shape coexistence/mixing dy-
namics in %8Se, "°Se, and "?Se by the adiabatic self-
consistent collective coordinate (ASCC) method?); 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 pairing-
plus-quadrupole model that takes into consideration
the quadrupole-pairing force.

The one-dimensional collective path and the collec-
tive Hamiltonian describing the large-amplitude shape
vibration are derived fully microscopically. It is found
that the collective path almost follows the triaxial po-
tential 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
Schrédinger equation. The basic properties of the two
coexisting rotational bands in the above-mentioned nu-
clei are found to be well reproduced. In the case of
8Se, the energy of the calculated 0 state is located
above that of 2; state, suggesting that the low-lying
states in %®Se are in an intermediate situation between
oblate-prolate shape coexistence and the Wilets-Jean
~v-unstable model. This y-unstable nature is also found
from the calculated interband FE2-transition probabil-
ities. In the case of 7°Se, we found cross-talks of the
E?2 transitions between the 27 and 4% states associ-
ated with a signi cant change in the localization prop-
erties of the wave functions. In the case of "2Se, the 0}
wave function has the maximum value at the oblate de-
formation, while the prolate character develops in the
ground rotational band with an increase in the angular

T Condensed from the article in Phys. Rev. C 80, 014305
(2009)
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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 dynam-
ical 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 (3, )
plane. The rotational e ect causing the localization of
the collective wave function may be called “rotational
hindrance of shape mixing.”

Bsiny
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Fig. 1. Collective path for >Se obtained by the ASCC
method. The collective path projected onto the (83,~)
plane is indicated by the solid line on the potential en-
ergy surface.
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Fig. 2. Theoretical and experimental excitation spectra
and B(F2) values for low-lying states in “2Se. The val-
ues of the B(E2) are shown in units of ¢? fm?.
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Effects of Oblate-Prolate Symmetry Breaking on Triaxial
Deformation Dynamics’

K. Sato,*! N. Hinohara, T. Nakatsukasa, M. Matsuo,*? and K. Matsuyanagi*>

[Nuclear structure, large-amplitude collective motion, shape coexistence]

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 ob-
tained. These observations along with the variety of
shape coexistence phenomena observed in various re-
gions of the nuclear chart stimulate the development of
a nuclear structure theory capable of describing large-
amplitude 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 or-
der to study the dynamics of triaxial deformation in
shape coexistence phenomena. Our model can describe
the axially symmetric rotor model, the ~-unstable
model, the rigid triaxial rotor model, an ideal sit-
uation 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 Hamiltonian®)
by fixing the § degree of freedom, and thus, it is
(1+3) dimensional® (one dimension for ~ 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 oblate-
prolate symmetry; this is done by varying the param-
eters 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 (143)D
model by liberating the 3 degree of freedom, i.e., by
using the (2+3)D model, for the case involving the in-
termediate situation between the y-unstable and ideal
oblate-prolate shape-coexistence limits; we are partic-
ularly interested in the intermediate situation.

Figure 1 shows the excitation spectra and B(FE2)
values of the (1+3)D and (2+3)D models for the inter-
mediate situation mentioned above, where the oblate-
prolate symmetry is broken both in the collective po-
tential and the inertial mass functions; here, the col-
lective 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 fea-

T Condensed from the article in Prog. Theor. 123
(2010), 129.
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tures of the excitation spectrum in the (143)D model
are identical to those in the (24-3)D model. In particu-
lar, 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 angu-
lar momentum become weaker with increasing angular
momentum. This is caused by the oblate-prolate asym-
metry in the moments of inertia. These observations
indicate that the 8- coupling plays only a secondary
role and that the major feature of the excitation spec-
trum is determined by the triaxial deformation dynam-
ics. The y-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 rela-
tive energy of the excited 07 state can indicate the
potential shape along the « 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 (8,7) deformation space.
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Fig. 1. Comparison of the excitation spectra and FE2-
transition properties in the (14+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(E£2;2] — 07)
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Analysis of ®Ge by generator coordinate method

K. Higashiyama*!' and N. Yoshinaga*?

[Nuclear structure, generator coordinate method]

The intriguing properties of the even-even Se and Ge
isotopes in the mass region A ~ 80 have been investi-
gated in a number of previous experimental and the-
oretical studies'). These isotopes belong to a typical
transitional region that lies between spherical and de-
formed regions. The structure of their low-lying states
can be attributed to the interplay of rotational and
vibrational collective motions. For high-spin states, -
ray spectroscopy of the near-yrast states in the N = 44
and 46 isotones of Se (39:82Se) was carried out for deep-
inelastic reactions®. Recently, full-fledged shell-model
calculations have been performed on the even-even and
odd-mass nuclei in this mass region®. The shell model
calculations well reproduce the experimental energy
levels and electromagnetic transition rates for the low-
lying and high-spin states.

In the present study, we apply the quantum-number-
projected generator coordinate method (PGCM) to
"8Ge under the same interaction as used in previous
shell model studies®. All the four orbitals 9o/2> P1/25
p3/2, and f5/5 in the major shell of 28 < N(Z) < 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 (I, and I,) are projected separately,
and the total spin is constructed by angular momen-
tum coupling. To generate functions for the PGCM, we
employ the intrinsic Nilsson states |<I>T([3,*y)> for the
neutron or proton systems (7 = v or ), where (5,7)
denotes the deformation parameters. The PGCM
wavefunction for the pth state of a spin I in neutron
or proton spaces is given by

I

|\I’(I?Mrp> - Z Z

i Ky.=—I,

Fiel Pir e |2:(Bi,m)). (1)

where PJ{}T K, 1s the spin projection operator, J Ilgfp is
the weight function to be determined by the PGCM,
and ¢ stands for a representative point of deformation
(8,7). Then, the many-body wavefunction for an even-
even nucleus can be written as

‘\I’IM(LJPIWU)> = H\Ilgzz) ® |\I/(I:27>] 5\2)’ (2)

where I is the total spin and M is its projection.
PGCM calculations are carried out for two cases: (i)
triaxial deformations with 8 = 0.2, 0.6, 1.0 and v =
10°, 20°, 30°, 40°, and 50° (15 points); (ii) only axial
deformations with 8 = 0.0, 0.2, ---, 2.0, 3.0, and 4.0
and v = 0°, 60° (25 points).

*1
*2

Department of Physics, Chiba Institute of Technology
Department of Physics, Saitama University

-49 -

O

————— ——
6 % 0
78 é><x x X "

o) % fe)
L Ge 8g° |l x % B8 |
§o © x xXo® O
x § x
® x x o)
4k§ ¥® (0] 11 * ég 9 -
— *
% xx gg x x ;O
x
‘2’3»08 ® ¥ 00 J3gx0x0bd |
w & X x X O
& §§§ 5, 88
B x . . ® .
20 0 Q & Triaxial J@oo Axial §
x o0 X 50
x
&Lo® I o |
x PGCM
® O Shell Model
oee ., s AR

0O 2 4 6 8 10 12 0 2 4 6 8 10 12
1(A)

Fig. 1. Excitation energies calculated using the shell model
states (open circles) and the PGCM (crosses) as a func-
tion of spin I in ®Ge.

In Fig.1, energy levels calculated with the shell
model are compared with those calculated by the
PGCM for ®Ge. The PGCM results for triaxial and
axial deformations are shown in the left and right pan-
els, 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 cal-
culations performed by assuming triaxial deformation
are in good agreement with the shell model results, es-
pecially for the 23, 3], 47, and 57 states, which are
members of the y-band. However, the energy levels
calculated by assuming only axial deformation for the
27, 37, and 57 states are higher than those calculated
using the shell model. Apparently, the description of
the 25, 31, 47, and 5] states is not satisfactory when
assuming only axially symmetric shape. The triaxial
components play an essential role in the description of
these states.
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Simple-model analysis of doublet bands in doubly odd nuclei

N. Yoshinaga*! and K. Higashiyama*?

[Nuclear structure, quadrupole coupling model, chopsticks configuration]

Recently, the study of Al = 1 doublet bands be-
come one of the most interesting subjects in nuclear
physics. Such pairs of bands arising from the high-j
orbitals of a neutron and a proton have been exper-
imentally found in many doubly odd nuclei. In or-
der to characterize the doublet bands in a simple and
consistent manner, we developed the quadrupole cou-
pling model (QCM)'™®), 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 vhyy /o ® gy 2 configuration for the doubly odd
nuclei with a mass of approximately 100%). With this
approach, the experimental energy levels and electro-
magnetic ratios B(M1;1 — I —1)/B(E2;1 — I — 2)
have been successfully reproduced. Analysis of the
wave functions revealed a new band structure, which
resulted from the “chopsticks configuration” of the un-
paired neutron in the 0h;; /5 orbital and the unpaired
proton in the Ogg/o 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 0hy, /5 orbital and the pro-
ton in the Ogg /o orbital.

In Fig. 1, the experimental energy levels based on
the vhyi/o ® mgg o configuration are compared with
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Fig. 1. Calculated energy levels (crosses) and experimental
data (open circles) as a function of spin I for the states
with vhi1/9 ® g9 2 configuration in 106R .
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Fig. 2. Comparison of B(M1;1 — I—1)/B(E2;1 — 1 —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, respec-
tively.

those calculated using the QCM for '°°Rh. The cur-
rent results obtained by considering the multipole in-
teractions and those obtained by considering only the
quadrupole interactions® are shown in the left and
right panels, respectively. In our previous study®,
we failed to reproduce the bandhead state; experimen-
tally, the 6] state was lower in energy than the 7,
state, while theoretical studies indicated that the 6;
state was higher in energy than the 8 state. In the
present analysis, however, we succeeded in reproducing
the bandhead energy of the 6 state. Moreover, the
energies of the 10; and 105 states were considerably
improved.

In Fig. 2, we compare the theoretical ratios
B(M1;I — I-1)/B(E2;I — I-2) for the yrast states
with the experimental values. The theoretical result
gives a successful description of the large-amplitude
staggering of the B(M1)/B(E2) ratios. The mech-
anism underlying this even-odd staggering has been
discussed in detail within our present model®). In the
present study, we also found that while neutron and
proton quadrupole interactions are dominant among
other interactions, octupole and hexadecapole interac-
tions are more important for reproducing the bandhead
energies.
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Linear Response Calculation Using
Canonical-basis TDHFB with a Schematic Pairing Functional

S. Ebata, ! T. Nakatsukasa T. Inakura, » 2 Y. Hashimoto, 2 and K. Yabana 1+ 2

[Nuclear structure, unstable nuclei]

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 e ects of nuclear deformation and
pairing correlation, and should be capable of calculat-
ing properties of not only the ground state but also
the excited state. A combination of the Hartree-Fock-
Bogoliubov method and quasiparticle-random-phase
approximation (HFB4+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, con-
siderable e orts are required for coding the programs,
and signi cant computational resources are necessary.
The HFB4+QRPA for deformed nuclei is currently still
in the preliminary stage.

We proposed the canonical-basis time-dependent
Hartree-Fock-Bogoliubov (CbTDHFB) in the three-
dimensional coordinate-space representation, which
can take into account the e ect of nuclear deforma-
tion 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 equations®.

We derived the CbTDHFB equations using the time-
dependent variational principle; they can be achieved
only if we choose a special pairing functional Fp,i =
=G| Yoo w(t)vi(t)|?. Here, u; and v; correspond to
the time-dependent BCS factors for the canonical pair
of states ¢;(r,t) and ¢j(r,t). Note that the state I is
not necessarily the time-reversed state of the state [.

This year, we use the modi ed pairing functional,

fair = —G1 Y0 fleu(t)ui(t)[?, to treat a wide
range of nuclei. Here, f(¢) is a cut-o function, and ¢
are the single-particle energies of the ground state. In
the present calculation, f(g;) are xed during the time
evolution. The parameter G and the function f(e) are
the same as those given in Ref.?) When we choose the
pairing functional £/, , the CbTDHFB equations are
written as

ihdu(r,t) = (hlp(t)] — u(t)) du(r, ),

ihpu(t) = flen)(A () Ki(t) — A(t) K, (1)),

ihK(t) = Ki(t)(ai(t) + e1(t) + fe) A (201(t) — 1),
where p; = |v|? are the occupation probabilities, and
K} = wv; are the pair densities; A= G ), f(e1) Ki(t)
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is the gap energy, and &(t) = (&u(t)| hlp(t)] | au(t)).
These equations obey the same conservation rules as
do the original CbTDHFB equations®.

