RIKEN

Accelerator
Progress Report

2008

vol. 42

BOOK & CD-ROM

IITITROEANIBEZIRRFR {“RLERRRAR T 5 —
RIKEN Nishina Center for Accelerator-Based Science




RIKEN Accelerator Progress Report 2 @ @

vol. 42

BOOK & CD-ROM

IITITROEANIB( LR (CRIDESAR 5 —
RIKEN Nishina Center for Accelerator-Based Science
Wako, Saitama, 351-0198 JAPAN



Chairperson of the Editorial Committee

H. En’yo

Editorial Committee

H. Okuno K. Yoneda

S. Nishimura K. Morimoto
A. Kohama M. Wada

T. Kubo H. Sato

Y. Kobayashi T. Tada

T. Kambara T. Abe

Y. Uwamino K. Yazaki

K. Ishida T. Ichihara
S. Michimasa

Y. Sakata Y. Iwata

All rights reserved. This report or any part thereof may not be reproduced in any
from (including photostatic or microfilm form) without written permission from the
publisher.

All reports are written on authors’ responsibility and thus the editors are not liable
for the contents of the report.



GRAVURES & HIGHLIGHTS OF THE YEAR

K' Morita et Cll. ................................................ 1
Decay properties of ***Bh and ***Db produced in the ***Cm + *Na
Reaction — Further confirmation of the *’*113 decay chain —

SLOWRI Collaboration (M. Wada et al. ) ==x===sssesmsrnrananananans vii
RF multipole devices play important roles in SLOWRI
experiments: Hyperfine spectroscopy of 'Be” and new type of ion
crystals in an RF octupole ion trap (PP. 18 and 230)

T. Ohnlshl et Cll. ............................................... Vlll

Discovery 20 new isotopes by in-flight fission of 345 MeV/u **U

T. Nakagaewa et al. ............................................ iX
Status of the RIKEN 28GHz Superconducting ECR ion source
S. Ishii, Y. Hayashi, H. Ryuto, N. Fukunishi, and T. Abe ==*===s=ssssurux- Xi

A new cultivar "Nishina Zaou" induced by heavy ion beam irradiation

T. Suda et Cll. ................................................. Xll
Demonstration of electron scattering using the SCRIT prototype

D' Ka_]l et al. .................................................. Xlll
Production and decay properties of ***Hs

A' Takamine et al' ............................................. XiV
Precision optical transition measurements for *'*!'Be” ions

D' Kameda et Cll. .............................................. XV

Observation of new neutron-rich short-lived isomers among fission
products of 345 MeV/nucleon **U

Y. Funaki, T. Yamada, H. Horiuchi, G. Ropke, P. Schuck and A. Tohsaki = ** Xvi

a-Particle Condensation in '°O Studied with a Full Four-Body
Orthogonality Condition Model Calculation

K. Hashimoto, T. Sakai, and S. Sugimoto ==*=*===s=sssrererenanananns xvii
Holographic Baryons : Static Properties and Form Factors from
Gauge/String Duality

R. Koyama et al' ............................................... XVlll

Nondestructive monitoring system of RF fields and
beam-phase/intensity for stable operation of RIBF

C. Toriietal. ===*"=sssssssssnnansnnsnsnnsnsnnnnsnnnnnnnnnnnns XX

A series of asexual mutants and partial deletion of the
Y-chromosome by heavy ion beam in Silene latifolia



((Selection process of gravures and highlights)

Gravures and highlights will be selected in two-steps process. In the first step, referee will
recommend manuscript for gravure or highlight. With the above recommendation, the editors

will then give secondary recommendation.

After the following 1 and 2 are comprehensively considered, the editor-in-chief will draft a

manuscript idea which will be thoroughly discussed by the editors for the final decision:

1. Approval based on the editor's judgement as an expert/non-expert in the field (thereby
agreeing with the referee's recommendation)

2. Additional recommendation based on the editor's expertise.



RIKEN Accel. Prog. Rep. 42 (2009)

Decay properties of 266Bh and 262Db produced in the 248Cm 4 23Na
reaction — Further confirmation of the 278113 decay chain —

K. Morita, K. Morimoto, D. Kaji, H. Haba, K. Ozeki, Y. Kudou, N. Sato,*"*? T. Sumita,*® A. Yoneda, T.
Ichikawa,** Y. Fujimori,*> S. Goto,*® E. Ideguchi, Y. Kasamatsu,*”*® K. Katori, Y. Komori,*® H. Koura,*” H.
Kudo,*'% K. Ooe,*? A. Ozawa,*!'! F. Tokanai,*® K. Tsukada,*” T. Yamaguchi,*'? and A. Yoshida

266Bh, 262Db, a-decay, spontaneous fission, gas-filled recoil ion separator, position-sensitive

focal plane detector

A nuclide, 2%6Bh, is the great-granddaughter of
278113 that is produced in the 2°°Bi + 7°Zn reac-
tion"?). Thus far, only five atoms have been assigned
to 266Bh by direct production®?% partly because of the
small production cross section and of the difficulty in
finding proper target/beam combinations. Most of the
heaviest odd-odd nuclei exhibit rather complicated de-
cay properties. Therefore, it is difficult to obtain a
clear assignment of heavy odd-odd nuclides such as
266Bh. In the present work, we performed an exper-
iment with the aim of obtaining an unambiguous as-
signment of 266Bh by a genetic link. The main purpose
of this work is to provide further confirmation of the
production and identification of the isotope 273113. For
this purpose, we used a gas-filled recoil ion separator
(GARIS) coupled to a position-sensitive focal plane de-
tector (PSD). 256Bh was produced for the first time in
the 248Cm + 23Na reaction.

The experiment was performed at the RIKEN Linear
Accelerator (RILAC) Facility. A schematic view of the
experimental setup is shown in Fig. 1. A photo picture
of GARIS is shown in Fig. 2

A 2%8Cmy03 target having a thickness of 350
pg/cm? was prepared by electrodeposition onto a ti-
tanium backing foil (0.91 mg/cm?). Six pieces of the
target were mounted on a rotating wheel having a di-
ameter of 10 cm. During irradiation, the wheel was
rotated at 1000 rpm.

A 23Na beam was extracted from RILAC. Beam en-
ergies of 126, 130 and 132 MeV were used. The cor-
responding beam energies at the middle of the target
were 121, 124 and 126 MeV respectively. The 23Na
beam had a pulsed structure. All the measurements
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were performed only in the beam OFF period. The
typical beam intensity was 1 particle-uA on average,
and it was 4.4 particle-yA in the beam ON period.

GARIS was used to collect evaporation residues
(ERs) and separate them from the beam particles and
other unwanted charged particles. GARIS was filled
with helium gas at a pressure of 33 Pa. The Bp of
GARIS was set at 2.07 Tm for beam energies of 132
and 130 MeV to maximize the yield of 26 Bh. At beam
energies of 126 MeV and a part of 132 MeV, Bp was
set at 2.19 Tm to reduce the counting rate of the focal
plane detector to one half.

ERs were transported to the focal plane of GARIS
where the PSD was set. The arrangement of the focal
plane detector is shown in Fig. 1.

An example of a singles spectrum is shown in Fig. 3.
The spectrum was obtained from one strip in one run
with a beam dose of 3.1 x 10'7. In the energy region
below 8 MeV, « lines from long-lived transfer products
are observed, while in the region from 8 to 12 MeV,
only one event that was assigned to an « decay of 266Bh
was detected.

The reduction in the number of transfer products
and target recoils at the focal plane, that is achieved
by using the physical pre-separator, GARIS and the
high spatial resolving power of the PSD, enables a low
background «a-SF correlation measurements. The a-SF
correlation measurement would be difficult to perform
using only the gas-jet technique.

Other experimental details are described in the orig-
inal paper. We performed offline analyses to search
for mother-daughter correlations, i.e. a-a and a-SF
events, based on the position in PSD, energy, and time
difference.

We have assigned total of 32 correlations to true
ones. Four of the events are a1-as-arg correlations, one
is an ap-ae-SF, nine are a1-as and eighteen are a-SF
correlations. The maximum correlation time was set
to 300 s.

A two-dimensional representation of the time- and
position-correlated events is shown in Fig. 4. The
horizontal and vertical axes represent the mother and
daughter energy, respectively. The lower and upper
panels (Figs. 4-a and 4-b) show the a-a and «a-SF
correlations, respectively.

The excitation energies of the compound nucleus,



271Bh, at the middle of the target were calculated to
be 44.4, 48.1 and 49.9 MeV for beam energies of 126,
130 and 132 MeV, respectively, by using a theoretical
mass for 27'Bh®). The energies were selected to maxi-
mize the 5n evaporation channel in the 24*Cm + 23Na
reaction. Because the ER cross sections of these asym-
metric reactions in the heaviest region exhibit a broad
peaks around the optimum energies that produce the
maximum yields, the isotope 26”Bh, which is a product
of the 4n evaporation channel of the reaction, could be
produced in considerable amounts, especially at lower
excitation energies. We focused on these two isotopes
in the analyses. The direct productions of 252Db and
263Db were not considered because of the reaction in
the sub-barrier energy region.

a-a correlations

In the correlations shown in Fig. 4-a, eight points
are plotted in Group C. The mother energies of these
events range from 8.40 to 8.74 MeV, and those of the
corresponding daughters range from 8.57 to 8.80 MeV.
We assigned these events to the 262Db — 25%Lr — de-
cay. The obtained T,y in this work agrees very well
with the adopted value®. It should be noted that the o
energies obtained in this work are approximately 40-60
keV higher than the adopted energies®. This is most
probably attributable to the summing of a-energy and
a conversion electron or v-ray energy, which is emitted
simultaneously with the a-decay in the cases of odd
and odd-odd nuclei”.

Because of a shift in energy and the limited energy
resolution caused by the summing effect, one event in
Group C could be assigned to the decay of 263Db —
259Lr — as well as that of 262Db — 2%%Lr —, referring
the reported half-life and a-decay energy of 263Db®)
and those of 2°9Lr? | respectively.