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

eld Vo (r,t) which is weak and instantaneous in time,
Vxt (7, 1) = —kF§(t); k < 1. F is a one-body oper-
ator, for example, the isoscalar quadrupole operator,
ng = 12Y59. We calculate the time evolution of the
expectation value of F and obtain the strength func-

tion S(F; E) by Fourier transformation®).
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 de-
formed into a prolate. These calculations employ a
schematic pairing functional and a very good approx-
imation of the HFB4+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.
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Fig. 1. The quadrupole strength functions (K = 0) for
34,36,38,40\[g calculated using the Skyrme functional of
the SkM parameter set.
I' =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)Y for the purpose of mak-
ing it applicable to superfluid systems. In practice we
aim to develop a quasiparticle random phase approxi-
mation (QRPA) code from a Hartree Fock Bogoliubov
(HFB) code. The QRPA formalism can be used to de-
termine 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 ma-
trix is difficult; the analytic derivation of the nuclear
Hamiltonian in some cases (especially in deformed sys-
tems) 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 diagonal-
ization procedure is time consuming. The FAM helps
to overcome the first difficulty. The QRPA equations
in the standard formulation are as follows:

(o )3 )=(5) o

These equations are equivalent to the TDHFB equa-
tions in the small-amplitude limit?; in order to prove
this equivalence we write the quasiparticle annihilation
operator as the sum of the HFB operator and a time
dependent-perturbation:

au(t) = (a, + da,(t)) e Pt (2)

By substituting Eq. (2) in the quasiparticle annihila-
tion operator equation of motion and by expressing the
TDHFB Hamiltonian as the sum of the HFB Hamilto-

nian term and a small perturbation, we obtain:
dda(t)
ot
By Fourier expansion, we obtain a set of equations that
is equivalent to Eq. (1):
{ (Ey+ Ey) Xy + 6Hp, (w) = wXy, )
(B, + E,,)YV*” + 5H;4J (w) = —wYy, ’

1

where F, and E,, represent the quasiparticle energies,
and 6HA and §HA' are defined as follows:

SHA(w) = UTsh(w)V* — VISA* (w)V* 5)
+UTSA(w)U* — VIShTU*,

SHAY (W) = UTShT (w)V* — VIsA* (w)V* (©)
+UTSA(w)U* — Vish*U™.

Here, U and V represent the quasiparticle amplitudes
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= Euda,(t)+[Hurp, 00, (t)]+[0H (), au] .(3)

obtained from HFB calculation. In general, the calcu-
lation 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
A) can be expanded linearly as functions of the den-
sities: dh = dh(dp) and JA = SA(dk), on the other
hand, the transition densities in the QRPA formalism
are functions of the X and Y amplitudes thus the resid-
ual fields can be written as follows: dh = Jh(X,Y)
and 6A = dA(X,Y). In practice, dh(w) and dA(w)
are calculated using numerical derivatives; in the case
in which the pairing interaction depends only on the
abnormal density, FAM gives:

W[V +qUX)(VT + Y TUT) — h[p]]

Oh(w) = , :
Sht (w) = h[(V* + nUY*)(VTnJr nXfut) — Blpol)
SA(w) = A[(V* + nUX)(UTn+ nY TV — Alpo)] |
A(w) = A+ nUy*)(UT;7+ nXTVT) — Alpol]

The small parameter 1 has been introduced for numer-
ical 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 so-
lution (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 de-
formed QRPA code.
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Chemical potential beyond quasiparticle mean field*

N. Dinh Dang, N. Quang Hung

NUCLEAR STRUCTURE, pairing, superfluid-normal phase transition, BCS theory, modi-
fied BCS theory, selfconsistent quasiparticle RPA, Lipkin-Nogami method, grand canonical
ensemble, canonical ensemble, exact solution of pairing problem, chemical potential, quantal

and thermal fluctuations

The results of a considerable number of theoretical
studies have shown that fluctuations in small systems
indeed lead to significant modifications of quantities,
which are defined within the mean field and/or thermal
equilibrium, where the effects of fluctuations are ig-
nored. Among the two unknowns, which are defined by
solving the BCS equations, namely the pairing gap and
chemical potential, much attention has been devoted so
far to the study of the first one, the pairing gap. It has
been shown, for instance, that removing quantal fluc-
tuations by using various methods of particle-number
projection (PNP) significantly improves the agreement
between the theoretical predictions and experimental
data on pairing energies. The PNP also eliminates the
shortcoming of the BCS theory, which breaks down
at small values G < G, of the pairing interaction pa-
rameter, where the BCS equations have only trivial
solutions. At finite temperature (T # 0), the results of
theoretical studies in the last three decades have also
shown that thermal fluctuations smooth out the sharp
transition between the superfluid phase to the normal
one (the SN phase transition) in nuclei.

The second quantity, the chemical potential, de-
scribes the change in the energy when one parti-
cle is added to the system at constant entropy and
volume. In nuclear physics, the vanishing of chem-
ical potential indicates the vicinity of the nucleon
drip line. In the study of Bose-Einstein condensation
(BEC), one expects the system to undergo the BEC
into a single quantum state with zero total momen-
tum when the chemical potential of the bound pair of
fermions reaches the bottom of the bound state band.
The present article studies the effects due to quan-
tal and thermal fluctuations beyond the BCS quasi-
particle mean field on the chemical potential within
a model, which consists of N particles distributed
amongst €2 doubly folded equidistant levels interact-
ing via a pairing force with parameter G. The re-
sults obtained at zero and finite temperatures 7' within
several approaches such as the BCS, Lipkin-Nogami
(LN) particle-number projection (PNP), selfconsistent
quasiparticle RPA plus LN-PNP (LNSCQRPA)U, and
modified BCS (MBCS) (See, e.g.,?)) theories are com-
pared with the exact results, whenever the latter are
available. The analysis of the numerical results show
that the chemical potential within this model remains

*  Condensed from Phys. Rev. C 81, 034301 (2010).
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Fig. 1. Chemical potentials p and A as functions of T for
Q=N =50at G = 0.3 MeV. The thin lines show the
parameter A, whereas the thick lines are the correspond-
ing thermodynamic chemical potentials ¢ = 90F/ON
with the Helmholtz free energy F.

a constant in the middle of the spectrum only in the
half-filled case within the mean-field approximation
that neglects the self-energy corrections to the single-
particle energies. Beyond the quasiparticle mean field,
quantal and thermal fluctuations significantly alter the
chemical potential as a function of & and/or T' (Fig.
1). As the result, the quantity that corresponds to the
chemical potential but includes the effects due to parti-
cle (quasiparticle)-number fluctuations, such as the pa-
rameter Apy = A1 +2A3(N 4+ 1) within the LN method
or A within the MBCS theory, gradually loses its strict
physical meaning as a chemical potential with increas-
ing T'. and as the approximate PNP approaches the
exact one, where all particle-number fluctuations are
eliminated.

In the study of BCS-BEC transition in finite sys-
tems, we have shown that the system in the strong
coupling regime can approach the BEC limit only in
the strongly underfilled case (N < Q) at T = 0. Even
if it can take place, increasing T will drive the sys-
tem out of the BEC limit. However, this conclusion is
obtained here within a simple one-dimensional model.
How this feature is modified in realistic nuclei remains
a question to be answered in the future studies.
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Canonical ensemble treatments of pairing in finite systems

N. Quang Hung and N. Dinh Dang

[NUCLEAR STRUCTURE, pairing, canonical ensemble, BCS theory, quasiparticle RPA.]

As the atomic nucleus is a system with a fixed num-
ber of particles, the thermodynamic averages of the ex-
act solutions of the pairing problem are usually carried
out within the canonical ensemble (CE), and the re-
sults are compared with theoretical predictions, which
are however obtained within the grand canonical en-
semble (GCE). The latter consists of identical systems
in thermal equilibrium, each of them exchanges its en-
ergy 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 diagonaliza-
tion of the pairing Hamiltonian is impracticable for
large particle numbers (N >14) in the case of half-
filled model N = Q (€ is number of single-particle lev-
els) ®. Tt 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 (SC-
QRPA)Y combined with the Lipkin-Nogami particle-
number projection for each total seniority or number
of unpair particles S = 0,2,...,Q 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 ¢; = 0,1,...,Q — 1. The model is half-
filled, i.e. N = €. As for the realistic nucleus, we em-
ploy the same Woods-Saxon single-particle spectrum
from Table I of Ref?) for neutron in pf + sdg shell
of %%Fe so that we can compare the results obtained
within our approaches with the predictions by the
finite-temperature quantum Monte-Carlo (FTQMC)
method?). The analysis of numerical calculations for
the total energy &£, pairing gap A 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

a)  This is true only for nonzero T because one has to construct
the partition function with all excited states.
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Fig. 1. Pairing gaps A, total energies £ and heat capac-
ities C' as function of temperature T (MeV) obtained
for N = 10 (left panels) with interaction parameter
G =1 MeV and for neutrons in *®Fe with G=16/A MeV
(A=56). The thin dashed, thick dashed, and thick lines
denote the results obtained within the GCE-BCS, CE-
BCS 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 in-
teresting 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 T
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 nucleil

K. Tanabe,*"*? and K. Sugawara-Tanabe*!*3

[TSD bands, Particle-rotor model, Do-invariance]

The algebraic solution to the particle-rotor model
with high j nucleon coupled to a triaxially deformed
core, H = H,o + Hsp.l’Q)7 successfully takes into ac-
count the Coriolis term, I f, which mediates strong
correlation between two tops, i.e., the rotating core
with B = I — j and the single-particle top with ;
This makes a big difference from the wobbling model.?)
We have demonstrated that such a “top-on-top mech-
anism” not only reproduces the energy level scheme,?)
but also gives the approximate selection rules for the
FE2 and M1 transitions among TSD bands? in the
odd mass Lu isotopes. The TSD bands are classified
in terms of two quantum numbers, (ny,ng), describ-
ing the precession of total angular momentum I and of
the single-particle angular momentum f, respectively.
Invariance of the nuclear states under Dy symmetry re-
stricts the range of n, and ng depending on I —j. We
have estimated the overlap, GTIL{L npimang Detween the
eigenstates of H expressed by boson numbers n, and
ng, and the original Holstein-Primakoff boson numbers
n, and 1.

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
transition rates gain a factor of GogooG1o10 X (I;j )3
both for E2- and M1-transitions with Al = 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 '64Lu.
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SU(3) symmetry in anisotropic harmonic oscillator?

K. Sugawara-Tanabe,*"*? K. Tanabe,*!*3 A. Arima,** and B. Gruber*®

[Triaxially deformed harmonic oscillator, SU(3) invariance, New magic numbers]

In this paper we propose a new boson transforma-
tion by which all the oscillator states for an anisotropic
case can be embedded in the SU(3) bases.!) We start
from an anisotropic harmonic oscillator Hamiltonian
without spin-orbit interaction, whose oscillator fre-
quencies wg, w, and w, are related to the deforma-
tion parameters § and . Suppose that three oscil-
lator frequencies have an integral rational ratio a :
b:c ie, wy = awsh, wy = bwgy, and w, = cwgp.
Then, the eigenvalues and eigenfunctions of H are
described by a set of quantum numbers (ng,ny,n;),
Hlng,ny,n.)) = hws(Nen + 2E2E€) n,, ny, n.)). Here
the ny is the eigenvalue of the number operator n; =
chk, with the harmonic oscillator boson operator cy,
(k = z,y,2), and Ng, = an, + bny + cn,. In order
to rewrite H in a SU(3)-invariant form, we express
¢ (k= x,y,2) in terms of an m-fold product of new
bosons s,, (m = a,b,c), by requiring s! s, = mc;;ck,
and (s, st 1 = 1. The new bosons s,, are introduced

]
for any positive integer m by the non-linear transfor-

~1/2
mation, ie. ¢ = [m]_[::ll(ﬁm +7’)] (sm)™ =

R 1/2
[%] / (sm)™, where f,, = s! s,. Thus,
we have Nsh = slsa + SZsb + slsc. In dealing with
many boson states, the projection operator, P,, =
% ZZL:_OI et fom (m = a,b,¢), may be useful to
eliminate unphysical states other than the eigenstates
of the original Hamiltonian. We can classify the single-
particle 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 Ngj, provides new magic numbers for the

case of triaxially deformed harmonic oscillator.
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Investigation of t-band in %20s by GCM

Y. Hashimoto,*! and T. Horibata *?

When the axial symmetry in a nuclear mean field
is lost, a general type of nuclear rotational motion oc-
curs, in which the rotational axis is not parallel to the
principal axis (PA) with the largest moment of iner-
tia.h'?)

From a theoretical viewpoint, an even more gen-
eral type of rotation is expected, where the rotational
axis is located away from any of the principal axes.*
This is called tilted-axis rotation (TAR).5) The three-
dimensional (3D) cranking model plays a central role
in the study of wobbling motion and TAR.

Experimental data that support the theoretical as-
sumption of the occurrence of the general type of nu-
clear rotational motion have been accumulated.®”)

With the purpose of studying the microscopic mech-
anism of TAR, we performed 3D cranked Hartree-
Fock-Bogoliubov (3D-CHFB) calculations for #2Qs.
We introduce the tilt angle ¢y measured with respect
to the x-axis, which is perpendicular to the symmetry
axis (z-axis) along the prime meridian. The wave func-
tion |®(¢)) that includes the tilt angle ¢ is obtained
by solving the 3D-CHFB equation with the pairing-
plus-quadrupole Hamiltonian.

37
\/L
\./_Zi_
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-38
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Fig. 1. Energy determined from cranked-HFB versus tilt
angle. The angular momentum ranges from J = 22k
to J = 30h. The filled circles indicate the positions of
TAR states.

Fig. 1 shows some examples of the 3D-CHFB so-
lutions plotted against the tilt angle for the angular
momentum values from J = 22h to 30h. Each of
the branches has a local minimum structure called the
TAR state and is connected with an unstable state
in the s-band.®) A similar local minimum structure is
found in the branch with an angular momentum J >
164.8) The TAR states are expected to be members of
a band with K = 8.9 The band structure that includes
the ground state band is presented in Ref. 9).

We believe that a new band structure of TAR states
may support Walker’s long-standing prediction that

*1 Graduate School of Pure and Applied Sciences, University

of Tsukuba, Tsukuba 305-8571, Japan
Faculty of Software and Information Technology, Aomori
University, Aomori, Aomori 030-0943, Japan

*2

the t-band is responsible for the occurrence of the back-
bending in the region corresponding to A ~ 180%).
In the t-band, the signature splitting phenomena be-
tween the group of states with even angular momen-
tum values and that with odd values are observed.
The signature splitting phenomena are attributed to a
purely quantum mechanical effect, namely, the tunnel-
ing effect between the two TAR states in the northern
and southern hemispheres of the angular momentum
space.10)

J =26

&
)

-39.2

GCM amplitude
HFB energy (MeV)

=}
~

Tilt angle (degree)

Fig. 2. GCM amplitudes with even (solid curve) and odd
(dash-dotted curve) symmetries for an angular momen-
tum J = 26f. The CHFB energy is also shown (dashed
curve).

We are now studying the signature splitting in
the t-band by using the generator coordinate method
(GCM). Fig. 2 shows an example of a pair of GCM
solutions with even and odd symmetries for J = 265.
We see the amplitudes are large around the TAR state.
The energy splitting in this case is 252 keV, which is
consistent with the results obtained by Walker.®) The
investigation of the ¢-band structure for an angular mo-
mentum J < 16A is in progress.
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Global fitting of pairing density functionalf

M. Yamagami*!, Y. R. Shimizu*?, and T. Nakatsukasa

We have developed a density functional for the
global description of pairing correlations by focusing on
the neutron-excess dependence. The accurate pairing
density functional (pair-DF) is indispensable for pre-
dicting pairing-sensitive properties (for example, low-
energy dynamics) in reaction networks of r-process nu-
cleosynthesis and nuclear reactors, and also for predict-
ing the superfluidity in neutron-star matter.

We demonstrated that the pair-DF should include
the isovector density (p1 = p, — pp) dependence,
since the standard pair-DF with only isoscalar den-
sity (p = pn + pp) terms fails to reproduce the a-
dependence (o = (N — Z)/A) of the pairing correla-
tions. To demonstrate this, we examined the pair-DF
h(r) = $Vog,(r)5; (r), where

% m T3p1(r) o, <P1(T)>2

Po Po

gr(r)=1-mo

Here, 13 = 1{(—1) for 1 = n (r = p) and pg = 0.16
fm—2. We determined the optimal set of (19,71, 72)
by minimizing the r.m.s. deviation atu¢(no, 11, 72) be-
tween the experimental and calculated pairing gaps.
For this purpose, we performed the Skyrme-Hartree-
Fock-Bogoliubov calculation for 156 nuclei with A in
the range 118-196 and « < 0.25. During the calcula-
tion, the strength 1, was constrained so as to repro-
duce the neutron-pairing gap of **Dy for each set of
(10 M1, m2).

Fig. 1 shows that o;,; increases sharply as a function
of 1o for the case in which 71 = 7o = 0. We provide

0.8
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Fig. 1. The r.m.s. deviation o, for different values of 7
and 7 is shown as a function of 7. See text for details.
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the two reasons for this behavior: the artificial quench-
ing of proton pairing due to the poor overlap between
gp(r) = 1 — nop(r)/po and py(r) in fy(r) for nuclei
with neutron skin, and the difference between the p;
dependence of the pair-DF and that of the effective
mass. In the Skyrme density functional (Skyrme-DF),
the effective mass is given by

h? _h_2 mo (M _m
2m*(r)  2m |m? T\ e

3 3 v

*

where I{r) = p1/p. Here the m?* (m?}) is the isoscalar
(isovector) effective mass. The neutron-proton ef-
fective mass splitting is controlled by the enhance-
ment factor £ of the Thomas-Reiche-Kuhn sum rule
(m/mi =1+ k).

The effects of the neutron skin and the effective-mass
splitting can be taken into account in the pair-DF as
the linear p; term. Fig. 1 shows oy, for 1y = 77;0’)“
and 7o = 0. Here, the optimal value of 1 (we call
77;01)“) is determined so as to minimize oy, for each
{(no,m2). The resultant o4,; remains almost constant,
and it is drastically improved compared to that with
m =12 — 0.

The improvement in oy, observed when n; > 0 is
small, although the oy, with 1 = ni‘)pt') and 772 = 2.5
is minimum along the 7y direction.

To clarify the relation between the pair-DF and the
effective mass, the n§°pt') at (1o,12) = (0.5,2.5) for 12
standard Skyrme parameters are shown in Fig. 2. The
linear correlation between n!°"") and m/m* = 1+ & is
obvious. The value of k remains uncertain in Skyrme-
DF, and its accurate determination will enable us to ef-
fectively determine the effective mass and pairing prop-

erties in neutron-rich nuclei consistently.
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Fig. 2. The optimal value ni"pt') at (1o, 72) = (0.5,2.5) for
12 Skyrme forces.
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Mass-number dependence of total reaction cross sections in the
black-sphere approximation

A. Kohama, K. Tida,*! and K. Oyamatsu*?

[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 ex-
ample, 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 clari-
fying the non-exotic behavior of the cross sections.

Recently, we have developed a formula for a proton-
nucleus total reaction cross section or as a function of
the mass and the neutron excess of the target nucleus
and the proton incident energy 7, in a way free from
any adjustable T},-dependent parameters.!) We deduce
the dependence of og on T}, 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.?)
The energy dependence of the formula is driven by
that of proton-nucleon total cross sections. For sta-
ble nuclei, this formula reproduces the empirical T,
dependence of or at T), = 100-1000 MeV remarkably
without requiring any adjustable T},-dependent param-
eters. Due to its suitability in systematic calculations,
the present formula is being incorporated into the Par-
ticle 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 A'/6-dependence in addition to
A?/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,?) which is an example of a formula based on
geometrical arguments and is given by og = 7(R, +
roAY/ 3)2, where R, and ry are parameters obtained by
fitting to the empirical data.?) 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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Department of Library and Information Science, Faculty of
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Fig. 1. Comparison of the numerical results of or(p +
natu- ) (upper) and or(p + Pb) (lower) obtained by
the BS cross-section formula (solid curve) with those
by the Carlson formula (O 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 (0)3) and by Auce et al. (><).4)
oBs(= 7ra2), which is represented by squares with cross,
is consistent with measured og.
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Holographic Nucleif

K. Hashimoto*!

[Giant resonances, Superstring theory, AdS/CFT correspondence]

We provide a dual gravity description of heavy
atomic nuclei, via AdS/CFT correspondence. In holo-
graphic 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 com-
putes spectra of the heavy nucleus, and gives discrete
states whose gap roughly agrees with experimental nu-
clear data.

Application of a superstring technique, the AdS/CFT
correspondence!), 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 nucles.

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
A ("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 collec-
tion 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 grav-
ity 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

data.

For the D-brane configuration for the baryons in
QCD at strong coupling, we use the D4-D8 model?.
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 D4-
branes, and compute fluctuation spectrum of scalar
field in the background. It is finally given by

2/3
B~ N
Al/sﬁ

We ignored all the numerical factors. This (1) is the
excitation spectrum of heavy nuclei with mass num-
ber A, as a result of AdS/CFT correspondence. The
coefficient is naively evaluated as N 2/3 Mk / VA~
O(10%)[MeV], but this is just for order of magnitude.

It is surprising that this formula is actually consis-
tent with the experimental data of heavy nuclei, as
follows. It is known from experiments that heavy nu-
clei have coherent excitations (phonons) of constituent
nucleons, called giant resonances,® E,, = w(A)n, (n =
1,2,---). Excitations with lower n have been analysed
in detail experimentally. Phenomenological models, in-
cluding liquid drop model of heavy nuclei, indicates
consistent harmonic behaviour in n. Experimental re-
sults for giant resonance of heavy nuclei with A > 60
shows an empirical formula, E ~ 80A~'/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 de-
scription of heavy atomic nuclei, by applying the
gauge/string duality (AdS/CFT correspondence). We
took a large mass number limit A — oo. Dual grav-
ity 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’

G. Watanabe,*!*2*3 F. Dalfovo,* F. Piazza,*? L. P. Pitaevskii***4, and S. Stringari*?

Ultracold gases in optical lattices provide a new ex-
citing frontier of research. In a recent experiment
with Fermi superfluids in one-dimensional (1D) opti-
cal lattices, the critical velocity along the BCS-BEC
crossover has been measured and the result of this mea-
surement has revealed that superfluidity is particularly
robust at unitarity?). The critical velocity of superfluid
flow is a fundamental issue in the physics of quantum
fluids. A mechanism for the onset of dissipation is pro-
vided by Landau instability: if the excitation spectrum
satisfies suitable criteria, there exists a critical flow ve-
locity above which the kinetic energy of the superfluid
can be dissipated wvia 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 potential*). Using a a hydrodynamic scheme
in the local density approximation (LDA), we obtain
an analytic expression for the critical current j. as a
function of the barrier height or the lattice intensity,
which applies to both Bose and Fermi superfluids®).
We compare this prediction with the results of the nu-
merical solutions of the Gross-Pitaevskii (GP)Y and
Bogoliubov-de Gennes (BdG) equations™3).

In Fig. 1, we show the critical velocity v, 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 BAG equa-
tions approach the LDA prediction when the width
of the barrier (the half of the lattice spacing) L is
much larger than the healing length & ~ 1/kp, where
kp = (37%n)'/? is the Fermi momentum of a uniform
non-interacting Fermi gas of density n. The way of ap-
proach is, however, different. In the case of the periodic
potential, v, exhibits a plateau for Lkg < 1 and small
maximum V., 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 macro-
scopic flow through thin and weak barriers, where
the LDA is not applicable, i.e., for Lkrp < 1 and
Vinax/1t < 1; iil) a regime of weakly coupled super-
fluids separated by thin and strong barriers, i.e., for
Lkr <1 but Vipax/p > 1.

t  Condensed from Ref.l). This work is also selected for the
Virtual Journal of Atomic Quantum Fluids, 1 (2009).
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Fig. 1. Critical velocity for energetic instability of a su-
perfluid of dilute fermions at unitarity subject to a 1D
external potential. The critical velocity v. is given in
units of the sound velocity of a uniform gas, cé‘”, and
is plotted as a function of the maximum of the exter-
nal potential in units of the chemical potential pj—o 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 hy-
drodynamic theory. Symbols in the top panel: BdG
results of Ref.?) with Lkr = 4. Symbols in the bottom
panel represent our BdG results for a periodic lattice.
The thinner black solid lines are the tight-binding pre-
diction. Dashed lines are guides to the eye. This figure
is taken from Ref.).

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,*' M. Kimura,*? N. Otuka,*® T. Asano,* N. Furutachi,** A. Makinaga,** T. Matsumoto,**
T. Togashi,*! and K. Tsubakihara**

[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 “Nu-
clear 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 nu-
clear database activities carried out by Japan Charged-
Particle Nuclear Reaction Data Group. Furthermore,
another important task of the center as a member of
International Network of Nuclear Reaction Data Cen-
ters is to cooperate on EXFOR nuclear database com-
pilation . The members of JCPRG have been devoting
themselves to the following activities:

(1) Compilation of reaction data (NRDF and Ex-
perimental 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 communi-
cation with authors will be helpful for quickly and pre-
cisely compiling the given reaction data. For this pur-
pose, we have been compiling the experimental data
obtained from Japanese facilities. These results can
be accessed through our web site!).

In Table 1, we list the number of papers that were se-
lected 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 experiments® 2) ap-
pear to constitute a majority of NRDF entries and the
entries converted to the EXFOR format. These data
can be accessed in the EXFOR database!®) with the

*1 Department of Physics, Faculty of Science, Hokkaido Uni-

versity

Creative Research Institution, Sosei Research Department,

Hokkaido University

*3  TAEA Nuclear Data Section

*4 Nuclear Reaction Data Centre (JCPRG), Faculty of Science,
Hokkaido University
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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 interna-
tional nuclear physics community with easy access, in
the form of original tasks of NRDF. Recently, the cen-
ter established a research contract with the RIKEN
Nishina Center in order to compile efficiently the reac-
tion data obtained by using beams of unstable nuclei
at the RIKEN Nishina Center, RIBF. We are now dis-
cussing 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 experi-
mentalists, it will be important to develop the domes-
tic 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.

RIKEN Total
NRDF entries 17 51
Entries converted to EXFOR 11 32

References

1) http://www.jcprg.org/

2) J. J. He et al.: Eur. Phys. J. A 36, 1 (2008); E2107 in
EXFOR.

3) T. Ohnishi ef al.: J. Phys. Soc. Jpn. 77, 083201 (2008);
E2116 in EXFOR.