Three of the eight correlations in Group C are the
second part (ag-az) of the triple correlations (ay-co-
ag). All the preceding correlations (aj-ag) are in
Group A, as shown in Fig. 4-a, along with four addi-
tional ap-a correlations. Because of the genetic corre-
lation to the 262Db — 28Lr — decay, these three triple
correlation events in Group A are conclusively identi-
fied as the correlations of 266Bh — 262Db — 258Lr —
decays. The other four correlations are identified as
those of the 26Bh — 262Db — decay or the 266Bh
— (?%2Db — missing) 2®Lr — decay partly because
the daughter energies agree well with the adopted de-
cay energies of 262Db and 2°®Lr considering the above
mentioned summing effect. The mean time differences
between the a; and as decays of the seven correlations

in this group are calculated to be 34 %) s. The cor-

responding T/ is 24 Jj%‘l s. This value is attributable
to a mixture of the 26Bh — 262Db — and 2%°Bh —
(?92Db —) 2°8Lr — decays. Including this mixture ef-
fect, the value agrees well with the adopted half-lives
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of 262Db and 2°8Lr. The observed a-decay energies of
266Bh range from 9.05 to 9.23 MeV. The correlations
observed and assigned here agree well with those re-
ported by Wilk et al.?) and Qin et al.¥.

One «a;-ap correlation of the triple a correlation ex-
ists in Group B, as shown in Fig. 4-a. The correspond-
ing as-ag correlation exists in Group C, suggesting
that the correlations in Group B also correspond to
the decay 266Bh — 262Db — 258Lr —. The energies
of as and ag agree well with the reported values for
262Db and 2°8Lr mentioned above. The observed a en-
ergy of 256Bh assigned here is 8.83 MeV. Although the
value just coincides with the decay energy of 267Bh re-
ported by Wilk et al.?), because of the observed decay
characteristics, we assigned the correlated event to the
decay of 266Bh — 262Db — 2%8Lr —.

One additional correlation exists in Group B, as
shown in Fig. 4-a. This could be also assigned to the
decay of 266Bh — 262Db — 258Lr — because of the
similarity with the energies and decay times of the cor-
relation assigned above. However, based on the a;-as
correlation analysis, assignment to the decay of 267Bh
— (?%3Db —) ?®Lr — is also possible if the summing
effect is considered. Therefore, this correlation could
not be assigned conclusively.

a1-as of one aq-aip-SF triple correlation is classified
in a circle marked by D in Fig. 4-a. Here, the mother
and daughter energies and the time difference between
these decays, along with the followed SF decay, are
fully consistent with the decay of 26"Bh — 263Db —
2591 (SF)*?). We then assign this correlation to the
decay originating from 267Bh.

a-SF correlations

The three correlated events in Group E in Fig. 4-b
correspond to the oy energies of Group A (9.05-9.23
MeV). The corresponding half-life T /o deduced from
the three events agrees well with that of 262Db. There-
fore, we assign these correlated events to SF decays of
262Db fed by 9.05-9.23 MeV a-decays of 266Bh.

Eight correlations are observed in Group F in Fig. 4-
b. No a-decays are observed in the ay-ay correlations
in this energy range, as shown in Fig. 4-a. The ob-
served Ty is slightly longer than the reported Ty o
values of both 262Db and 2%3Db. Two a-decay events
having an energy of around 8.96 MeV were reported
by Qin et al.¥), and these are assigned to the decay
of 266Bh — 262Db —. However, their experimental
setup was not sensitive to the a-SF correlations. The
a-decays having an energy of around 8.96 MeV ob-
served in the present work fed a state in the daughter
that decays mainly by SF with T/, of 59 J_r:f?) s. This
a-decay could be tentatively assigned to the 266Bh —
262Db (SF) decay. However, the possibility of assign-
ment to the 267Bh — 263Db (SF) decay could not be
excluded. It should be noted that half the correlations
were observed at the lowest incident energy.



One correlation exists in Group G, as shown in
Fig. 4-b, along with the aj(-as)-SF correlation that
was assigned to the decay of 26"Bh — 263Db — 2%9Lr
— in the present study. The «; energy and the SF
decay time agree well with those of the correlation.
Then, it is natural to assign this correlation to the de-
cay of 267Bh — 263Db (SF) or 26"Bh — 263Db — 2°Lr
(SF). However, we have assigned one correlation hav-
ing almost the same a; energy to the decay of 266Bh
(Group B in Fig. 4-a), suggesting that the correlation
might still be assigned to the decay of 256Bh.

Three correlations exist in Group H in Fig. 4-b. The
deduced T/, of the SF decay is 44 f?g s. One decay
chain having a decay energy of 8.73 MeV was assigned
to the decay of 267Bh by Wilk et al.®). These corre-
lations can possibly be assigned to the decay of 267Bh
— 263Db (SF) or 26"Bh — (2%3Db —) 2°Lr (SF).

Two correlations exist in Group I in Fig. 4-b. The
a-decay energy of the mother is approximately 8.43
MeV. One of these correlations is the as-SF part of
the triple a-ao-SF correlation. We have assigned this
correlation to the decay of 26"Bh — 263Db — 2%9Lr
(SF). The other correlation could also be the decay of
263Dh — 259Lr (SF). We could tentatively assign these
correlations to the decay mentioned above although
the deduced SF half-life of 2°?Lr is slightly longer than
the adopted value.

Two correlations exist in Group J in Fig. 4-b. We
could not assign these correlations.

9.05-9.23 MeV « decay of 266Bh

An isotope of the 107th element, 266Bh, which de-
cays by a-emission with an energy ranging from 9.05
t0 9.23 MeV, was conclusively identified by the present
study. A state in the daughter nuclei 262Db, fed by
the a-decay, decays by a-emission and SF. In the ob-
served decay chains of the isotope of the 113th ele-
ment, 278113, studied by the RIKEN group?, one of
the great-granddaughters decayed by a-emission with
a decay energy of 9.08 MeV and decay time of 2.47 s,
followed by SF. The assignment was based on an ex-
perimental result of the work done by Wilk et al.®) that
reported one atom of 266Bh assigned by the sequential
a decays 202Db — 2°8Lr —. The present work pro-
vided further confirmation of the assignment of 26Bh
observed in a decay chain originating from 278113 by
demonstrating the observation of the same decay en-
ergy, as well as the observation of SF decays following
the relevant a-decay of 26Bh. A decay chain, which
is attributed to be the one originating from the iso-
tope 296Bh obtained in the present work is shown in
Fig. 5, together with the one from the isotope 278113
produced in the 29°Bi + "9Zn reaction.

Although a decay time analysis was performed in the
macro beam OFF period, because of the small counting
statistics, we could only state that the half-life is longer
than 1 s.
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I:l Gas-filled region

He gas inlet

inlll!!““

Differential pumping section

Z3Ma Primary beam
Beam stopper (Ta)

Beam monitor

Fig. 1. Schematic view of the experimental setup.

Fig. 2. Photo picture of GARIS.
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isotope 278113 produced in the 2°°Bi + "°Zn reaction.

_Vi_



RIKEN Accel. Prog. Rep. 42 (2009)

RF multipole devices play important roles in SLOWRI experiments:
Hyperfine spectroscopy of "Be* and new type of ion crystals in an RF octupole
ion trap (PP. 18 and 230)

SLOWRI Collaboration

Developments of a universal slow RI-beam facility
(SLOWRI) are in progress. At the prototype SLOWRI, g
radioactive Beryllium ions provided from the projectile
fragment separator RIPS at =1 GeV were decelerated by
an energy degrader and RF ion guide gas cell and
trapped in a linear RF quadrupole ion trap. They were
further cooled by laser radiation down to 1 peV. This
large kinetic energy reduction, a factor of 1013, allowed
for precision hyperfine structure spectroscopy (Fig. 1). . .

In this experiment, one of the key devices is an RF Fig. 2. Carbon-OPIG. Transverse DC electric
octupole ion beam guide made of carbon fiber reinforced field due to resistive rods transports ions even in 1

. . . . mbar pressure region.
plastic (Carbon-OPIG) (Fig. 2). This device transports
slow ions extracted from an RF-carpet towards an ion
trap through five differential pumping sections, from 1
mbar to 10 mbar.
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Fig. 3. Linear RF octupole ion trap. High order
multipole field produces large quasi-field free
region in the middle of the trap.
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Fig. 1. Laser cooling spectrum (a) and
microwave resonance spectrum (b) of 7Be*.

Fig. 4. Observed ion crystal images in the trap.
Different type of crystals were formed
depending on the trap conditions. A small
potential hill at the center of the trap due to
field penetration from the axial trapping

large number of ions were observed for the first time. potential produced 1arge concentric shell

structures.

A linear RF octupole ion trap (Fig. 3) was also tested
off-line with Ca™" ions at Sophia university. Due to the
unique pseudo potential form in the octupole trap, ion
Coulomb crystals with large concentric shells containing
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Discovery of 20 new isotopes by in-flight fission of 345MeV/u 238U

T. Ohnishi, N. Inabe, T. Kubo, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda, H. Takeda, D. Kameda, K. Tanaka,
Y. Yanagisawa, H. Watanabe, H. Otsu, Y. Kondo, Y. Gono, H. Sakurai, T. Motobayashi, H. Baba, T. Ichihara, Y. Yamaguchi,
M.Takechi, S. Nishimura, H. Ueno, A. Yoshimi, T. Nakao, ' M. Matsushita, > K. Ieki,” N. Kobayashi,*3 K. Tanaka,” Y.
Kawada, > N. Tanaka,” S. Deguchi,*3 Y. Sato,” T. Nakamura,™ K. Yoshinaga,*4 C. Ishii,”™ H. Yoshii, * N. Uematsu, * Y.
Shiraki,* T. Sumikama, J. Chiba,™ E. Ideguchi,*5 T. Yamaguchi,*6 L. Hachimura,® T. Suzuki,® T. Moriguchi,*7 A. Ozawa,”
T. Ohtsubo, ® M. Famiano,” A. S. Nettleton, '’ B. M. Sherrill,”'’ S. Manikonda,”"" and J. A. Nolen™"!

A new-isotope-search experiment has been performed by
using the reaction of U (345MeV/u) +Be and Pb.
Almost 20 isotopes were newly identified owing to
significant improvement in the intensity and stability of the
primary **U beam after the last new-isotope-search in
2007.”

The **U beam accelerated up to 345 MeV/u by using
RILAC-RRC-fRC-IRC-SRC was irradiated onto production
targets and produced isotopes were collected and selected at
the first stage of the BigRIPS. New isotopes with a wide
range of A and Z were covered by three measurements with
the BigRIPS settings optimized for isotopes with Z=20~36
(G1), Z=37~46(G2) and Z=47~54(G3). For each group, the
target and Bp were determined by Monte-Carlo simulation
of LISE++.” The determined targets were Be 5.1 mm for
G1, Be 3.0 mm for G2 and Pb 0.95 mm for G3. For G3 a
0.3 mm Al stripper was also located after the target to
increase fully stripped isotopes. The Bp values are 7.902
Tm for G1, 7.931 Tm for G2, and 7.706 Tm for G3. Al
degraders (1.29 mm for G1, 2.18 mm for G2, 2.56 mm for
G3) were located at F1 to eliminate unwanted isotopes and
reduce the total trigger rate.

Particle identification (PID) was performed at the second
stage of the BigRIPS using PPACs at F3, F5 and F7, plastic
scintillators at F3 and F7 and an ion chamber at F7. To
confirm PID we also measured y-rays from known isomers
(”Kr for G1 and G2 and "°Sb for G3) using Ge detectors
located at F11 in the ZeroDegree spectrometer. For G3
only an Al degrader was inserted at F5 to cut hydrogen-like
ions produced in the degrader at the first stage.

Figure la~c shows preliminary result of A/Q vs. Z plots
for G1, G2 and G3. Three isotopes in G1(*'Cu, *Zn,
87Ga), 14 isotopes in G2(103Rb, 1063y, Mzr, "Nb, """ Mo,
IIQTC’ 121,122Ru, 123,124,125Rh’ 127,128Pd) and 3 isotopes in G3
(**Sn, "°Sb, '*I) can be clearly seen. Detailed analysis is
in progress.
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Status of the RIKEN 28GHz Superconducting ECR ion source

T. Nakagawa, Y. Higurashi, J. Ohnishi, H. Okuno, K. Kusaka, M. Kidera, E. Ikezawa, M. Fujimaki, Y. Sato, Y. Watanabe,
M. Komiyama, M. Kase, A. Goto, O. Kamigaito, and Y. Yano

Since the middle of the 1990s, RIKEN has been
constructing a new accelerator facility called the Radio
Isotope Beam Factory (RIBF)" and a 345MeV/u U beam
was successfully produced in 2007. However, to meet
the requirements of the RIBF project (primary beam
intensity of 1 ppA on target), we still need to increase the
beam intensity of heavy ions. For this reason, we began
construction of a new superconducting ECR ion source
(SC-ECRIS) with an operational frequency of 28 GHz in
2007.

Before designing the ECRIS, we intensively studied
effects of the key components of ECRIS (magnetic field,
RF power, etc,) on plasma conditions and beam intensity.
In the 1990s, it was found that a high mirror ratio of
magnetic field gives the increase of beam intensity for
higher charge states of heavy ion (High B mode
operation).”  This is mainly due to a strong confinement
of plasma. Since we observed in 2001 that the minimum
strength of mirror magnetic field (B,,;,) strongly affects the
beam intensity,” we have systematically studied this effect.
In this study, we observed that an optimum B ,in ((Bmin)opt)
exists for maximizing the beam intensity and it is almost
constant (0.7~0.9B.,).” To investigate the mechanism,
we used the laser ablation technique to obtain important
plasma parameters (electron density, electron temperature
and ion confinement time)s) and observed that B,
strongly affects microwave absorption in the resonance
zone.” In order to investigate the plasma chamber size
effect on the beam intensity of highly charged heavy ions,
we compared the beam intensity produced from several
high performance ECRISs which have different chamber
size. In this comparison, we recognized that the chamber
diameter should be larger than 10 cm to produce an
intense beam of highly charged U ions.”

Based on these considerations, we designed the new
SC-ECRIS for the RIKEN RI beam factory project. To
produce intense beam of U*" ions, we will need to satisfy
the following conditions
1) Magnetic field configuration: Maximum mirror magnetic

filed strength on RF injection side (Bj, )>3.5 T, maximum
radial magnetic field strength (B,)> 2 T, maximum magnetic
field strength at beam extraction side(Bey)> 2 T, Bypin~0~1 T.

2) Plasma chamber size: Diameter > 10 cm,
3) Microwave : Frequency, 28 GHz, power >10 kW (1 kW/L)
4) Size of resonance zone: There is no clear evidence of an ECR

zone size effect on the beam intensity. If the size affects the
beam intensity, we can increase the beam intensity by
increasing size of the ECR zone. To clarify this effect, we
adopted a special coil arrangement.
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Fig. 1 a) Arrangement of the superconducting coil

assembly. b)Axial (Bz) and radial (By) magnetic field
strength

Figure 1a) shows the arrangement of the superconducting
coil assembly. The coils are composed of six solenoid coils
(SL1 ~ SL6) and one hexapole coil (HX). Figure 1b) shows
the axial and radial magnetic field. Magnetic field strength
was calculated by using the 3d-code “TOSCA”. The peak
fields on the RF injection side and beam extraction side are
3.8 T and 2 T, respectively. The minimum magnetic field
can be changed from 0 T to 1 T. Four solenoid coils (SL2~
SL5) work to produce a flat magnetic field in the central
region for increasing the size of the ECR surface. The
detailed structure and excitation test are described in Ref. 7.
Figure 2 shows the ECR zone size vs. By, Using this
arrangement, we can produce large surface of ECR zone
and change the surface size of the ECR zone without
changing the field gradient.

Figure 3 shows a schematic drawing of the SC-ECR ion
source. The inner diameter and length of the plasma
chamber are 15 and 50 cm, respectively. The plasma
chamber wall is made of Al to donate cold electrons to the



plasma and decrease plasma potential. It should be noted
that Al is very resistant to plasma etching. A biased
electrode is installed to obtain the same effect as that of the
Al chamber wall. All the surfaces in contact with the
plasma are water-cooled to minimizes the temperature
effects caused by plasma and microwave heating at high
microwave power.
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The expected total current from the ion source for

production of 15 ppA of U*** ion beam is higher than 10mA.

Under this condition, we have to supply a very high
extraction voltage (higher than 30 kV) to acheave good
emittance (unnormarized emittance of ~1507r mm * mrad )
for matching the acceptance of the RFQ linac. The ion

source will be equipped with a movable accel-decel
extraction system not only to improve extraction conditions,
but also to compensate for the space charge effect. After
extraction at the maximum voltage of 40 kV, the solenoid
coils are used to focus the beam. Design of the 90-degree
analyzing magnet is based on the LBL magnet®. The
vertical gap is 150 mm and bending radius is 510 mm.
These devices are installed on the high voltage terminal
(maximum terminal voltage; 100 kV). The U®* beam
(~130q keV) will be transported to the first acceleration
tank of Riken heavy ion linac through new beam line”.
By end of March, 2009, we will finish installing all devices
(SC-ECRIS, analyzing magnet etc,) on the high voltage
terminal and try to produce the first plasma with 18 GHz
microwaves.
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A new cultivar “Nishina Zaou” induced by heavy ion beam irradiation

S. Ishii*', Y. Hayashi, H. Ryuto** N. Fukunishi, and T. Abe

Prunus lannesiana ‘Gioiko’ is the only Japanese
ornamental cherry variety that has a double flower
with 10 to 12 petals. The color of flower changes from
pale green to light purple during blooming time.
Recently, heavy ion beams are recognized as an
effective mutagen for plant breeding. A broad
spectrum and a high frequency of mutation induction
by heavy ion beam have proved in the case of rose”).
Some new cultivars of ornamental flowers induced by
heavy ion treatment have been successfully developed
and released to the market. In this report we describe
the induction of a new cultivar of Japanese ornamental
cherry using heavy ion beam irradiation.

The scions (approximately 150mm in length) of
Gioiko were used for irradiation treatment. The doses
of carbon beam irradiation (‘’C%, 135MeV/u, LET
22.6keV/pm) were 10, 15 and 20Gy. The irradiated
scions were grafted on the rootstock (Prunus
lannesiana ‘Viridis’). Survival rate, a period from
grafting scions on the rootstock to the first bloom,
flower phenotypes (petal color, petal number and size
of flower) were observed.

The survival rate decreased according as the increase
of doses (Fig.1). At 20Gy irradiation, no plant
survived. A flower colour mutant was isolated at 10Gy
irradiation (Fig.2). The colour of mutant flower was
pale yellow at the beginning of blooming time and
then changed to yellowish pink. The color of the rims
of petals was whitish green. The flower diameter was
40-50mm, which was 1.5 times larger than that of the
original variety. The petal number was 7-8. The period
from grafting to the first bloom of mutant line was one
year but 3years in original variety (Fig.3). Reduction
of the period from grafting to the first bloom is useful
character for both breeding and commercialization of
the new cultivar. These characters of this mutant line

Fig. 2 Flower colour mutant.
a: Original flower (Gyoiko).
c: Nishina Zaou planted in RIKEN (Wako). The scion was
grafted in 2007, and the flower bloomed in April 2008.

*1 JFC Ishii Garden
*2 Photonics and Electronics Science and Engineering Center,
Kyoto University

were confirmed to be stable in the following season.
This new cultivar was named “Nishina Zaou” by Dr.
Noyori; the president of RIKEN in 2007. Nishina
Zaou was released to the market in Nov. 2008.
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Fig. 1 Effect of C-ion irradiation on survival rate
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Fig. 3 Effect of C-ion irradiation on the period from
grafting to the first bloom
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Demonstration of electron scattering using the SCRIT prototype

T. Suda, T. Emoto, K. Ishii', K. Kurita!, A. Kuwajima?, T. Tamae?, M. Wakasugi, and S. Wang

[SCRIT, elastic electron scattering, angular distribution]

We have continued SCRIT R&D studies at KSR this
year. We have newly installed a large plastic scintil-
lator for cosmic-ray rejection and an online luminosity
monitoring system'). In this report, some progress we
made this year are briefly presented.

Figure 1 shows electron energy spectra for the scat-
tering angle of 40°. Figure 1a) and b) show those ob-
tained the last year?) and this year, respectively. The
solid (dotted) line denotes the spectrum with (without)
the Cs ion injection. Clear difference between those
with and without Cs ions 80 < E, < 120 MeV are
due to the elastic scattering events from the trapped
Cs ions. The events above E, > 120 MeV have been
attributed to those due to cosmic rays. It is seen that
the cosmic ray events are well suppressed in Fig.1b),
which enables us to identify elastic events reliably.