4) S. Ota et al.: Phys. Lett. B 666, 311 (2008); E2120 in
EXFOR.

5) H. Iwasaki et al.: Phys. Rev. C 78, 021304(R) (2008);
E2122 in EXFOR.

6) A.Ozawa et al.: Phys. Rev. C 78, 054313 (2008); E2124
in EXFOR.

7) M. Janek et al.: Phys. of At. Nucl. 71, 1495 (2008);
E2125 in EXFOR.

8) J. Gibelin et al.: Phys. Rev. Lett. 101, 212503 (2008);
E2127 in EXFOR.

9) Y. Kondo et al.: Phys. Rev. C 79, 014602 (2009); E2132
in EXFOR.

10) H.Yamaguchi et al.: Phys. Lett. B 672, 230 (2009);
E2133 in EXFOR.

11) D. Kaji et al.: J. Phys. Soc. Jpn. 78, 035003 (2009);
E2137 in EXFOR.

12) T. Nakamura et al.: Phys. Rev. C 79, 035805 (2009);
E2139 in EXFOR.

13) http://www.jcprg.org/exfor/



3. Hadron Physics



RIKEN Accel. Prog. Rep. 43 (2010)

Gluon-Spin Contribution to the Proton Spin from the
Double-Helicity Asymmetry in Inclusive 7% Production in Polarized
p + p Collisions at /s = 200 GeV'

K. Boyle*! and S. Taneja*? for the PHENIX Collaboration

[Gluon Spin, Helicity Asymmetry, PHENIX]

Polarized Deep Inelastic Scattering (DIS) data have
shown the spin of the quarks only contributes about
~ 25% of the proton spin®?®, implying that the re-
mainder of spin is either from the gluon spin contri-
bution, AG, or the orbital angular momentum of the
quarks and gluons.

AG can be accessed in polarized proton collisions by
measuring the double helicity asymmetry, Ay, which
is defined as

1 Nyy = BNy Ly

A =
L= PPy N, + RN, _ Li_

(1)

where N, | (1 _) is the yield in the same (opposite) he-
licity collisions, L is the luminosity, R is the relative lu-
minosity and P is the polarization. At /s = 200 GeV,
we sample the gluon momentum fraction range of
0.02 < = < 0.3, and so we write AG0-02:0-3]

Results for Azz in 7° production in the 2005 and
2006 RHIC runs are plotted as a function of transverse
momentum, pr in Fig. 1la. The systematic uncertainty
(not shown) in Ay, from the relative luminosity deter-
mination is 5 x 10~* 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 z. By varying the size of the
gluon polarization in the different DIS fit results, a
set of Ay expectations for each fit is produced. x? is
calculated for different values of AG and the results are
plotted in Figure 1b. At Ax? =9 (~ 30), a consistent
constraint of —0.7 < AG?92:03] < 0.5 is found.

Using one fit to the DIS data, GRSV?), the impact of
the systematic uncertainties are shown in Fig. 2 when
the polarization and relative luminosity uncertainties
are varied by +1o. It is clear that while the polariza-
tion uncertainty has little effect, there is about a 0.1
uncertainty in AG0-02.93] due to relative luminosity.

The 70 cross section measured at PHENIX!) agrees
with theory expectations within the theoretical scale
uncertainty. This theoretical scale uncertainty was in-
cluded in the expectation for Ay, in the GRSV fit, and
it’s impact on the AG?92:0-3] was similarly evaluated.
This led to a sizeable uncertainty for negative values
of AG.

f Condensed from the article in PRL, Vol.103, 012003 (2009)
*1 RIKEN BNL Research Center
*2 Stony Brook University
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A’EOL results from 2005 and 2006 significantly con-
strain the gluon spin contribution to the proton
spin.  We find AGI0:02:03] 0.2 + 0.1(stat) +
0.1(syst) ™09 (shape)+0.1(scale), and a consistent con-
straint at ~ 30. Additional data from the Run9 RHIC
run will further constraint AGI0-02:0-31 while the first
measurements at /s = 500 GeV will allow access to a
lower x range.
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Measurements of transverse single-spin asymmetry of single electrons
from open heavy flavor decays in polarized p + p collisions at
Vs = 200 GeV at PHENIX'

S. Dairaku*! for the PHENIX Collaboration

[Transverse Spin, Asymmetry, PHENIX]

Using the PHENIX detector at the Relativistic Heavy
Ton Collider (RHIC), we measured the transverse single-
spin asymmetry (Ax) of single electrons from open
heavy flavor decays. The preliminary results of Ay
measurements at mid-rapidity at PHENIX are pre-
sented here.

A number of mechanisms based on quantum chro-
modynamics have been proposed for explaining the
obtained Ay, and measurements in different processes
have played complementary and important roles in the
attempt to understand Ay. At RHIC energy, Ay in
open charm production was suggested to probe the
gluon Sivers function"), which includes the correlation
between the transverse momentum of an unpolarized
parton in a transversely polarized nucleon and the nu-
cleon polarization vector. Because open charm produc-
tion is dominated by the gluon fusion process at RHIC
energy and the gluon’s transversity is zero, there is no
significant contribution to Ay in open charm produc-
tion from the Collins function, which describes the cor-
relation between the transverse spin of a fragmenting
quark and the transverse momentum of the produced
hadron. Therefore, the measurement of Ay in open
charm production at RHIC can help in probing of the
gluon Sivers function.

Ap is determined using the following equation:

_ o —0)| _l Nlel{i\/Nll/NlT%
artor PLONING + /NN

where P is the absolute polarization value measured
by the RHIC polarimeters, and N 222) is the number
of electrons scattered to the left (right) when the direc-
tion of beam polarization is vertically upwards (down-
wards). The detected electrons used for the calculation
of Ay include electrons from background processes, be-
cause of which the measured inclusive asymmetry can
be diluted. We can extract the asymmetry in heavy
flavor production (AZF) from the measured inclusive
asymmetry (A% as follows:

(1)

incl bg
AN —rAY

AHF:
N 1—r )

2)

where A?\? is the background asymmetry and r is the

background fraction defined as r = opackground/Tinclusive-

*1 Department of Physics, Kyoto University, Japan

The dominant background source in this measurement
is 7 2. Some previous results have indicated that
Ay in 70 production at mid-rapidity at PHENIX is
zero®). Therefore, we assumed that A?\? is zero in this
study. The background fraction (r) is determined by
using a cocktail of the contributions from background
processes?) and by the converter technique, in which
the electron spectra measured with an additional pho-
ton converter introduced into the acceptance region are
compared with those recorded without the converter?.

Measurements have been carried out on a data sam-
ple with an integrated luminosity of 2.7 pb~! in trans-
versely polarized p 4+ p collisions at a center-of-mass
energy /s = 200 GeV in 2006. The results for the
ARFE of single electrons from open heavy flavor decays
are shown in Fig. 1. The left and right plots show the
AXFE values for positive charge: p+p — e™+ X and for
negative charge: p+p — e~ + X, respectively. The ob-
served AXLF of the single electrons from heavy flavor
decays are significantly smaller than those predicted
theoretically for D-meson production with a maximum
gluon Sivers function, which is greater than 10% in
the kinematic region of our measurements (xp ~ 0).
Therefore, the obtained results could reject the maxi-
mum gluon Sivers function®.
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Fig. 1. AXF of single electrons from heavy flavor decays as
a function of pr.
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Measurement of direct photon using virtual photon method in
v/8 = 200 GeV d+Au collisions at RHIC-PHENIX

Y.L. Yamaguchi,*! Y. Akiba, T. Gunji,*! and H. Hamagaki,*!

[Direct photon, virtual photon method, Low pT)

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 < pr < 5.0 GeV/c!) and are of spe-
cial interest.

In the PHENIX experiment, two different analysis
methods, namely, a “real” photon method and a “vir-
tual” photon method, have been developed. The real
photon method using an electomagnetic calorimeter
has been used successfully for pr > 4.0 GeV/c and
the virtual photon method is employed for 1.0 < pyr <
5.0 GeV/c. Direct photon spectra both in p+p and
Au+Au collisions have been successfully measured us-
ing 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 pr.

(shown by the dotted line) is seen in Au+Au collisions
for 1.0 < pr < 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 pr region. Efforts
are being made to measure the low-py direct photons
in d4+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 ete™ pair

*1 Center for Nuclear Study (CNS), University of Tokyo
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mass distribution contains several components from
different sources, which are listed below.

Virtual direct photon decays

Hadron decays

Photon conversions

Combinatorial background

Cross pairs from 7%, — 2y(or vete™) —

ete ete”

The pairs from photon conversions are removed by
a cut on the orientation of the pair in the magnetic
field?). The combinatorial background is computed us-
ing a mixed-event technique. Cross pairs are evaluated
by comparing the like-sign pair distributions between
the real and simulated distributions. Finally, the cor-
related ete™ pair mass distribution that consists of
pairs from known hadron decays and virtual photon
decays is obtained after background subtraction.
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Fig. 2. Correlated e*e™ pair mass distribution in d+Au
collisions for pr > 1.0 GeV/c (left) and the pr-sliced
ete™ pair mass distributions for M.. < 300 MeV/c2
and 1.0 < pr < 6.0 GeV/c (right).

The left panel in Fig. 2 shows the correlated eTe™
pair mass distribution in d+Au collisions for py >
1.0 GeV/c. The d+Au data has abundant statistics
so that even U’ is clearly visible around 3.7 GeV/c%.
The right panel in Fig. 2 shows the pp-sliced ete™
pair mass distributions for M., < 300 MeV/c? and
1.0 < pr < 6.0 GeV/c, which are suitable for vir-
tual direct photon measurements. The results up to
6.0 GeV/c are expected to be obtained for d4+Au col-
lisions. Although some corrections should be made in
order to obtain the direct photon spectrum in d+Au
collisions, the d4+Au result is promising.
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Azimuthal angle dependence of neutral pion suppression in
v/SnN = 200 GeV Au-+Au collisions at RHIC-PHENIX

Y. Aramaki*

[Quark Gluon Plasma, Jet quenching, Parton energy loss]

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
(pr>5 GeV/c) is strongly suppressed compared to the
one expected from p + p collisions scaled by the num-
ber 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 de-
crease of the yield at a given pp. Many theoretical
models have been proposed to understand the parton
energy loss mechanism. GLV method® is one of the
calculations that predicts that the magnitude of en-
ergy 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 PbWO,. Even though MPC is similar rapidity cov-
erage to the detector which is used in the previous mea-
surement, 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 pr for each centrality class. The nuclear
modification factor (Ra4) for each azimuthal angle is
calculated by using them.

Recently theoretical models (ASW?, HT? and
AMY4)) to describe parton energy loss mechanism
which involve the time-evolution of the medium pro-
duced at RHIC have been proposed. These models
succeeded in reproducing the centrality dependence of
RAA(pT)5). The measured R4 4 is compared with one
model (ASW) of them. Figure 2 show the Ra4 as a
function of pyr and azimuthal angle for centrality 20-
30 % and ASW model. Closed and open points show
the measured R44 for in-plane and out-of-plane, re-
spectively. Since the produced medium after the col-
lisions is assumed to be almond shape, the in-plane
path length is shorter than out-of-plane. This differ-
ence of the path length is reflected in the R 44 for each
azimuthal angle. Solid and dashed lines show the the-
oretical curve for ASW model of in-plane and out-of-
plane, respectively. The central big band shows the
pr correlated systematic uncertainty on the azimuthal
angle integrated Ra4. 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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tainty, respectively. The bands on the measured points
show pr correlated systematic uncertainties on the
measurement of the azimuthal anisotropy of in-plane
and out-of-plane, respectively. Asshown in Fig. 2, even
though ASW reproduce the in-plane R4 4 has slightly
difference at lower pr.
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Fig. 2. The Raa as a function of pr and azimuthal an-
gle 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 w Mesons in p+p, d+Au, and A+A
Collisions at /syny = 200 GeV at RHIC-PHENIX

M.Ouchida*! D.Sharma? K.M.Kijima! V.Riabov® Y.Tsuchimoto* Y.Riabov® Y.Nakamiya!

The measurement of hadrons under extreme condi-
tions 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 w 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 w mesons in p+p, d+Au,
and A+A collisions in both leptonic and hadronic de-
cay modes. The systematic measurement can be car-
ried out over a wide kinematic range since low pr val-
ues can be included in the leptonic decay mode and
high pr values can be included in the hadronic decay
mode.

The dielectron decay mode, w — ete™ is recon-
structed in a Crenkov detector that can identify elec-
trons and positrons. In an event, the source of any
electron or positron is unknown, and therefore, all elec-
trons and positrons are combined into pairs. This re-
sults in a large combinatorial background, especially in
central Au+Au collisions because of their high multi-
plicity. 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 analy-
sis based on the w — 777~ 7% and w — 7% is to recon-
struct 70 candidates by combining photons pairs and
applying a pr-dependent cut around the mass of the
70, Candidates (included in the combinatorial back-
ground) are combined with a third photon for w — %
or with two unidentified charged tracks (assumed to
be 7 mesons) for w — 7t7~ 7% Owing to the high
multiplicity and low S/B associated with it, cut opti-
mization was performed in the case of A4+A analysis.
For p+p and d+Au analysis, raw yields were extracted
by fitting the pr slices of the invariant mass distribu-
tion, as shown in the figures. In A4+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 w production in p+p collisions and minimum bias
d+Au at \/syny = 200 GeV as a function of pr. The
results indicate a good agreement among different de-
cay channels. Fig.2. shows the spectra corresponding
to Au+Au collisions, as measured in the two decay
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mode, ete™ for the low pr region in a minimum-bias
event, and 7%y for the high pr region in three central-
ity 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 pr
region for higher centrality values; this, in turn, im-
plies 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.
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Fig. 1. The mr 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.

Au+Au 200 GeV

g E
=Ny e .
EI0E ® o ->ele, min. bias x 107
S10°E ® o ->my, min. bias x 10
T 10° 0 w >0y, 0-20% x 10
T @ A w-=>my, 20-60% x 10
E10°E ¢ o->mn’y, 60-92%
s .
e 2. [ R
107 RN
102 e T e
E e e
104 E B AT .
105 P s “e-n
10° e
107
efc o1 b e b e L T
10% 2 4 6 8 10

m, - m,, (GeV/c?)

Fig. 2. The mr 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.



RIKEN Accel. Prog. Rep. 43 (2010)

Measurement of J/ production in ultra-peripheral Au+Au
collisions at /sy~ = 200 GeV during RHIC RUN-77

A. Takahara*!

[Nuclear structure]

In this paper, we present the RHIC RUN-7 measure-
ments of the photoproduction of J/v¢ and of the two-
photon production of high-mass ete~pairs in ultra-
peripheral nucleus-nucleus interactions of Au nuclei
at \/syy = 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 over-
lap. The proposed of use of UPCs to study photopro-
duction at hadron colliders has attracted considerable
interest in recent years' ). UPCs can be used for de-
termining gluon density at low x. Similar measure-
ments performed in RHIC RUN-4 have been reported
in®.

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 beam-
beam 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 X 2 tile, and EM-
Cal cluster energy of over 1 GeV/c for one member
of the pair. The UPC J/¢ measurement is based on
main purely electromagnetic process. The high-mass
et e pairs distribution will be combination of exponen-
tial and Gaussian(J//v) distribution. In this report,
the exponential curve was plotted on the basis of the
RUN-4 simulations® since RUN-7 simulation have not
been performed yet.

The mass distribution is shown in Fig. 1. There are
17 ete™ pairs between 2,8 GeV/c and3.2 GeV/c. In
RUn-4 there were 12 ete™ pairs RUN 4%, Fig. 2 is
the dN/dpT distribution of the pairs.

The squared form factor of a Au nucleus is repre-
sented as

sin(Rpr) — RPr cos(Rpr) 2
(Rpr)3(1 + (apr))

In this case, R = 6.7 fm and a = 0.7 fm®. Please note
that the function is not calculated on the bias of any
prperties of the detector.

The high-mass distribution of eTe ™ 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
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RUN-7 and RUN-4 continuum curves because a new
detector HBD was installed in RUNTY.
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Neutron asymmetry measurement with 4/s=500 GeV polarized
proton collision at RHIC-PHENIX

M. Togawa, Y. Goto, and S. Dairaku*! for the PHENIX collaboration

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 lon-
gitudinally polarized proton collisions at /s = 200
GeVY). In the RHIC ring, vertical polarization is sta-
ble. The spin rotator magnets located around the ex-
perimental area rotate the spin vector by 90° to en-
able 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 re-
maining transverse neutron asymmetry?).

The local polarimeter system consists of a Zero-
Degree Calorimeter (ZDC) and a position-sensitive
Shower-Max Detector (SMD)*%). The ZDC and SMD
cover the forward and backward directions with a max-
imum angle of 2.8 mrad., including zero degree?. 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. Fig-
ure 1 shows the ¢-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 ac-
celerator database. The data are used for accelerator
tuning in the 2009 run.

In such forward kinematics, information on the pr
dependence of asymmetry may be obtained from the
results at different colliding energies, where pr is cal-
culated using the relation of pr ~ E,sin(f). Figure
3 shows the asymmetry as a function of neutron pr
evaluated using a full detector simulation. The ampli-
tude increases with y/s. This new data will help us
to understand the production mechanism of neutron
asymmetry.

*1 Department of Physics, Kyoto University
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Cosmic-ray background in PHENIX detector

D.S. Blau,*! and K. Okada

High-energy photons are important probes in the
field of nuclear physics. They provide early-stage in-
formation on nuclear collisions. At PHENIXY), pho-
tons 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 cosmic-
rays. 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 be-
tween the rates of the real signal and the cosmic event.
Since the signal rate is considerably lesser in p+ p colli-
sions, the contribution of cosmic-rays is a more serious
problem in p + p collisions than in Au 4+ Awu 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 x
100 events triggered by p + p (at /s = 200 GeV)
collisions. The thick line represents all the clusters, the
dashed line represents the clusters with |ToF| < 5 ns,
and the thin line represents the clusters with |ToF| > 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 [ToF| < 5 ns. The background is dominant
in the high-energy region.

Two plots (Figs. 2 and 3) are compared by multi-
plying a factor calculated using the data-accumulation
period and the probability of having collisions in co-
incidence. The factor is obtained using the following
formula:

1 R 65x10° 1 R
To Reross R 20300 10 x 106

T, -
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Fig. 1. Cosmic ray cluster examples. Each square corre-

sponds to a EMCal tower. The hight is proportional to
the pulse hight.

-70 -

=0.32,

where Ty and T are data-accumulation periods, and R
(Reross) 1s 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 4 p
collisions at /s = 200 GeV identified using ToF infor-
mation 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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Vernier Scan Method to Reduce Relative Luminosity Uncertainties®

D. Kawall,*!-*2

Introduction

The PHENIX experiment at the Relativistic Heavy
TIon Collider (RHIC) has measured the asymmetry,
Arp, in inclusive 70 production from collisions of longi-
tudinally polarized protons beams at /s = 200 GeVh).
The asymmetry is defined as :

1 Niyf—RNy_ L
++ = RNy where R = £ (1)

App = :
L= PPy N, + RN, _ Lo

and N, is the 70 yield from collisions of protons in he-
licity states ++, and N, _ is for +—, Py, P, are beam
polarizations and L;y and L,_ are the correspond-
ing beam luminosities. The asymmetries are of great
physics interest because of their leading-order sensitiv-
ity to the contribution of gluon spin, Ag, to the spin
of the proton®3).

Determining the asymmetry in cross-section requires
a measurement of the relative luminosity of the collid-
ing beams, R = L4, /L4_, 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 App
measurements of jets and 7° at RHIC, indicate that
Ag is small ([ Ag(z,Q?*)dz ~ —0.084 at Q> = 10
GeV?), and the expected asymmetries are small®.
For instance, AT, < 5 x 1073 for pJ. < 20 GeV at
Vs = 500 GeV?). Reducing the uncertainty on Ag
will thus require measurements of R at the level of a
fewx10~%. We also note that the greatest uncertainty
on Ag comes from the low-z region, which is accessed
primarily from low p7. where the predicted asymme-
tries are very small. Second, at the design luminosity
of RHIC, £ = 1032 cm™2s7', 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 Coun-
ters (BBCs), located on either side of the interaction
region, which detect pp collision by-products®. They
count at most 1 event per bunch crossing, and so be-
come nonlinear at high rates. The amount of non-
linearity can be modeled by measuring the BBC effi-
ciency for detecting pp collisions. In this technique, the
machine luminosity, £, is measured during a vernier
scan®, as is the peak rate N observed in the BBC. We
then extract an effective cross-section for the BBC,
oppc from the relation N = Loppc. Knowing the
pp inelastic cross-section allows us to extract the BBC
efficiency. The disadvantage of this approach is that
*1  RIKEN-BNL Research Center, Brookhaven National Labo-

ratory, Upton, NY, USA

Department of Physics,
Ambherst, MA, USA

*2 University of Massachusetts,

opgc is seldom determined to better than 10% due
to the uncertainty on some collider parameters such
as the focusing §*, which is required to calculate the
machine luminosity, and which is only known to about
10%. Still, event-generator® plus detector simulations
suggest we can determine R to < 1072 at design lumi-
nosity with these techniques.
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Fig. 1. Effective BBC cross-section in millibarns versus col-
lision rate in Hz.

Vernier Scan Approach

To do better, we note that oggc should be a con-
stant, dependent primarily on the BBC coverage in 7
and ¢, and in particular it should be independent of
the rate. Now consider what happens when we extract
OBBC = N /L from vernier scans performed at low rate
and high rate. At low rate, N is linear in the “true”
rate, and the value extracted for oppc is reasonable.
At high rate, N under-counts. The denominator, £,
comes from measuring the transverse sizes of the collid-
ing bunches, and is largely independent of rate effects.
Taking the ratio at high rate then leads to a smaller
value of oppc as seen in Fig. 1 from a vernier scan at
Vs =500 GeV at PHENIX. The fractional difference
observed in oppc 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 dR 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,*! K. Boyle,*? and A. Deshpande*!

Measurement of AG, the gluon contribution to the
proton spin, is an important part of the spin program
at RHICY. In particular, it can be accessed through
measurements of double longitudinal spin asymmetries
in polarized proton collisions:

1 N,,—RN,_

A = ,
L= PPy Ny + RN, _

(1)

where Pg, Py are the polarizations of the beams, N’s
represent yields in collisions with same (4++) and op-
posite (+—) beam helicities, and R is the relative lu-
minosity, defined by R = %
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
An = (3.1-3.9) on the North and South sides of the in-
teraction 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 colli-
sions per beam crossing averages much less than 1, but
breaks down at high luminosities when multiple colli-
sions become common, resulting in under-counting.

One possible solution to this counting problem is to
use the probability of measuring zero in the BBCs. Ac-
tually, three probabilities are required: the probabil-
ity of measuring zero in the North detector, PV (0) =
e~ N(AHAN) the South detector, PS(0) = e—cs(AH+As)|
and zero in both detectors,

PY5(0) = [PY(0)][PF(0)|N = 0]
_ [e*EN)\efﬁNAN}[6765(1761\7)/\676_9)\5]

Here L, and L, _

— eeseN)\fes()\qL)\S)feN(/\Jr)\N)'

The definitions in the above equations are as follows:
An and Ag are the true rates of events capable of trig-
gering only the North or only the South BBC, although
they are allowed in principle to cause an accidental co-
incidence. A is the true rate of events capable of caus-
ing a real coincidence, although they may not. The €’s
are the efficiencies of the detectors, assumed to be con-
stant over the sample in which R is being calculated.
These equations can be solved for the quantity

enesh = In(PN5(0)) — In(P%(0)) — In(PN(0)), (2)

which can be used in a new definition of R. Exper-
imentally, the probabilities involved can be measured

*1 State University of New York at Stony Brook
*2 RIKEN BNL Research Center
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using the ratio of events to beam crossings, for exam-
ple, PS(O) =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 An = £(6, o)
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 sys-
tematic 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 new-
method calculation here used only recorded data, but
in the future all live trigger data will be availible which
will significantly reduce the uncertainty.

References
1) A. Adare, et al. PRL, Vol. 103, 012003 (2009)
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Installation and Tests of the PHENIX Muon Trigger RPCs'

M. Grosse Perdekamp*!, Anselm Vossen*! and R. Seidl,*? for the PHENIX Muon Trigger Upgrade Group.

[Proton Spin Structure, W-Boson, Muon Trigger, RPCs ]

The PHENIX collaboration at Brookhaven Na-
tional 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 v/s = 500 GeV and p-p collisions rates reach-
ing up to 10 MHz.

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 de-
veloped 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 devel-
oped 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 - University of Illinois, Urbana Champaign, USA.

*2 Riken BNL Research Center, Upton, USA.

-73 -

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

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
CMSY). The bakelite RPC gas gaps for PHENIX have
been manufactured by the CMS RPC detector labora-
tory 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



nuclear physics laboratory at UTUC.

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 detec-
tion 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 de-
tailed 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
9.5kV or larger.
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Fig. 4. RPC efficiencies for different discriminator thresh-
olds versus high voltage.

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 up-
stream 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 = 500GeV 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 di-
mensions to the final RPC design were installed in
PHENIX. One prototype, RPC2, was located down-
stream of the south muon magnet in front of the MUID
gap 0, the second prototype, RPC3, was located in

-74 -

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/cm? which will allow us to use this
detector for triggering.

The readout of the data shows that the collision re-
lated particles can be nicely seen in the time distribu-
tions 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 tim-
ing 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. 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 sta-
tions.