Figure 2 shows the change of event rate of elastic
scattering in the 60-ms trapping time, equivalently the
time dependence of the luminosity. Since the electron
beam current, ~ 80 mA, and its cross section are both
almost constant, this figure shows the time dependence
of the number of the trapped Cs ions on the electron
beam. The line in the figure is a guide for the eye. One
can conclude that the number of the trapped Cs ions
decreases about 30 % during the trapping cycle.

Figure 3 denotes the angular distributions of the
measured elastic scattering events already presented
in Ref.?). The solid line in the figure represents a dis-
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Fig. 1. The energy spectra for scattered electrons at §=40°
measured in the previous measurementQ), a), and for
this year, b). The solid (dashed) line shows the spec-
trum with (without) the Cs ion.
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Fig. 2. Distribution of the elastic events as a function of
the trapping time. The line is a guide for the eye.
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Fig. 3. The angular distribution of the elastic events. See
the text for the lines.

torted wave calculation for elastic scattering off 33Cs.
The dashed (dotted, dot-dashed) line represents the
angular distribution of the elastic scattering for pro-
ton (carbon and oxygen), which are normalized to the
data at a scattering angle of 25°. They are considered
to be the main components of the residula gases in the
ring to focus on the difference in angular dependence
such as Hy and CO. The angular dependence clearly
shows that the measured events are those of elastically
scattered electrons from the trapped '33Cs3).
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Production and decay properties of 263Hsf

D. Kaji, K. Morimoto, N. Sato,*! H. Haba, T. Ichikawa, E. Ideguchi,*?> H. Koura,*? Y. Kudou,
A. Ozawa,** K. Ozeki, T. Sumita,*® T. Yamaguchi,*® A. Yoneda, A. Yoshida, and K. Morita

[263Hs, new isotope, hassium, GARIS}

A new neutron deficient hassium (Z=108) isotope
of 263Hs was identified via two different reactions of
206ph(%8Fe,n) and 2°8Ph(°%Fe,n) by using the gas-filled
recoil separator GARIS.

Projectiles of °®Fe and %6Fe with the charge state
13" were extracted from the 18-GHz ECR ion source
and accelerated by RILAC (RIKEN Linear Accel-
erator). Beams of %8Fe with 287.7 MeV and °CFe
with 280.4 MeV were extracted from RILAC. Abso-
lute accuracy of beam energy measurement was =+
0.3 MeV. The typical beam intensities on the target
were 4.5x10'2 s7! for 8Fe and 2.3x10'2 s~ for *°Fe.
The target was prepared by the vacuum evaporation
of metallic 2°°Pb and 2°®Pb on a 30 ug/cm? carbon
backing foil. The target thicknesses were 400 ug/cm?
for 296Pb (enrichment of 99.3%) and 440 ug/cm? for
208Ph (enrichment of 98.4%). A thin carbon protec-
tion layer of approximately 10 ug/cm? covered the tar-
get surface on the downstream side. Sixteen targets
were mounted on a ¢30 cm wheel, which rotated at
3000 rpm, to withstand the irradiation of high inten-
sity beams. The reaction products were separated in
flight from the beams by GARIS, and were guided into
a detector box installed at the focal plane of GARIS.
The separator was filled with helium gas at a pres-
sure of 86 Pa. The magnetic rigidity Bp was set to
2.05 Tm for 263Hs measurement, which was estimated
using empirical data.!) The evaporation residue (ER)
and its successive radioactive decays were measured by
a system of time-of-flight (TOF) detectors and a sili-
con position-sensitive detector (PSD) array? installed
at the focal plane of GARIS. Identification of the prod-
ucts was based on the genetic correlations of mother
and daughter nuclei. The singles counting rate of the
PSD at the typical beam intensity was approximately
5 c¢ps. The main components of the signals were due to
target recoils and scattered beam particles. The count-
ing rate of the decay signals (anti-coincidence with tim-
ing counters) was approximately 0.3 cps.

During 25-h irradiation of 2°6Pb with the *®Fe beam
and 46-h irradiation of 298Pb with the %Fe beam, 8

T Condensed from the article in J. Phys. Soc. Jap. 78, 035003
(2009)
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decay chains and 1 decay chain, respectively, were ob-
served. No spontaneous fission was detected in the
measurements followed directly after the ER implan-
tation in the PSD. The properties of decay events ob-
tained by irradiation of ®®Fe on 2°°Pb match well with
those by irradiation of *’Fe on 2°8Pb. All decay chains
were assigned to subsequent decays from 263Hs. The
decay data obtained in this work is summarized in Fig.
1. Three groups of a-decay energies for 263Hs are iden-
tified. The mean a-decay energies for the 3 groups are
10.82, 10.55, and 10.37 MeV, respectively. The half-life
of 263Hs is determined to be 0.607052 ms. In this ex-
periment, the total beam doses for 8Fe and 55Fe were
4.1x10'7 ions and 6.2x10'7 ions, respectively. The
production cross sections corresponding to the 8 de-
cay chains and 1 decay chain have been deduced to be
2172° pb and 1.67%% pb by assuming the transmission
of the system to be 80%.

The details of this experiment have described else-
where.?4)
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Fig. 1. Summary of decay chains observed in irradiation of
206ph and 2°%Pb targets with **Fe and *°Fe projectiles.
Measured energies, decay times, and branching ratio
are indicated in the figure.
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Precision optical transition measurements for "%1%11Bet ions

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

[neutron halo, charge radius, laser spectroscopy]

We have developed an online ion trap for precision
atomic spectroscopy where unstable Be ions are stored
for a long time and laser-cooled down to a very low
temperature’?). This is an ideal condition to per-
form double resonance spectroscopy to determine the
absolute optical transition energies to deduce the iso-
tope shifts of the optical transitions. From the iso-
tope shifts, we can systematically determine the nu-
clear charge radii of Be isotopes.

The finite mass and size of a nucleus influence the
electron binding energies of an atom. In the case of
light nuclei such as Be, the field shift due to the size
of a nucleus is as small as 10 MHz, whereas the opti-
cal transition energy is about 10° MHz and the mass
contribution is about 10> MHz. The determination of
charge radii requires not only theoretical calculations
for the mass shift and other effects, such as QED ef-
fects, with sufficiently high accuracies but also the rel-
ative accuracies of the measurements must be as high
as 1079,

To measure the optical transition energy, we used
the optical-optical double resonance (OODR) spec-
troscopy method®). In the cooling process, ions are
optically pumped between the states 2 25, s2(largest )
and 22P; /2 and strong laser-induced fluorescence is ob-
served. If the optical pumping is imperfect, some frac-
tion of the population remains in the other states. Un-
der such a condition, if we use a weak probe laser res-
onant to the 235 jo(smaller F)—22Py ), transition, a
part of the population in the smaller F' state is trans-
ferred to the larger F' state. Then, an increase in the
laser-induced fluorescence signal is observed. The cool-
ing probe lasers alternately irradiated the trapped ions,
using electro-optic modulators and polarizers to avoid
the power broadening and shift effects. In this way,
we can obtain a symmetric Lorentzian profile for the
2 251/2 -2 2P3/2 transition with a width close to the nat-
ural line width. The probe laser frequency was simulta-
neously measured by a clockwork optical femtosecond
frequency comb (Menlo Systems FC1500). Then we
can determine the absolute frequency of energy tran-
sitions with extremely high accuracy.

Typical OODR spectra are shown in Fig. 1 fit-
ted with Lorentzian profiles to determined the res-
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onance frequencies. Using the results compensated
from the hyperfine splittings constant and the Zeeman
splittings, the absolute transition frequencies in the
2 2.5'1/2 — 2 2P3/2 transition of 7*%11Bet were obtained
to be 957 347 372.2(1.6) MHz, 957 396 620.6(2.7) MHz
and 957 428 168.9(2.5) MHz respectively. Although
the same method is not applicable for the even-even
nucleus '°Be, we carefully measured the cooling tran-
sition at zero magnetic field and obtained a sharp sym-
metric spectrum (Fig. 1). From this spectrum, we de-
termined the Si/5 — Py/o transition energy of '*Be™
as 957 413 949.8(0.5) MHz. The uncertainties of these
values are mainly due to poor statistics.
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- 957346 000 MHz - 957 395000 MHz - 957 426 000 MHz -957 413 000 MHz

Fig. 1. OODR spectra of 225'1/2 — 22P3/2 transition for
79 11Bet and laser cooling spectrum for °Be™.

The experiment is still in progress to achieve more
accurate and reliable data. However, we preliminary
evaluate the charge radii of Be isotopes as shown in
Fig. 2.
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Fig. 2. Preliminary evaluated charge raii of Be isotopes.
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Observation of new neutron-rich short-lived isomers among fission
products of 345 MeV /nucleon U

D. Kameda, T. Nakao,*! T. Kubo, T. Ohnishi, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda, H.
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[In-flight fission, neutron-rich nuclei, short-lived isomer]

The BigRIPS separator provides intermediate en-
ergy radioactive isotopes (RI) that are identified event
by event by their mass, A, and charge state, @, in
flight. In the 2008 search for new isotopes using in-
flight fission of a 345 MeV /nucleon 238U beam, the in-
tensities of the cocktail RI beams were around or below
1 k particles/s. The situation has allowed us to observe
isomeric decays of the products, whose halflives are
around a microsecond, in the neutron-rich region far
from stability. During the new isotope search, we ob-
served more than ten new isomers in detecting v rays
gated on the isotopes which were identified by using
the so-called particle identification plot of A/Q versus
proton number. Of these, this report describes the iso-
meric states of the neutron-rich Br isotopes, **Br and
95Br, which were one of the intense isomers observed.

The ~-rays emitted from the isomeric states were
detected using three clover-type Ge detectors located
at the end of the ZeroDegree spectrometer. To stop the
Br beams close to the detectors, an aluminum stopper
was installed at the end of the beam line. The thickness
of the stopper, 8.1 g/cm?, was chosen to stop almost
all of the products in the new isotope search setting.
The detail of the setup is described elsewhere. We
accumulated the « rays triggered by the particles with
a 20 ps time window. The beam condition of the Br
isotopes is shown in Table 1.