References
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Upgrade of PHENIX Muon Tracker Performance and Trigger
Capability for Sea Quark Polarization Measurement at RHIC

I. Nakagawa, T. Mibe,*! N. Saito,*! I. Ichikawa,*? K. Karatsu,*? T. Murakami,*? K. Nakamura,*?
R. Sameshima,*? Y. Fukao, Y. Ikeda,*® J. Murata,*3 N. Ogawa,*> K. Ninomiya,*? J. Onishi,*® and S. Hirota,**

[nucleon spin, W-boson, polarized parton distribution, Electronics, trigger]

Several decades have passed since the parity-
violating production of the W boson was pointed out to
be the ideal probe for sea quark polarization measure-
ment; this claim is based on almost fixed flavors and
fragmentation-function-free interpretation of observed
asymmetry?. 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.
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Fig. 1. Installation schedule of PHENIX muon arm up-
grade projects. Year in solid square is the scheduled

year of installation.

New front-end electronics (MuTRG-ADTX) boards
3) 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; back-
end electronics (MuTRG-MRG and MuTRG-DCMIF)
boards® that serve as an interface between MuTRG-
ADTX and local-level-one (LL1) trigger boards and
data collection modules (DCM) were also installed.
The newly installed trigger electronics chain was com-
missioned during the engineering run of the first 500

*1 KEK, Tsukuba, Ibaraki, 305-08011 Japan

*2 Kyoto University, Kitashirakawa-Oiwakecho,
8502 Japan

*3  Rikkyo University, Rikkyo, 3-34-1, Nishi-Ikebukuro, Tokyo,
171-8501 Japan

*4 University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
0033 Japan

Kyoto, 606-
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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 Runl10.

As a result of the project being carried out to up-
grade the PHENIX muon arms, the performance of
the muon detection system will be improved as shown
in Fig.1. Another project aimed at upgrading; Resis-
tive Plate Chambers? production is also being carried
out. The additional hadron absorbers will be installed
in Runll, where the first production run of polarized
proton-proton collision at 500 GeV is scheduled. Thus,
trigger upgrade projects are running on schedule. Ef-
forts 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 (100um) 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 us-
ing straight particle trajectories with magnet field off
of MuTr. We observed chamber movement of the order
of 100 um over the course of a few months during Run9
by using an optical alignment system (OASys) imple-
mented in MuTr chamber frames. The OASys consists
of light sources, lenses, and CCD cameras attached to
chambers in Stationl, Station2, and Station3, respec-
tively, and it tracks the relative motion of the chambers
by continuously monitoring the light spot in the CCD
camera®. The chamber displacement predicted by the
OASys can be verified by the zero field data that are
obtained at intervals of months. This consistency anal-
ysis is now in progress.

References

1) C. Burrell and J. Soffer, Phys. Lett. B314, 132 (1993).

2) CDR for a Fast Muon Trigger (2007).

3) TDR on Amplifier-Discriminator board and Data
Transfer board for the MuTr FEE upgrade (2008).

4) Y. Fukao et. al., RIKEN Accel. Prog. Rep. 42 (2009).

5) T. Mibe et. al. RIKEN Accel. Prog. Rep. 42 (2009).

6) Y. Fukaoet. al., RIKEN Accel. Prog. Rep. 43 (2010).

7) K. Nakamura et. al., RIKEN Accel. Prog. Rep. 43
(2010).

8) H. Akikawa et. al., NIM A499 537 (2003).



RIKEN Accel. Prog. Rep. 43 (2010)

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|

The PHENIX experiment aims to directly probe the
contribution of sea quarks to proton spin by perform-
ing measurements of single helicity asymmetry in W
boson production. In order to record the W produc-
tion events e ectively, we are developing a new trigger
system for the PHENIX muon arm.? The trigger is de-
signed to sort out events with high momentum tracks,
which are expected to be muons resulting from W de-
cays, by performing rough momentum measurements
online. An overview of the trigger system is provided
elsewhere.?) 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 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.®*

The MuTRG has several optional parameters such
as the threshold of the deposit charge in MuTr, clus-
tering, and sagitta acceptance As ® that can be ad-
justed to ensure optimal performance. Figure 1 shows
MuTRG efficiency as a function of particle momen-
tum measured by MuTr. The efficiency achieved at
the plateau is ~0.9. The turn-on point of the trig-
ger is improved from 2.0 GeV/c to 12.2 GeV/c when
As = 0 and to 8.5 GeV/¢c when As < 1. Figure 2
shows the relation between the efficiency at the plateau
and the trigger rejection power. The rejection power
is de 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 com-
missioning is ongoing in the 2010 run with heavy-ion
beams. The signal from MuTRG is 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 per-
formed 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

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
As = 0. Hits are required in *+1 strips in the 2nd station
around the linear interpolation when As < 1.
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Fig. 1. Efficiency of MuTRG as a function of track mo-
mentum. A threshold voltage of 40 mV is applied and
clustering is not applied. The black closed circles rep-
resent the efficiencies when As < 1 and those with red
open circles represent the efficiencies when As = 0.
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Fig. 2. Relation between efficiency and rejection power.
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resent the case when As < 1, while the red open circles
represent the case when As = 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 nal performance and
determine the parameters for optimal performance of
the MuTRG.
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Measurement of the interference fragmentation function in eTe™

R. Seidl,*! A. Vossen,*? M. Grosse-Perdekamp,*? A. Ogawa,*3, M. Leitgab,*? and P. Francisconi,*?

[spin dependent fragmentation, transverse spin|

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 function®, previ-
ously also measured in ete” by us®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 transver-
sity from SIDIS and pp data using the known collinear
evolution®. Following Boer®, the measurement relies
on extracting an azimuthal correlation of the planes
spanned by two charge ordered 77~ 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~! data sample that contains 711 x 106 77~
pairs and was collected near the Y(4S5) resonance, with
the Belle detector at the KEKB asymmetric energy
eTe™ collider. In events with a clear two-jet like topol-
ogy as defined by a thrust value larger than 0.8 a 77~
pair is selected in each hemisphere. The azimuthal an-
gular yield of these pairs is then normalized by the av-
erage yield and fit by several azimuthal modulations.
The cos(¢1 + ¢2) modulation (ai2) is proportional to
the product of the interference function H 11 (z,m) on
the quark side times the interference function on the
antiquark side, normalized by the corresponding unpo-
larized functions, where z = Epqir/Equark is the frac-
tional energy of the hadron pair and m its invariant
mass. Preliminary results were first shown this year”

Fig. 1. Azimuthal angle definitions for ¢1 and ¢2 as defined
relative to the thrust axis.

*1 Riken BNL Research Center, Upton, USA.
*2 University of Illinois, Urbana Champaign, USA.
*3 Brookhaven National Laboratory, Upton, USA.
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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 Radici? over those by Jaffe®)
which have predicted a sign change a the p meson mass.
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Fig. 2. ai2 modulations for the 9 X 9 z1, 22 binning as a
function of z2 for the z; 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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Precision Measurements of Charged Hadron Multiplicities in eTe™
Annihilation at BELLE

M. Leitgab,*? M. Grosse Perdekamp,*! R. Seidl,*?> A. Ogawa,*® A. Vossen,*! K. Boyle*? and P. Francisconi*!

[Precision hadron multiplicities, fragmentation functions, BELLE, particle identification]

1 Measurement Description

This paper summarizes the status of precision mea-
surements of 7t~ and Kt~ (in the following, re-
solving all particle charges is implied) multiplicities in
ete™ annihilation at a center of mass energy of 10.52
GeV at the BELLE experiment at KEK, Japan®). 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 misidentifica-
tion and acceptance effects.

2 Motivation

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

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 tech-
nique based on inverse 4x4 particle identification (PID)
probability matrices. To not rely on the GEANT-
based® Monte Carlo modelling of the BELLE PID
performance, the elements of the probability matri-
ces are obtained from reconstructing unstable particles
in experimental data with purely kinematical means,
forming samples of tracks with known ’real/physical’

*1 University of Illinois at Urbana-Champaign (UTUC), USA
*2 RIKEN BNL Research Center (RBRC), USA
*3  Brookhaven National Laboratory (BNL), USA
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Fig. 1. Fits of experimental data invariant mass distribu-
tions on a reconstructed sample of the decay D* —
7(D° — Kn). Figures a) and b) show distributions
without and with an additional PID likelihood cut to
select particles of species j = w. Extracting the PID
probability p g - _,.—y from the ratio of the hatched ar-
eas yields 0.111 4+ 0.004 for negatively charged kaons
with laboratory frame momentum in [1.4;1.6] GeV/c
and laboratory azimuthal angle 6 in [77.9; 89.0] degrees.

species i = {e/u,m, K,p}. PID probabilities p;;_.
can be calculated by additionally applying PID like-
lihood 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*, A
and J/v particles are analyzed. Figure 1 shows fits of
experimental data distributions from the reconstructed
decay D* — 7(D° — K) which allow to extract the
PID probability p(g-_x-)-

Eventually, the measurement of hadron multiplic-
ities against their normalized energy z will be per-
formed from about 0.2 to close to 1.0 in z. The system-
atic 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 m (K) spectra for z < 0.6, and to
increase with z up to 5% (17%) for 7 (K) spectra,
respectively.
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Photoproduction of A(1405) and X°(1385) on the proton at Ey =
1.5-3.0 GeV at SPring-8/LEPS

Y. Nakatsugawa for LEPS collaboration

[photoproduction, A(1405)]

In a quark model, A(1405) is a p-wave q° baryon.
However, it is also suggested that A(1405) has a non-
q® structure such as a meson-baryon molecular state.
In some theoretical studies, chiral Lagrangian and cou-
pled unitary model were used to predict the line shape
of A(1405) as 7X° and K N.») The two-pole structure of
A(1405) was also suggested.?) 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 A(1405) and determine the photon
beam asymmetry. On the other hand, it has been
firmly established that X°(1385) is a q® baryon. The
difference between the internal structures of A(1405)
and X°(1385) may appear in the photoproduction cross
sections and/or photon beam asymmetries. Recently,
differential cross sections for vp — KtTA(1405) and vp
— KT3°(1385) reactions were measured by LEPS col-
laboration.?) However, the statistics were limited. A
new experiment was carried out at SPring-8/LEPS us-
ing a liquid hydrogen target and a linearly polarized
photon beam. In order to detect the decay products of
hadrons, a time projection chamber (TPC) surround-
ing the target was used along with the LEPS spectrom-
eter. Detailed information on the differential cross sec-
tions of yp — KTA(1405) and yp — KTX°(1385) and
the line shapes of A(1405) will be obtained from new
data. The photon beam asymmetries will be also in-
vestigated.

The analysis of new data is still underway. The
present status of the analysis and very preliminary re-
sults are reported in this article.

In order to obtain the spectra of A(1405) and
%9(1385) separately, we selected the following two re-
actions and imposed certain cut conditions:

(1) yp — KTX9(1385) KT An® —K*pr— 7°

(2) yp — KTA(1405) - Kt YFnF »Ktngtr—

The spectrum of ¥9(1385) was obtained by observ-
ing reaction (1) under the following cut conditions: (i)
K" was detected in the forward spectrometer, (ii) a
proton and a 7~ were detected in the TPC, and (iii)
a A(1116) was identified on the basis of the invariant
mass of pr~. In Fig.1(a), a bump corresponding to
$0(1385) can be seen. Owing to isospin conservation,
A(1405) does not decay into Ar’, hence the yield of
30(1385) can be estimated from its decay branching
ratios. The spectrum of A(1405) was obtained by ob-
serving reaction (2) under the following cut conditions:
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Fig. 1. Missing mass spectrum of vp — KX : (a) Selection
cuts (i), (ii), and (iii) were applied. (b) Selection cuts
(iv), (v), and (vi) were applied.

(iv) KT was detected in the forward spectrometer, (v)
a 7t and a 7~ were detected in the TPC, and (vi) a
neutron was identified on the basis of the missing mass
of yp — KT 7~ X . The bump around 1.4 GeV in Fig.
1(b) corresponds to A(1405). Since ¥°(1385) can decay
into X7, the contribution of the contamination should
be subtracted from the spectrum in order to estimate
the yield of A(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 yp — K+%°(1385) and vp — KT A(1405) will be de-
termined, and the E+y dependence of the cross sections
and line shape of A(1405) will be investigated. In this
study, photon beam asymmetries were also measured
for yp — K+t%°(1385) and vp — KT A(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.

References

1) J. C. Nacher, E. Oset, H. Toki, and A, Ramos: Phys.
Lett. B 455, 55 (1999).

2) D. Jido, J. A. Oller, E. Oset, A. Ramos, and U.-G.
Meissner: Nucl. Phys. A 755, 669 (2005).

3) M. Niiyama et al.: Phys. Rev. C 78, 035202(2008).