Figure 1 shows the ~-ray energy spectra observed
for 94Br and %’Br. To reduce v background due to
beam irradiation, which appears as a prominent peak
in the v time spectrum, the events around the peak
were excluded. We have observed two strong peaks
at 91.7 and 202.3 keV for **Br and a strong peak at
537.9 keV for Br. In the insets, the decay curves
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gated by these v rays are presented. In **Br, the pre-
liminarily obtained halflives for the 91.7 and 202 keV ~
rays are 713(71) ns and 655(46) ns, respectively. The
agreement within the errors suggests that these v rays
come from an identical isomeric state. In °Br, a pre-
liminary halflife of the 538 keV ~ rays was obtained as
T2 = 4.0(12) ps. Further analysis is now in progress.
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Fig. 1. ~-ray energy spectra for **Br and **Br

Table 1. Beam condition for the Br isotopes.

94BI‘ 95BI‘
production target Be 5 mm
charge state 35(fully stripped)
yield in stopper 2.1 x 10° 4.0 x 10*
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a-Particle Condensation in O Studied with a Full Four-Body
Orthogonality Condition Model Calculation'

Y. Funaki, T. Yamada*!, H. Horiuchi*?, G. Ropke*3, P. Schuck** and A. Tohsaki*?

[Nuclear structure, Cluster model, Alpha particle]

It is well established that a-clustering plays a very
important role in the structure of light nuclei.!»2 The
importance of the a-cluster formation has also been
discussed in infinite nuclear matter, where a-particle
type condensation is expected at low density,® quite
analogous to the recently realized Bose-Einstein con-
densation of bosonic atoms in magneto-optical traps.?
Regarding a-particle condensation in finite nuclei, only
the Hoyle state, i.e. the 03 state in 2C has clearly
been established thus far. Several past papers? and
also more recent papers®’ have by now established
beyond any doubt that the Hoyle state, only having
about one third of saturation density, can be described,
to good approximation, as a product state of three
a-particles, condensed into the lowest mean field 05-
orbit.®

In this short note we present a result of the explo-
ration of the 4o condensate state by solving a full Or-
thogonality Condition Model (OCM) four-body equa-
tion of motion without any assumption with respect
to the structure of the 4a system. Here we take the
4o OCM with Gaussian basis functions,'® the model
space of which is large enough to cover the 4« gas, the
a+'2C cluster, as well as the shell-model configura-
tions. The OCM is extensively described in Ref. 11.

As a result of the calculations, we can reproduce the
full spectrum of 07 states up to about 15 MeV, and
tentatively make a one-to-one correspondence of those
states with the six lowest 0 states of the experimental
spectrum. In view of the complexity of the situation,
the agreement is considered to be very satisfactory (see
Fig. 1 in Ref. 12).

The 07 spectrum of 60 up to about 15 MeV is now
essentially understood, including the 4« condensate
state. This is a remarkable improvement in our knowl-
edge of the structure of 0. The structures of the 0
state at 6.05 MeV and O;r state at 12.05 MeV are well
established as having the a+12C(0f) and a+'2C(2])
cluster structures, respectively.'®14 These structures
of the 0 and 05 states have been confirmed in the
present calculation. We also mention that the ground
state is described as having a shell-model configura-
tion within the present framework, the calculated rms
value, 2.7 fm, agreeing with the observed rms value

T Condensed from the article in Phys. Rev. Lett. 101, 082502
(2008).

Laboratory of Physics, Kanto Gakuin University
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Fig. 1. (Color online) The radial parts of single-a orbits
with L = 0 belonging to the largest occupation number,
for the ground and 0F states.

(2.71 fm). We find that the OZ state, calculated to be
about 2 MeV above the 4« threshold, has a very large
rms radius of about 5 fm and has a rather large oc-
cupation probability of 61% of four « particles sitting
in a spatially extended single-a 0S orbit (see Fig. 1).
The wave function has a large a+12C amplitude only
for 2C*, i.e. the Hoyle state. These results are strong
evidence of the 0f state, which is a new theoretical pre-
diction, for the existence of the 4o condensate state,
i.e. the analog to the Hoyle state in '2C. Further exper-
imental information is very much requested to confirm
this novel interpretation of this state.
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Holographic Baryons :
Static Properties and Form Factors from Gauge/String Duality |

K. Hashimoto,*! T. Sakai,*? and S. Sugimoto,*3

[Static proeprties of nucleons, Superstring theory]

In this paper, we study properties of baryons by
using a holographic dual of QCD on the basis of
the D4/D8-brane configuration, where baryons are de-
scribed by a soliton. Recent progress in string theory
makes it possible to compute various physical quanti-
ties of strongly coupled QCD at low energy, at large
N.. We first determine the asymptotic behavior of
the soliton solution, which allows us to evaluate well-
defined currents associated with the U(Ny)r xU(Ny)r
chiral symmetry. Using the currents, we compute
static quantities of baryons such as charge radii and
magnetic moments, and make a quantitative test with
experiments. It is emphasized that not only the nu-
cleon but also excited baryons, such as A, N(1440),
N(1535) etc., can be analyzed systematically in this
model. We also investigate the form factors and find
that our form factors agree well with the results that
are well-established empirically. With the form factors,
the effective baryon-baryon-meson cubic coupling con-
stants among their infinite towers in the model can be
determined.

We use a model of holographic QCDY) obtained
in superstring theory, and calculate static quantities
of the nucleon and excited baryons. In the model,
The baryons are described as quantized instantons
in five dimensional Yang-Mills-Chern-Simons (YMCS)
theory. By defining the chiral currents properly at
the spatial infinity in the fifth dimension and by solv-
ing the YMCS equations of motion with the instanton
profile and Green’s functions, we obtain the explicit
expression for the chiral currents depending on the
baryon state. From the currents we computed vari-
ous static quantities of proton/neutron, such as charge
radii, magnetic moments, axial coupling and axial ra-
dius. See the summary table below. The Goldberger-
Treiman relation is naturally derived. These quanti-
ties can be computed for excited baryons in the same
manner, which are our theoretical prediction for the
excited baryons. We also calculated the nucleon form
factors (and also that for excited baryons). It was
shown that the electric and magnetic form factors of
the nucleon are roughly consistent with the dipole be-
havior observed in experiments. Electric as well as
magnetic charge radii of the baryons and their cou-

T Condensed from the article in Prog. Theor. Phys. 120, 1093-
1137 (2008)

*1 Theoretical Physics Laboratory, RIKEN

*2 Department of Physics, Ibaraki University

*3  TInstitute for the Physics and Mathematics of the Universe,
University of Tokyo

Table 1. Various static observables of nucleons, computed
in our model. For a comparison, we quote results of the

SkyrmionQ).
our model  Skyrmion experiment
<r2>;:20 0.742 fm 059 fm  0.806 fm
(r?) 2l 0742fm 092fm  0.814 fm
(r), ) (0.742 fm)? oo (0.875 fm)?
(r)e. 0 —o0 -0.116 fm?
<T2>M7p (0.742 fm)z 00 (0.855 fm)z
(r >M/n (0.742 fm) o0 (0.873 fm)
(r?)}/* 0.537 fm - 0.674 fm
Ly 2.18 1.87 2.79
fin -1.34 -1.31 -1.91
|52 1.63 1.43 1.46
ga 0.73 0.61 1.27
grNN 7.46 8.9 13.2
GpNN 5.80 - 4.2 ~ 6.5

Table 2. Our prediction for excited nucleons.

n,p N (1440) N(1535)
<r2>E L | (0742 fm)2  (0.742 fm)?  (0.699 fm)?2
<T2>E n 0 0 0
(r)ap || (0742 fm)*  (0.742 fm)”  (0.699 fm)”
(?) | (0742 fm)?  (0.742 ) (0.699 fm)?
<r2>f4/ 2| 0537 fm 0537 fm  0.435 fm

Hp 2.18 2.99 2.18
Hn -1.34 -2.15 -1.34
| &2 1.63 1.39 1.63
ga 0.734 1.07 0.380
JdrBB 7.46 16.7 6.32
9pBB 5.80 5.80 4.51

plings to mesons are calculated from the form factors.

As shown in the first table, we have found a good
agreement with experiments, for various quantities of
baryons. The numerical values presented here as our
result should be treated with care, since it was ob-
tained for large value of the 't Hooft coupling and N..
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Nondestructive monitoring system of RF fields and
beam-phase/intensity for stable operation of RIBF

R. Koyama*!, M. Fujimaki, N. Fukunishi, M. Hemmi, O. Kamigaito, M. Kase,
N. Sakamoto, K. Suda, T. Watanabe, K. Yamada, and Y. Yano

We have developed a nondestructive monitoring sys-
tem of RF fields and beam-phase/intensity in order to
obtain stable operation of RI beam factory (RIBF).
We have previously reported on a similar system for
RILAC region in the last fiscal year?, but we have
extended the system throughout the RIBF in this
fiscal year. The layout of the RIBF during a 345
MeV /nucleon uranium acceleration is shown in Fig. 1.
In the uranium acceleration, ions are produced by
18GHz-ECRIS, and accelerated by the injection linacs
(RFQ and RILAC) and four ring cyclotrons (RRC,
fRC, IRC, and SRC). In addition, we have an injection
buncher and four re-bunchers as shown in Fig. 1. Two
charge strippers are placed downstream of the RRC

and the fRC.
Inj. buncher
FC-RFQ
st rebuncher
OOOO l

RILAC (6 cavities)

to BigRIPS

(Section Name)

© : Phase probes
1 : Charge strippers

CSM (6 cavities)
: not used in U acceleration

00,
6A1

18GHz-ECRIS

RRC (2 cavities)

1st Stripper

2 Stripper

3 rebuncher

2" rebuncher 4" rebuncher

fRC (8 cavities)

Fig. 1. Layout of RIBF during a 345 MeV /nucleon uranium
acceleration.

In such a multi-stage acceleration system, one of the
most important factors for stable operation is to main-
tain the matching of beam-phases between accelera-
tors. However, drifts of beam-phases have frequently
been observed, which may be the result of fluctua-
tion of RF-fields, fluctuation of the magnetic field, etc..
Hence, it is important to monitor beam-bunch signals
constantly, and we have developed a monitoring system
using the commercial RF lock-in amplifier (LIA) model
SR844 manufactured by Stanford Research Systems.
In addition, the system for monitoring the RF-fields
has also been developed to investigate their stability

*1SHI Accelerator Service, Ltd.

and the correlation with beam-phases and intensities.
Both beam-bunch signals and the RF-fields monitoring
system are divided into 5 sections, which are around
RILAC, RRC, fRC, IRC, and SRC. Each section has a
monitoring system with basically the same configura-
tion shown in Fig. 2. The beam-bunch and RF-fields
signals are analyzed by the LIA (via switching mod-
ules in some sections). All the systems are controlled
by the developed LabVIEW program. Independently
with our monitoring system, the temperatures of air
and cooling water are also monitored using DC100 con-
trolled by DARWIN DAQ32 from YOKOGAWA Eelec-
tric Corporation.

Cavities Lock-in amp. SR844
or

Phase Probes

to RF amplifiers
of accelerators

I;fo__llzzm—‘ Freqaency
Switch : multlpllers

o 3
o 3
g = 2, 3, 6, 9
Py c
523 T
& o GPIB/LAN e
5 3 divider
» D '
w
T18.25 MHz
Beam Master oscillator
chopper — — (E4426B)
Control PC T
—> : Single coaxial cable (EWVV) .10 MHz
= : Multiple coaxial cables Rb freq. standard
——>: Ethernet cable P TN (FS725)

Fig. 2. Block diagram of developed monitoring system.

Our system constantly monitors fluctuations in volt-
ages and phases of a total of 25 RF-cavities and also
in beam-bunch signals detected nondestructively by 13
phase probes (PPs, shown as double circles with their
section names in Fig. 1.) placed at beam transport
lines during 345 MeV/nucleon uranium acceleration.
In the other acceleration modes such as 345 MeV /u cal-
cium acceleration using RILAC-RRC-IRC-SRC (skip
the fRC), slight changes are made to the configura-
tion of the monitoring system. Using this system, we
have started to investigate the stability of our accel-
erator complex and relations between fluctuations of
RF-fields of accelerators and observed instabilities of
beam-phases and intensities. In this report, two no-
table examples are presented.

One is the correlation between RF and air tempera-
ture. Since it was known that there was some relation
between the output fluctuation of the power divider
(1£-PD) and the air temperature according to previ-
ous research?, we investigated the relation between
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them more precisely by putting a thermometer near
the 1f-PD. This 1f-PD has been used for distributing
the reference signal from a master oscillator to each
low level module of all RIBF accelerators. Fig. 3-a
shows the RF fluctuations observed on November 17,
2008, where fRC3f-PD is the power divider with fre-
quency tripler for fRC main RF, fRC-W and E are
the acceleration RF of two main cavities of fRC, and
Air-temp. is the air temperature near the 1f-PD. The
phase shifts by manual tunings are indicated by ar-
rows. It is found that an air temperature fluctuation
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Fig. 3. RF fluctuations of power dividers and fRC. Arrows
indicate the phase shifts due to manual tunings.

around 1f-PD of 19.7£2 °C caused phase and voltage
fluctuations of 1{-PD and fRC3{-PD, and finally caused
phase fluctuations of fRC-W and E of £3° (excluding
the phase shifts by manual tunings). The phase shifts
of fRC-W and E caused by the sudden voltage reduc-
tion of 1f-PD were also observed independently of the
air temperature fluctuation as indicated by the closed
circle in Fig. 3-a. The phase stabilities of fRC-W and
E were improved as shown in Fig. 3-b after installing
the directional couplers instead of the 1f-PD, and after
starting air conditioning using a heat pump system.
The other example is the correlation between
RF /beam-intensity and cooling water temperature.
The periodic fluctuation of extraction intensity of RRC
detected by PP-A01 was observed on December 9,
2008. Since the incident intensity of RRC detected
by PP-S71 was relatively stable we investigated the
RF of the RRC, and it was found that there was a

- XiX -

correlation between them as shown in Fig. 4-a. Ad-
ditionally, we investigated the cause of fluctuation of
RRC-RF, and it was found that it had a correlation
with the cooling water temperature of RRC-cavities as
shown in Fig. 4-b. The cooling water temperature of
RRC-RF system is controlled by regulating the tem-
perature of secondary cooling water by automatically
controlling the fans and spray pumps of the cooling
tower. We stopped this temperature regulation system
because the period of the fluctuation of the cooling
water temperature was synchronized with the on/off
control of the fans and spray pumps. The stability of
beam intensity at PP-A01 was significantly improved
after stopping the regulation system as shown in Fig. 4-
¢, while the stability of RRC-RF was little improved.
Hence the fluctuation of beam intensity at PP-A01 can
be considered to be caused by the fluctuations some-
where else in origin such as the magnetic field of RRC
main magnet, which also has a great influence on the
beam quality, and uses same secondary cooling water.
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Fig. 4. Stability of extraction beam intensity of RRC.

As our next step, we plan to integrate the tempera-
ture monitoring system into our developed monitoring
system in order to comprehend the correlations online
for more prompt countermeasures.
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A series of asexual mutants and partial deletion of the Y-chromosome by heavy ion
beam in Silene latifolia

Chihiro Torii,* Kotaro Ishii,” Kiyoshi Nishihara, Kahori Yamanaka,* Naoko Ishi,* Ayako Koizumi,* Yusuke Kazama,

Tomoko Abe and Shigeyuki Kawano *

Sexual dimorphism is controlled by genes on the
differential arms of the Y chromosome in Silene latifolia.
They are divided into four functional regions: (1) a region
causing suppression of gynoecium development, often
called the gynocecium suppressing functional (GSF) region;
(2) a region causing stamen development, also called the
stamen promoting functional (SPF) region; (3) a region
containing the gene necessary for late anther development,
known as the male fertility functional (MFF) region; and (4)
a recombining pseudoautosomal region. We have isolated a
new series of Y-chromosome deletion mutants, expressed as
asexual flowers.

Seeds and anthers were irradiated with a 135 MeV/u
carbon-ion beam within a dose range of 20 - 200 Gy. The
irradiated seeds were sown in pots, and after one month,
viable plants were counted. The survival rates of the seeds
irradiated at up to 75 Gy ranged from 100% to 85%. The
survival rates of seeds irradiated at more than 75 Gy
decreased as the irradiation dose increased. Irradiated pollen

was used to fertilize female plants of the same inbred K line.

After one month, seeds were collected and sown in pots.
The germination rate of seeds generated from pollen
irradiated at a dose of 20 Gy was more than 50%, but fell to
3% with a dose of 60 Gy.

Eleven asexual mutants, FOla, 102, G04, GO1, GO02, 101,
GO06a, 103h, F02a, GO5 and GO03, were obtained from the
plants derived from irradiated pollen and compared with
K034, our previously reported asexual mutant with two
types of flowers, asexual and female-like flower.” Flowers
of S. latifolia have 10 stamens and a suppressed gynoecium
as an undifferentiated rod (Fig. 1a). Asexual flowers of the
eleven asexual mutants had rudimentary or various

Markers

Fig. 1. SEM observations of male flowers of S.latifolia. (a)
wt male, (b) G06a and (c) F02a.

developing stamens and a suppressed gynoecium (Fig. 1b
and c). The number of stamens were always 10 and the
two-flower type such as in K034 did not appear among
them.

To determine whether the eleven asexual mutants have a
Y chromosome, PCR analysis was performed using
Y-specific sequence-tagged site (STS) markers (MK17,
SlssY, Bgl10, DD44Y, Bgl16, MS4, ScDO05, SIAP3Y, ScQ14,
MS7 and MS2). K034, which has two flower phenotypes,
possessed the Y chromosome carrying two deletions (MS4,
Bgll0, DD44Y, Bgll6 and ScQl4) in the
gynoecium-suppressing and stamen-promoting functional
regions (Yd). Five mutants, FOla, 102, G04, GO1 and GO02,
possessed a Y chromosome carrying a deletion of GSF in
common. Another five mutants, 101, G06a, 103h, F02a and
GO05, possessed a common deletion of SPF. The last mutant,
G03, only possessed a deletion of MFF.
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K034
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Fig. 2. Schematic representations of the entire Y chromosome of S. latifolia and the results of PCR of sequence-tagged site
(STS) markers using each genomic DNA isolated from K034 and the series of asexual mutants obtained in this work.
Bars for each mutant name represent markers. Blanks indicate the marker was missing.
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Preface

This volume No. 42 of RIKEN Accelerator Progress
Report compiles the yearly research activities conducted in
2008 by the laboratories and the groups of RIKEN Nishina
Center for Accelerator-Based Science, or simply RIKEN
Nishina Center (RNC) which was inaugurated on April 1,
2006. It also contains progress reports submitted by users of
RI Beam Factory (RIBF) and RIKEN-RAL (Rutherford and
Appleton Laboratory, UK) Muon Facility (RRMF) which is
operated by RNC, and is open to the international
community.

The outstanding achievements of this year are selected by
the editorial committee, and presented in “Frontispiece” and
“Highlights of the Year”.

The RIBF project has made some amazing progress, and
the RIBF is exhibiting its tremendous potentiality of RI
beam production.

In December, with the Zero Degree Spectrometer (ZDS)
which was successfully commissioned in November, the
first PAC-approved day-1 experiments were performed.
Twenty kinds of new very neutron-rich isotopes in the
atomic-number range from 29 to 53 as well as more than ten
kinds of new neutron-rich short-lived isomers were
discovered among fission products of 345MeV/u ***U. This
outcome was achieved in only ten days owing to the
significant improvement in the intensity and stability of the
primary ***U beam, the intensity of which was 0.3 pnA. It
was an order of magnitude stronger than in the 2007
experiment but remains yet as weak as a part of 3,300 of its
goal. Among those newly discovered isotopes, '**Pd, which
is more neutron-rich than '* '*°Pd discovered last year, is
remarkable because we have reached neutron-magic nuclide
in Pd isotopes for the first time, and it may probably be one
of the origin nuclides in the second r-process peak of the
solar isotope abundance. It is anticipated that its mass and
life-time will be measured precisely using our state of the
art experimental installations in the near future.

We have achieved the intensity of 345 MeV/u **Ca beam
of 170 pnA, nearly one fifth of its maximum intensity goal
to the wonder and the admiration of the foreign veteran
experimentalists. This world’s strongest **Ca beam has led
to the discovery of new neutron-hallow nuclides as well as a
new very largely deformed nuclide in spite of a very short
machine time allocation.