RIKEN Accel. Prog. Rep. 43 (2010)

E906 Drell-Yan experiment at Fermilab

Y. Goto, Y. Fukao, K. Imai,*! Y. Miyachi,*? S. Miyasaka,*? S. Mizugashira,*® T. Nagae,*! K. Nakano, S.
Sawada,** T.-A. Shibata,*® A. Taketani, and M. Togawa for the Fermilab E906/SeaQuest Collaboration

Flavor symmetry violation of antiquark distributions
was first observed by the New Muon Collaboration in
muon deep inelastic scattering (DIS) experiments.!)
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 proton-
deuterium Drell-Yan yields can be expressed as

_ 1 {1+ d(wz)]’

o 2 I_L(IQ)

Opd
20pp

T1>T2

assuming that x1 > x9 and the uwu annihilation term
is dominant; z; and x5 are the momentum fractions
of a quark or an antiquark in the beam proton and
target proton, respectively. The Fermilab E866 exper-
iment determined the z-dependence of the d/u ratio
in this way,? 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 % by more than
60%, but this excess disappears and the antiquark dis-
tributions appear to be symmetric at high x values.
The ratio of d to @ quarks determines whether there
is competition between perturbative QCD gluon dis-
sociation and non-perturbative contributions. Calcu-
lations have shown that perturbative processes create
flavor-symmetric antiquark distributions, while non-
perturbative approaches such as the use of meson cloud
models, chiral perturbation theory, or instantons can
explain a large asymmetry, but not the return to sym-
metric distributions seen as x — 0.3. None of the
models predicts an excess of % over d, as shown by
the CTEQ6 global parton distribution fit®) in Fig.1.
Many of these models relate the flavor asymmetry to
the intrinsic spin carried by the antiquark. The Fermi-
lab E906 experiment will use a 120 GeV proton beam
extracted from the Fermilab Main Injector to study
flavor symmetry violation at high values of z > 0.45.
The E906 experiment will also measure the Drell-
Yan 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 un-
derstanding 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 modifica-
tions 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

*1 Kyoto University

*2 Yamagata University
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effect first discovered by the European Muon Collabo-
ration from muon DIS experiments in 1983.%) 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.?) 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. )
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Fig. 1. The ratio d/@ as determined in the E866 (blue
squares) and NA51 (pink triangle) experiments. The
central curve in the band shows the d/@ ratio and un-
certainty in the CTEQG6 fit, which includes the E866
data. The red circles represent the expected statistical
uncertainties in the E906 data. The expected system-
atic uncertainty is approximately 1%.
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A proposal to study medium mass modification of ¢-mesons using
¢-meson bound state in nucleus’

H. Ohnishi*! and K. Tsukada*!

[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/c?. On
the other hand, the mass of bear quark, i.e. "Up” and
"Down” quark is known to be a few MeV/c2. There-
fore, 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 (gg) in vacuum. This quark-antiquark con-
densate (gq) is the major contributor to the mass of
low-lying hadrons such as protons, neutrons and pions.
In the theoretical framework, the quark-antiquark con-
densate (gg) (chiral order parameter) is a function of
temperature and chemical potential (density).

In this study we focus on the ¢-mesons in a nucleus.
According to an experimental study of the invariant
mass spectra of ¢-mesons in the pA reaction, the ¢-
meson mass shift in medium heavy nuclei (Cu) is ap-
proximately about 3.4% and the natural width broad-
ening of 1"¢/F¢fmeis ~ 3.6Y. We are attending to un-
derstand the meaning of the mass reduction of 3.4%
(= 35 MeV/c?) observed for the ¢-mesons in a nu-
cleus. A possible clue can be obtained from the kaon
sin nucleus. Reference® 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 ¢-mesons in a nucleus is directly
related to the possible existence of an attractive po-
tential between the ¢ 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
¢-meson properties in nuclear media, by studying for-
mation of a ¢-meson bound state. The most inter-
esting ¢-meson formation channel that could be ideal
for the formation of a ¢-meson bound state is the
D+ p — ¢+ ¢ channel. One striking outcome of this
reaction is the rather large ¢¢ 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 pro-
cesses, pKTK~ and KTK~K+*K~, are considerably

T Condensed from the experimental proposal submitted to J-
PARC (P29)
*1 RIKEN Nishina Center
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smaller than those of the double ¢ production chan-
nel when the incident p momentum is selected below
1.4 GeV/c®. Another unique feature of this reaction
is that all the particles we observe, including those
emitted in the forward ¢ — K+ K~ decay, are labeled
with strangeness so that they be clearly distinguish
from the particles formed in other processes. This en-
sures that the process is free process of any acciden-
tal background. In addition to strangeness tagging by
forward-going kaons, the background can be consider-
ably reduced in missing-mass spectra by using a com-
bination of (P, ¢) spectroscopy together measurements
and KA 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 de-
duce the mass-shift information. A systematic study of
several nuclear targets will help in the unique, defini-
tive, and precise determination of the in-medium mass
modification of the vector meson ¢(ss). Despite of the
low cross section of the p(p, ¢)¢ reaction, we can ex-
pect an excellent ground-state-formation rate of 240
per month when using a p beam with an intensity of
2 x 108 particles per spill on a carbon target. The con-
ceptual design for the spectrometer be used in (7, ¢)
spectroscopy is shown in Figure 1.

Main spectrometer

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 cur-
rently underway.
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Simulation study for the multiplicity Measurement in the
Proton-Proton Collisions at the LHCT

S. Sano,*! H. Hamagaki,** T. Gunji,*! C. Garabatos? M. Ivanov? and J. Wiechula?

[Multiplicity, Color Glass Condensate (CGC), LHC]

Parton density grows rapidly with decrease of frac-
tional 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)'?).
An investigation of gluon saturation is important to de-
cide the initial condition for high-energy heavy-ion col-
lisions. CGC effects may be seen even at mid-rapidity
through the measurement of pseudo-rapidity distribu-
tion of charged particles dN/dn in \/syny = 10 TeV
p + p collisions and /syn = 5.5 TeV Pb+Pb colli-
sions at LHC?®). This report describes the status of a
preparation for the measurement of dN/dn.

Simulation study for dN/dn was done, and the cor-
rection factor was evaluated. dN/dn can be measured
using the ALICE Time Projection Chamber (TPC),
which is the main detector for tracking in the central
barrel?. AliRoot, the ALICE software package, can
provide event generation, simulation of the detector re-
sponse, 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 effi-
ciency can be evaluated from the comparison between
generated particles (MC particles) and ESD tracks us-
ing labels. PYTHIA 6 event generator was adopted,
and 277,500 events of minimum-bias p+ p collisions at
Vs =10 TeV were used.

The detection efficiency is assumed to depend on
pseudo-rapidity, and transverse momentum. There-
fore, dN/dn is calculated as

dN pr2 dN
= = cn' — d

XC;Tcut(nl) (1)

where the integration is executed for the available re-
gion of pr. C(n/,pr) is the correction factor obtained

as C(napT) = % Nacc(napT) and Ngen(napT)
are the numbers of charged particles accepted and gen-
erated, respectively. C) ... (1) is the correction fac-
tor due to the pr cutoff. In this analysis, particles of
pr < 0.3 GeV are cut.

Figure 1 shows the projections of 1/C(n, pr) to n and
pr, which corresponds to the reconstruction efficiency

of the TPC for charged particles, where any feed-down
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Fig. 1. The reconstruction efficiencies for charged particles
as a function of 7 and pr. These are the projections of
1/C(n,pr) to n and pr.
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Fig. 2. Comparison of dN/dn 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/dn between
MC prediction (lines) and this analysis with the cor-
rection 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 par-
ticles to ESD plots (circles) of Fig. 2 is about 82+2%
at |n| < 0.5.
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Nuclear Force from String Theory'

K. Hashimoto,*! T. Sakai,*? 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 ITA 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 instan-
tons 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 po-
tential 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 paper?).

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 es-
sentially 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 na-
ture of nuclear and hadron physics.

Recent rapid progress in applying gauge/string du-
ality to QCD, holographic QCD, is really surpris-
ing. Now it has been made possible to compute var-
ious observables in hadron physics such as spectra
of mesons/baryons/glueballs and interactions among
them. Although most of the works rely on the su-
pergravity approximation that works for large N, and
large 't Hooft coupling A, it turned out that the holo-
graphic 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 paper?, we computed

T Condensed from the article in Prog. Theor. Phys. 122, 427
(2009)
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nucleon-nucleon-meson couplings, by using the holo-
graphic QCD based on a D4-D8 brane configuration
in type ITA string theory, which incorporates chiral
quark dynamics. This amounts in principle to com-
puting 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 two-
nucleon 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,

2 2 N, 1
Vol =7 (5 + Ut 5 L
8T N, 1

V() = gfffélfmﬁ : (2)
This is, first of all, repulsive, and second, has 1/r2
dependence. The r-dependence is peculiar to the four-
dimensional space, not the three-dimensional harmonic
potential. The appearance of the 1/r? 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 fol-
lows. 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 w meson as the lightest vector me-
son!), and so, our computation shows that the repul-
sive force is partly due to the w meson exchange. Not
only the w meson but also the whole massive mesons
participate in the nuclear force, and resultantly, the
nucleon-nucleon potential becomes 1/72.

It would be very interesting if our results can be
consistently compared with lattice results or empiri-
cally known potentials used in “ab-initio” calculations
of nuclear spectra.
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Quark fragmentation functions in the NJL-jet modelf

W. Bentz,*! T. Ito,*! I. C. Cloét,*? A. W. Thomas,*® and K. Yazaki**

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 model®).

The spin-independent fragmentation function for the
process ¢ — h is defined by

z dw™ ip w2 -
Dy = 35 [ e Y,
x (p(h), pu|1(0)|0) v (0|4 (w ™) [p(R), Pn)-

The field operators refer to a quark of flavour ¢, the
symbol p(h) refers to a hadron h with momentum p,
and p,, labels the spectator state. The light-cone com-
ponents of a 4-vector a* are defined by a* = as =
(a® 4+ a®)/+/2. From this definition one can derive the
expression

1 (k(0) a} (p)an (p) k(@)
Dj)dz = g [ ', 2 k@)

where the creation and annihilation operators refer to
the hadron h, k(«) labels a quark state of flavour ¢ with
momentum k and spin-color «, and p_ = zk_ for some
fixed k_ > 0. The above result can be interpreted as
the light-cone momentum distribution of the hadron h
in the quark gq.

The momentum and isospin sum rules obtained from
the above formula are

1 1
Z/ dzzDZ(z):l, Z/ dzthDg(z):tq.
h 70 n 70

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 (t,) 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

' Condensed from an article by T. Ito, W. Bentz, 1.C. Cloét,
A.W. Thomas and K. Yazaki, Phys. Rev. D 80 (2009)
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rules, it is necessary to take into account the possibil-
ity 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 Feynman?). 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 func-
tions. Because only in the limit N — oo it becomes
possible to transfer 100% of the initial quark momen-
tum and isospin to the mesons, we take this limit in
the final results. The details of this product ansatz can
be found in Ref.D.

In the numerical calculations we take into account
the fragmentation to pions only. The results for the
“favored” fragmentation process u — 7T are shown in
Fig. 1. This figure demonstrates the tremendous en-
hancement of the fragmentation function arising from
the cascade-type multi-fragmentation processes. In or-
der to improve the agreement with the empirical frag-
mentation function, one should perform the Q2 evolu-
tion in next-to-leading order, and include the effects of
fragmentation processes to other hadrons, mainly the
nucleons, antinucleons and kaons.

1ok == - N.T‘L—clcmcntary" 4
o e NJL-jet (Q3 = 0.18 GeV?)
10 1 N NJL-jet (Q? = 4GeV?)

N = = = = Empirical (Q* = 4GeV?)

Fig. 1. Fragmentation function zDZ[+ (). 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 evo-
lution to Q% = 4 GeV?, and the dashed line is the em-
pirical NLO result of Ref.?’)7 evolved to Q% = 4 GeV?.
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Nucleon structure functions in 2+1-flavor dynamical DWF QCDJr

S. Ohta,*'*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 nucleon. The
RHIC Spin experiments®, 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 unpo-
larized or longtudinaly polarized ones.

RIKEN-BNL-Columbia (RBC) collaboration worked
on numerical lattice-QCD theoretical calculations of

moments of these structure functions®%, as well as
nucleon elastic form factors®®. More recently the
UKQCD collaboration joined the effort: Based on

our realistic 2+1-flavor dynamical domain-wall quark
lattice-QCD numerical ensembles®), we reported an
unexpectedly huge finite-size effect on axialvector-
current form factors of nucleon”®. It appears a lattice
spatial volume larger than (~ 7 xm_1)3, or (~ 10fm)?
at the physics point, would be necessary to accurately
calculating these form factors to within 1% accuracy,
in contrast the volumes of (~ 4 x m_1)3, or (~ 3fm)3
at unphysical m, ~ 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 inelas-
tic processes, in contrast to the elastic form factors.
During the past year the RBC and UKQCD collab-
orations tested if our present volumes are sufficient
by comparing the calculations on two volumes, the
smaller (~ 1.8fm)? and the larger (~ 2.7fm)3, of the
lowest moments, the isovector quark momentum fraca-
tion, (x)y—g, the first moment of the unpolarized struc-
ture function, and the isovector quark helicity fraction,
() Au—nd, the first moment of the polarized?).