At the same time, 2008 was the year of long, hard struggle
for RIBF with a major machine trouble in the helium
refrigerators for the SRC and the BigRIPS. These
refrigerators were heavily oil-contaminated due to the weak
oil elimination power of their oil-driven helium gas
compressors. Our cryogenic group persistently negotiated
with the manufacturer, and in the end they admitted serious
defects in their system. Thus the manufacturer repaired all

oil-contaminated parts, and improved oil elimination
capacity by adding more oil eliminators, all free of cost.
Now the refrigerators are working very stably.

Our GARIS group performed an excellent experiment to
firmly establish the evidence of their discovery of the new
super heavy element 113 in 2004. They studied decay
properties of an isotope “°°Bh and its daughter nucleus ***Db
produced by the ***Cm (**Na, 5n) reaction. ***Bh was clearly
identified from the correlation of the known nuclide ***Db.
The obtained o energies and the mean life of ***Bh are
consistent with those observed in the *’*113. The paper was
published in the JPSJ and sent to the chairperson of the joint
working team of the IUPAC and IUPAP. We are looking
forward to the confirmation of our right to name the new
element 113. I personally prefer Japonium Jp. The GARIS
group also discovered a new neutron deficient isotope of
*%Hs by two different reactions of **Pb (**Fe, n) and ***Pb
(°°Fe, n).

In November 4-5, RRMF Advisory Council consisting of
7 members chaired by Prof. A. Taylor, director of ISIS,
facility was held in the RIBF building. The followings are
the digest of their conclusions and recommendations: the
RRMF provides unique instruments which serve a dynamic
user community and produce excellent science; condensed
matter and molecular science and ultra-slow muon source
development should be prioritized; the council recommends
extension of the RIKEN-RAL agreement beyond 2010 by at
least another 7% years to 2018.

In November 17-18, RBRC-SRC (RIKEN BNL Research
Center Scientific Review Committee) consisting of 6
members chaired by Prof. W. Busza, MIT was held at BNL.
The followings are the digest of their conclusions and
recommendations: the physics issues addressed by the
RBRC are among the most important in sub-nuclear physics,
the results obtained to date are highly significant and of long
term value; a major strength of the RBRC research program
is its focus on one broad topic, QCD; its experimental
program and theory program including the lattice
computation program are all aimed at understanding the
structure and properties of QCD matter; and that there is
good reason to believe that prospects are there for the
RBRC to continue being a highly successful scientific
enterprise with potential for major scientific discoveries.

Nishina Center Advisory Council consisting of 14
members including Prof. A. Taylor, Prof. W. Busza chaired
by Prof. S. Gales, director of GANIL will be held on
January 15-17. Prof. Gales will report on the review when
attending RIKEN Advisory Council (RAC) in April.

Yasushige Yano
Director,
RIKEN Nishina Center for Accelerator-Based Science
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~ Spectroscopy beyond the Island of Inversion

H. Scheit, N. Aoi, H. Baba, D. Bazin,! P. Doornenbal, N. Fukuda, H. Geissel,> R. Gernhiuser,? J. Gibelin,*
Y. Hara,® C. Hinke,? N. Inabe, K. Itahashi, S. Itoh,® D. Kameda, S. Kanno, Y. Kawada,” N. Kobayashi,”
Y. Kondo, R. Kriicken,® T. Kubo, K. Kusaka, K. Li,® S. Michimasa,® T. Motobayashi, T. Nakamura,”
T. Nakao,% S. Nishimura, T. Ohnishi, M. Ohtake, N. Orr,* H. Otsu, H. Sakurai, Y. Satou,” S. Shimoura,’
T. Sumikama,'® H. Takeda, E. Takeshita, S. Takeuchi, K. N. Tanaka,” K. Tanaka, Y. Togano, H. Wang,”
M. Winkler,? Y. Yanagisawa, K. Yoneda, A. Yoshida, and K. Yoshida

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

Despite strong theoretical and experimental interest
in the rapid nuclear structure changes in and near
the Island of Inversion no spectroscopic information
is available on the low-lying states of even-even Ne
and Mg isotopes beyond neutron number 20 and
24, respectively, and reduced transition probabilities,
B(E2;0, — 27) values, are only known up to neu-
tron numbers 18 and 22, respectively. This is due
to inadequate intensities of beams of these nuclei at
presently operating radioactive nuclear beam facilities.
This situation has changed with the commissioning of
the RIBF, where very intense and high-energy sec-
ondary beams can be exploited to study nuclei that
have so far been inaccessible.

The first in-beam ~ spectroscopic study, demonstrat-
ing the potential of the new facility, has been per-
formed in December 2008. A primary “8Ca beam with
an average intensity of about 150 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 fragment separator. The produced
secondary beams were separated using the standard
Bp—AE-Bp method employing a 15 mm thick wedge
shaped Al degrader at the F1 dispersive focus of the
BigRIPS separator. The momentum acceptance was
+3%. The beam particles were identified event-by-
event using the standard AE-TOF-Bp method. The
time of flight (TOF) was measured between two thin (1
mm and 3 mm) plastic scintillators located at the F3
and F7 achromatic foci (separated by a flight path of
about 47 m), the energy-loss was determined with an
ion-chamber? also located at the F7 achromatic focus
and the Bp was deduced from a position measurement
at the dispersive F'5 focus of BigRIPS. The figure shows
the charge number Z versus the ratio of mass number
to charge number A/Q. An excellent charge number
and mass number resolution was observed. The loca-
tion of 32Ne is indicated in the figure.

*1 NSCL, Michigan, USA

*2 @GSI, Darmstadt, Germany

*3  Tech. Univ. Miinchen, Germany

*4  LPC Caen, France

*5  Department of Physics, Rikkyo University

*6  Department of Physics, University of Tokyo

*7 Department of physics, Tokyo Institute of Technology
*8  Peking University, China

*9 Center for Nuclear Study, The Univ. of Tokyo

*10 Tokyo University of Science

Charge Number Z
?

26 3 a1 a2
Ratio of Mass to Charge Numbers A/Q

Fig. 1: Shown is the deduced charge number (Z) versus the
ratio of mass number to charge number (A/Q) before the
secondary target. *2Ne is indicated.

These secondary beams were then transported to the
F8 secondary target position where a spot size of about
13 x 17 mm? (FWHM) was realized. To induce inelas-
tic excitations a 14.1 mm (2.54 g/cm?) thick (natural)
carbon target was used. The secondary 32Ne beam
with an intensity of about 5 particles/s had an en-
ergy of about 225 MeV/u at the center of the sec-
ondary target. The emitted de-excitation v rays were
detected by the DALI2 ~ spectrometer? with a full
energy peak efficiency of about 20% and an expected
resolution after correcting the large Doppler shift of
about 10% for a 1 MeV + transition. For the par-
ticle identification and track reconstruction after the
secondary target the newly commissioned Zero Degree
Spectrometer (ZDS) was employed, which had an ac-
ceptance of about 80% for elastically scattered 32Ne.
As before, the AE-TOF-Bp method was applied to
unambiguously identify the particles event by event.

After a total measuring time of only 7 hours a  tran-
sition in 32Ne could be clearly identified not only after
inelastic excitation, but also after one proton removal
from 23Na. The data are currently under analysis.

This constitutes the first observation of a new -~
transition in an in-beam experiment at the RIBF and
demonstrates the great potential it offers for nuclear
structure research in general and ~ ray spectroscopy in
particular. This measurement campaign will be con-
tinued in the fall of 2009, when the full intensity of the
48Ca beam can be utilized.

1) T. Kubo et al., Nucl. Instr. Meth. B 204, 97 (2003)
2) H. Otsu, M. Takechi et al., this report
3) S. Takeuchi et al., RIKEN Acc. Rep. 36, 148 (2003)
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Inclusive Coulomb breakup of ?22C and 3!Ne

T. Nakamura,*! N. Kobayashi,*! Y. Kondo, N. Aoi, H. Baba, S. Deguchi,*! N. Fukuda, J. Gibelin,*?> N. Inabe,
M. Ishihara, D. Kameda, Y. Kawada,*! T. Kubo, K. Kusaka, A. Mengoni,*® T. Motobayashi, T. Ohnishi,
M. Ohtake, H. Otsu, N.A. Orr,*? A. Saito,** S. Shimoura,** H. Sakurai, Y. Satou,*! T. Sumikama,*®
M. Takechi, H. Takeda, E. Takeshita, S. Takeuchi, K.N. Tanaka,*! K. Tanaka, N. Tanaka,*! Y. Togano,

Y. Yanagisawa, K. Yoneda, A. Yoshida and K. Yoshida

[Halo nuclei, Coulomb breakup]

Soft E'1 excitation is an unique property of halo nu-
clei. This property, in turn can be applied to search
for a halo state by measuring such an enhancement
of E1 reduced transition probability B(E1). As has
been done for a number of halo nuclei ®), Coulomb
breakup is a suitable tool for this purpose.

Present work aims at identifying new halo nuclei in
the neutron-drip line region of C and Ne isotopes by
the Coulomb breakup. The candidate nuclei we have
chosen are 22C and 3'Ne, which are heavier than the
heaviest known neutron halo nucleus °C. This work
can be a key to understand how the halo nuclei are
located along the neutron drip line towards heavier
nuclei. 22C is a Borromean nucleus where the two body
constituents 2'C nor nn system are unbound, with the
estimated 2n separation energy of only 419(935) keV%).
On the other hand, 3'Ne can be composed of the 3°Ne
core coupled to the loosely bound p-orbit neutron” as
the estimated 1n separation energy is only 332(1069)
keV. The inversion of conventional shell order of 0f7/;
and 1ps/ can be attributed to the deformation and
loosely bound nature® .

The present experiment used the inclusive Coulomb
breakup where we measured the 1n(2n) removal cross
sections of 3'Ne(?2C) on Pb target. Although the best
way to study soft El excitation is the direct obser-
vation of B(F1) energy spectrum by the exclusive full
kinematical measurement, we have performed an inclu-
sive measurement instead as the latter yield is much
larger than the former one. We also measured the same
reaction on C target to evaluate the nuclear breakup
component in the reaction on the Pb target

The inclusive measurement already provides a sig-
nificant signal for an enhancement of E1 strength at
low excitation energies if a nucleus has a neutron halo.
This can be easily seen by the fact that the inclusive
Coulomb breakup cross section is written as an energy
integral of the B(E1) multiplied by the E1 virtual pho-
ton number(Ng1(Fx)). Since Ngi(Ex) is a steep de-
creasing function of Ex, the enhancement of B(E1)

*1
*2

Department of Physics, Tokyo Institute of Technology
LPC-ENSICAEN, IN2P3-CNRS et Université de Caen,
France

International Atomic Energy Agency, NAPC/Nuclear Data
Section, Austria

CNS, University of Tokyo

Department of Physics, Tokyo University of Science

*3

*4
*H

at low energy is magnified by the photon numbers.
Namely, the B(E1) at excitation energies Fx ~1 MeV
alone can contribute to the cross section by an amount
of more than 500 mb.