The ratio, (2)y—a/{Z)Au—nd, 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 isovec-
tor axial and vector charges, ga/gy, which deviates
away from experiment because of the huge finite-size
effect™® that becomes severe in the region where a pa-
rameter m, L, the product of pion mass m, and lattice
Inear 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 frac-
tions, plotted against pion mass squared, m2, in GeV?:
x’s denote results from larger (2.7fm)® volume, +’s
from the smaller (1.8fm)3, and O the experiment.

trending toward experiments at low quark mass. These
results suggest low moments of nucleon structure func-
tions in general can be calculated on a relatively small
lattice volume, as small as (~ 3 x m71)3, or (~ 5fm)?
at the physical pion mass, in contrast to axialvector
form factors that require much larger volume”®).
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vided the facilities essential for this work.
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A first principles calculation of proton decay matrix elements

Y. Aoki*! [RBC and UKQCD collaborations]

[Lattice QCD, grand unified theories]

Proton decay, once observed, is a smoking gun ev-
idence 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 life-
time, excluding GUT models which allow protons de-
cay more frequently. Hadronic matrix elements, espe-
cially the relevant form factor Wy of the proton decay
are essential ingredients in estimating lifetime of pro-
ton. Lattice QCD provides the most reliable estimate
for such low energy hadronic quantities.

A partial decay width, e. g. for p — 7% + e, reads

I'(p—m+eh) |C - Woh(p — 7r0)|2,

where C depends mass spectrum of underlying (SUSY)
GUT theory (X boson mass, sfermion masses ---).
Wo(p — meson is the relevant form factor of the pro-
ton to meson transition with a certain three-quark
baryon number violating operator. The partial life-
time is given by 7 = 1/T.

The form factor Wy of one body decay (p — meson),
which are process and operator dependent, can be di-
rectly 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 ap-
proximation through chiral perturbation theory reduc-
tion, where two low-energy constants need to be calcu-
lated 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 attempt! to calculate the matrix ele-
ments, 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 per-
formed 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 en-
ergy constants from the finite lattice spacing is neg-
ligible, and 2) those from the quenching appeared to
be small by comparing quench (dynamical number of
flavor ny = 0) and ny = 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 system-
atic error compared to the perturbative renormaliza-
tion scheme employed in all lattice calculations per-
formed by then. An important outcome of this pilot

*1  RIKEN-BNL Research Center

study is that the indirect approximation always un-
derestimates the magnitude of the matrix elements,
thus, is unjustifiably generous for any (SUSY) GUTs.
Although the indirect method is good to an order-of-
magnitude precision, the more demanding, direct cal-
culation must be performed for more accuracy.

We now can perform a first principles calculation
of the proton decay form factors, using the ny = 3
domain-wall fermion simulation to take into account
all the light sea quark effects. As the pilot study indi-
cate, 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
a and 3%. They appeared to be consistent with the
ny = 0 and 2. We are now calculating the all possible
p — pseudoscalar meson form factors. The prelimi-
nary result is given in Fig. 1.
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—<Tt0|(ud)RuL[p> —_— ——
<TE0|(ud)LuL|p> ———H
<K0|(us)RuL|p> —
< +|(us)L14L|p> —— o
=<K |(us),d,|p> KH— < indirect
<K'|(us),d,|p>|  +—oon
—<K|(ud) s, Ip> ——— —0—
<K:|(ud)L.\'L|p> —— 00—
—<K+|(d.v)RuL|p> —o— o
—-<K |(ds)LuL|p> —— —0—i
N(ud)gu, lp>|  o—e—i
<N(ud),u,lp> ————0—i
" 1 " 1 " 1 "
0 0.05 0.1 0.15 0.2
W, [GeV’]

Fig. 1. Preliminary result of relevant form factors Wy of
the proton decay matrix elements in the full dynamical
domain-wall quark calculation. Operators have been
matched to MS, NDR at u = 2 GeV, using NPR.

For the current precision the results are consistent
with the quenched ones?. 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 phenomeno-
logical estimates, which had been used for the conser-
vative 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 QEDT

T. Izubuchi*!'*2 and T. Ishikawa,*?*3 for RBC

Lattice QCD4+QED determination of the most ba-
sic parameter, the masses of up, down, and strange
quarks, is presented. @ We take into account the
isopin (and SU(3)r) breaking effect due to differ-
ent masses and electric charges among up,down and
strange quarks based on dynamical lattice QCD simu-
lation including electromagnetic (QED) effects, which
are needed for accurate hadron mass analysis. This is
the the world first determination of quark masses di-
rectly addressing the two sources of isospin breaking
using lattice chiral quarks with Np = 2 4+ 1 dynamical
quark effects.

We perform the lattice QCD with photon coupled
to electromagnetic (EM) charge of quarks following
the pioneering work!. The photon field, Aep . (z), 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 collaborations? using the domain-
wall fermions (DWF) as lattice quarks. The detail set-
tings 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 propaga-
tors of positive (+e) and negative QED charges (—e)
is very useful to reduce the statistical noise®) since its
O(e) contribution to the noise is explicitly cancelled in
the average keeping the physical signal, which is O(e?).

We fit the psuedosclar mass Mpg(m1, g1, ms, g3;my),
made of quark pairs ¢ (z) and ¥s3(x), each pair of
whose charge and mass is (m;,¢;) with ¢ = 1,3 using
both of SU(3) + v chiral perturbation theory (ChPT)
and SU(2) + Kaon +~ 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
7+ (139.57018(35) MeV), K+ (493.677(13) MeV), and
K" (497.614(24) MeV) treating the three quark masses
Mup, Mdown, Mstrange a5 Unknown variables, The pre-
liminary resultsare shown in Table 1. The disconnected
quark loops, needed for 7°, is not calculated in our sim-
ulation, so we refrain from using 7° mass in this work.

We will reduce the discretization error using finer
lattice ensemble, and the chiral extrapolation error us-
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Fig. 1. log(w) for several QCD vacuum.

Fity |4 Mcut Mup Mdown Mstrange
SU(3), (2.7 fm)°? 40 | 2.76(26) 4.80(46)  95(9)
SU(3), (2.7 fm)? 70 | 2.55(23) 4.78(46)  95(9)
SU(3), (1.8 fm)? 70 | 2.93(19) 4.85(20)  95(5)
SU()0mees, (2.7 fm)® | 40 | 2.52(24) 4.74(45)  95(9)
SU(2) (2.7 fm)? 70 | 2.24(16) 4.62(24)  101(5)

Table 1. Preliminary determinations of quark masses in
MeV in MS(NDR) at 4 = 2 GeV using SU(3) ChPT+~
fit. Errors are only statistical. The last two rows are
the fit results with an alternative treatment for resid-
ual 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 ef-
fects. 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(myg, ms, )/ det D(myq, 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 re-
sults for the mass difference between Nucleon and Pro-
ton, 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*! and N.

Yoshinaga*!

[QCD, phase transition]

In hadron physics, the study of quantum chromo-
dynamics (QCD) at finite temperatures and nonzero
baryon densities is fascinating. Therefore, experimen-
tal studies on heavy ion collisions have been actively
performed.

At zero temperature, for high isospin chemical po-
tential p; > m, /2, pion condensation occurs. This
is also predicted by chiral perturbation theories?) and
has been observed in lattice QCD simulations®. The
extension of two-flavor analyses to the three-flavor case
indicates that kaon condensation occurs in the region
of high strangeness chemical potential pug > mg>%.
The kaon condensation is also expected to occur in
high density nuclear matter such as neutron stars®.

In a previous study, we constructed a three-flavor
random matrix model with nonzero quark chemical
potentials at a finite temperature®). We found that
QCD phase structure in the three-flavor random ma-
trix model qualitatively agrees with that in chiral per-
turbation theory®) and the three-flavor Nambu-Jona-
Lasinio (NJL) model?) 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 po-
tentials using the three-flavor random matrix model.
In the case of zero baryon number chemical potential
(up = 0), our model qualitatively agrees with QCD
phase diagrams of the three-flavor NJL model®.

A phase diagram in the (pp, T) plane for light quark
masses m, and mg with m, = mg = 0.01 and the
s quark mass ms = 0.25 at finite isospin and finite
strangeness chemical potentials is shown in Fig.1. Be-
low the threshold values of pion and kaon condensa-
tion, the nonzero p; breaks the flavor symmetry for
the light quarks and separates out the lines of first-
order phase transitions which coincide with each other
for u and d quarks for p; = 0. This observation agrees
with the two-flavor random matrix model”. Regarding
the phase transition for s quarks, the line of first-order
phase transition is in the regime of large baryon num-
ber chemical potential even if ug = 0. The nonzero
value of ug 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 up, pr, and pg are nonzero,
such as the interior of neutron stars or relativistic

T Condensed from the article in Phys. Rev. D 85, 017501
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heavy ion collisions. An increase in pj results in the
critical end point for u quarks being shifted toward
smaller values of pup, as described for the two-flavor
random matrix model”). Consequently, reaching the
critical end point for w quarks might become easier
through relativistic heavy ion collision experiments.
Similarly, an increase in pg results in the critical end
point for s quarks being shifted toward larger values of
wp. 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.

References

1) D.T. Son and M.A. Stephanov: Phys. Rev. Lett. 86,
592 (2001).

2) J.B. Kogut and D.K. Sinclair: Phys. Rev. D 66, 014508
(2002).

3) J.B. Kogut and D. Toublan: Phys. Rev. D 64, 034007
(2001).

4) A. Barducci, R. Casalbuoni, G. Pettini, and L. Ravagli:
Phys. Rev. D 71, 016011 (2005).

5) N.K. Glendenning and J. Schaffner-Bielich: Phys. Rev.
Lett. 81, 4564 (1998).

6) R. Arai and N. Yoshinaga: Phys. Rev. D 78, 094014
(2008).

7) B. Klein, D. Toublan, and J.J.M. Verbaarschot: Phys.
Rev. D 68, 014009 (2003).

L 14, G=0.1 |
UsG=0.1
TG 0.5+ E
L Oy A
) . i .
8.8 1.6 2 2.4

ugG

Fig. 1. Phase diagram in the (up,T) plane with m, =
mg = 0.01 and ms = 0.25 for uy = pus = 0.1. The
solid lines indicate lines of first-order phase transition
for each flavor. The dotted lines indicate lines of first-
order phase transition for ur = pus = 0. oy, o4, and
os 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*!

[QCD, AdS/CFT correspondence, Quarkonium, Quark-Gluon Plasmal]

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 dis-
tance r and over a time t — oo. The expectation
value (WW(C)) could also be calculated as a function
of Euclidean time 7 but then requires analytic con-
tinuation, 7 — it, before the limit ¢ — oo is taken').
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 ob-
tained directly from the Fourier transform of the phys-
ical “11” component of the resummed propagator for
static gluons in the real-time (Schwinger-Keldysh) for-
malism of thermal field theory?. Due to Landau
damping of the exchanged gluon the resulting poten-
tial exhibits an imaginary part: for r7 < 1, in the
leading-logarithmic approximation it is proportional to
Im V ~ —a2CrN.T(rT)?log (rT)~!. This translates
into a width of the T state which is on the order of tens
of MeV (at T' = 300 MeV) and may lead to significant
suppression of the T — £/~ process in heavy-ion col-
lisions at RHIC and LHC®. We emphasize that this is
not due to Debye screening of the real part of V(r,T)
which indeed is weak at T < 1.

The expectation value of W(C) can also be cal-
culated for N' = 4 SYM at large t'Hooft coupling,
A = ¢2N. > 1, which at N. — oo admits a weakly
coupled dual gravity description on AdSsxSs. The
conformal A' = 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(N,) in the CFT is dual to a classical string in
the bulk hanging down from a probe brane®). The con-
figuration which minimizes the action of a static QQ
pair is a U-shaped curve that connects the string end-
points at the boundary and has a minimum at some U,
in AdSs. At finite temperature, the dual description of
the gauge theory involves a near-extremal black brane
in the bulk. The horizon is located at U, = wR?T,
where R denotes the radius of AdSs.

In the gravity description the imaginary part of
the static potential is due to fluctuations about
the extremal solution U.(x)®. When the bottom
of the string is sufficiently close to the horizon,
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classical worldsheet fluctuations 6U(x) can gener-
ate an imaginary contribution to the action Sxg ~
[dz\/U'?+V(U) when both U./? and V(U.) are
small; i.e. near the bottom of the extremal string. This
gives?)

4
a3t
24V2 ¢
where ¢ = U, /U, < 1. At small LT it follows from
the zero-temperature solution® that LT = b( with
b=2I'(3/4)/\/7T(1/4).

The imaginary part of the potential shifts the Bohr
energy level obtained from the Coulomb-like vacuum
potential, Ey — Ey — iI". For the ground state of the
~ v/A/r potential, this shift amounts to

4
Too = A b l45 (“OT) - 2] : (3)
48v/2 ao b

where ag = T'(1/4)*/27%V/Amg is the Bohr radius.
The width decreases with the quark mass and with the
t” Hooft coupling, approximately as I'gg ~ 1/A m%; it
increases rapidly with the temperature, ~ T%. For
mg = 4.7 GeV, T = 0.3 GeV, VA = 3 we obtain
'y ~ 48 MeV. This thermal width is small compared
to the binding energy of the T but large compared to
its electromagnetic decay width. Thus, a suppression
of T — £1¢~ decays in heavy-ion collisions is expected,

Im Voo = — o (¢-3711)@)

Raa(Y =00 ) me T <1, (4)

Here, T' denotes an average of the decay rate over the
life time ¢ of the high-temperature phase. The exper-
imental a