The experiment was performed as one of a series of
experiments called ”Day-One Campaign” at RI beam
factory (RIBF) at RIKEN. The 22C and *'Ne sec-
ondary beams were produced through the projectile
fragmentation of *Ca beam at 345 MeV /nucleon on
a thick Be target. Typical ¥*Ca beam intensity was
60 pnA. The secondary beams were separated and fo-
cused upon the end point F8 of BigRIPS*'9) where
the secondary targets of lead (3.37 g/cm? for 3! Ne and
6.74 g/cm? for 22C) and carbon(2.54 g/cm? for 3'Ne
and 4.02 g/cm? for 22C) were installed. The mean en-
ergy of the 22C and 3!'Ne beams in the Pb target were
230 MeV/u and 234 MeV/u with a typical intensity
of 6 cps and 5 cps respectively. Note that these sec-
ondary beam intensities are about 103-10* times more
than those previously obtained!'?).

For extracting the 1n(2n) removal cross sections of
31Ne(?2C), the beam particle incident on the target,
and the fragment particle following the breakup were
identified and counted event by event. For the beam
particle, the TOF between F3 and F7 (achromatic
foci), AE at F7, and position information at F5 (dis-
persive focus) were combined to determine A and Z of
the particle. The fragment particle was analyzed and
identified by the Zero-degree spectrometer(ZDS). The
configuration of BigRIPS/ZDS can be seen in Fig. 1
of Ref.!®). The off-line analysis for extracting the
Coulomb breakup cross sections for 3'Ne and 22C is
now in progress.
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Measurement of interaction cross sections for neutron rich Ne Isotopes

T. Ohtsubo*', M. Takechi, M. Fukuda*?, T. Kuboki**, T. Moriguchi**, T. Sumikama*®, H. Geissel *°, S. Momota*’,
N. Aoi, N. Fukuda, I. Hachiuma*®, N. Inabe, Y. Ishibashi**, Y. Itoh**, D. Kameda, K. Kusaka, M. Lantz, M. Mihara*?,

Y. Miyashita**, K. Namihira**, D. Nishimura*?, H. Ohishi*“, Y. Ohkuma*', T. Ohnishi, M. Ohtake, K. Ogawa**,

A. Ozawa**) Y. Shimbara*', T. Suda, S. Suzuki*', T. Suzuki*?, H. Takeda, K. Tanaka, R. Watanabe *', M. Winkler*®,

T. Yamaguchi*®, Y. Yanagisawa Y. Yasuda*“, K. Yoshinaga*’, A. Yoshida, K. Yoshida, and T. Kubo

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

Measurement of interaction cross sections (oj) with fast
radioactive isotope beams at relativistic energies allows us
to determine nuclear matter radii (<r,,>>"?) for the unstable
nuclei via Glauber model analysis. The formation of a
neutron halo in heavier Ne isotopes, where a level inversion
of the 1f-2p orbitals is predicted 2, is expected. Evidence of
thick neutron skin in neighboring *’N has also attracted our
interest *. The low production rate, however, has so far
prevented measuring their o;. The combination of a high
intensity primary beam and the next generation fragment
separator (BigRIPS) ¥ has made such nuclei accessible.
Therefore, we have measured o7 of neutron rich neon
isotopes ****Ne as well as those in the region of the island
of inversion at 250 MeV/nucleon to determine <r,>>'"? of
those nuclei.

A schematic drawing of the experimental setup is shown
in Fig. 1. The setup is essentially the same as that of our
previous experiment at GSI °. We employed the
transmission method to measure oj. A primary beam of 345
MeV/nucleon **Ca with an intensity of 100 pnA bombarded
a Be production target at FO. Produced fragments were
pre-separated at the first stage of BigRIPS. The Al
wedge-shaped degrader was placed at F1. A 3.6 g/cm? thick
carbon target was located at F5. The first (F3-F5) and
second (F5-F7) halves of the second stage of BigRIPS were
used to identify the incident and outgoing secondary beams
with the Bp - AE -TOF method, respectively. We used the
standard detectors ® at F3, F5 and F7. We replaced standard
plastic scintillators with wider ones (240X100 mm) with
Imm and 3mm thicknesses at F5 and F7, respectively.
These scintillation detectors provided both TOF and AE
information.

An example of a particle identification plot is displayed
in Fig. 2. *Ne intensity was around 5 cps. We
accumulated roughly 5 X 10* events of **Ne, which
corresponds to 1 % accuracy in o;. The data analysis to
determine oj is now under way.

*!' Graduate School of Science, Niigata University
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Fig. 1 Experimental setup at BigRIPS. Particle

identification of incident and outgoing particles was
performed by the Bp-AE-TOF method with particle
detectors at F3, F5 and F7.

ol

Fig. 2 Typical TOF-AE spectrum for the second stage of
BigRIPS.
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Angular distributions for low-lying states in the 3*Mg(p, p’) reaction

S. Takeuchi, N. Aoi, H. Baba,*! T. Fukui,*?> Y. Hashimoto,*? K. Ieki,** N. Imai,*> H. Iwasaki,*® S. Kanno,
Y. Kondo, T. Kubo, K. Kurita,** T. Minemura,*®> T. Motobayashi, T. Nakabayashi,*® T. Nakamura,*3
T. Okumura,*3 T. K. Onishi,*¢ S. Ota,*? H. Sakurai, S. Shimoura,*! R. Sugou,** D. Suzuki,*® H. Suzuki,
M. K. Suzuki,*® M. Takashina,*” E. Takeshita, M. Tamaki,*! K. Tanaka, Y. Togano, and K. Yamada

[nuclear structure, in-beam v-ray spectroscopy]

Proton inelastic scattering on the neutron-rich nu-
cleus 32Mg has been experimentally studied at Ej,, =
46.5 MeV /nucleon in inverse kinematics.'?) The ener-
gies of excited states in 32Mg were obtained by mea-
suring de-excitation v rays. Five new states were iden-
tified by y-v coincidence analysis as shown in Fig. 1.
Measured angular distributions of the scattered 3?Mg
suggest AL = 2 and 4 for the excitation to the 885- and
2321-keV state, respectively, as reported in Ref»2). For
other excited states, angular distributions were also
obtained in the present experiment. Cross sections of
excitations to the 5167- and 5204-keV states are found
to be 2.9(4) and 2.7(4) mb, which are relatively larger
than other states. In the present study, angular dis-
tributions were analyzed by DWBA calculations using
ECIS97 code®.

Figure 2 shows measured angular distributions of
the excitation to the 5167- and 5204-keV states indi-
cated by dots with statistical error-bars, and calcu-
lated curves indicated by solid, dashed, dotted-dash,
and dotted curves representing transferred angular mo-
mentum (AL) of 1, 2, 3, and 4, respectively. DWBA
calculations were examined using KDO02 optical poten-
tial®) assuming the one-phonon excitation in the har-
monic vibrational model. In the calculations, each
curve was normalized to the measured cross section,
adjusting amplitude parameter 8y. Comparing with
each reduced-x? value for each excited state, candi-
dates of spins were J = 2 and 3.

Angular distributions of the 5167- and 5204-keV
states are similar to each other. Considering the un-
certainty of the «-ray energy determination, there is a
possibility of the same excited state for the 5167- and
5204-keV states. Assuming the one excited state in-
stead of the 5167- and 5204-keV states, the excitation
energy could be 5186(28) keV and the cross section
is 5.6 mb which is larger than the one of the 2321-
keV state (3.7(6) mb). Possible spin assignment for
the 5187-keV state may be J of 3, considering the an-
gular distribution and decay scheme. The amplitude
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Fig. 1. Reconstructed level scheme of **Mg deduced from
the present studies of the 3>Mg+p inelastic scattering.
Solid lines and arrows show new levels and transitions,
respectively.
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Fig. 2. Angular distributions for the excitation to the
higher states around energies of 5 MeV in **Mg(p, ')
reaction.

03 of this excitation is found to be 0.171, indicating a
possiblility of a 37 state.
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One-neutron removal reactions of ¥C and '”C on a proton target?
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[Nuclear structure, momentum distribution, unstable nuclei]

We have studied the one-neutron removal reactions
of 18C at 81 MeV /nucleon and *C at 68 MeV /nucleon
on a liquid hydrogen target to clarify the microscopic
structure of these nuclei. Transverse-momentum dis-
tributions of the core fragments and partial cross
sections were measured using coincidences with -y
rays. These were compared to theoretical calculations
based on the continuum-discretized coupled-channels
(CDCC) method! involving shell model spectroscopic
factors calculated by the WBP effective interaction.?)

The experiment was performed at the RI Beam Fac-
tory operated by RIKEN Nishina Center and CNS,
University of Tokyo. Secondary beams of ¥C and 9C
were produced via projectile fragmentation of a pri-
mary 2?Ne beam at 110 MeV /nucleon on a Be target.
The secondary beams were purified by RIPS and were
transported to a cell of a cryogenic liquid hydrogen tar-
get,?) which is part of CRYPTA (cryogenic proton and
« target system). The average thickness of the liquid
hydrogen was 120 mg/cm?. The incident ion, outgoing
core fragment, and de-excitation «y rays were detected
in coincidence to obtain the transverse momentum dis-
tribution and partial cross section for populating each
individual state in the core nucleus. The details of the
experimental setup can be found in Ref. 4.

In the one-neutron removal reaction of 18C, we ob-
served two peaks at 0.21 and 0.33 MeV in the energy
spectrum of the v rays emitted from the outgoing core
fragment '7C. By comparing the obtained transverse
momentum distributions with the CDCC calculations,
it was found that the distribution for the 0.21-MeV
state is described well by the calculation for neutron
removal from the 1s orbital in 8C, whereas that for
the 0.33-MeV state is consistent with neutron removal
from the 0d orbital. We thus confirm J™ = 1/2% for
the 0.21-MeV state and J™ = 5/27F for the 0.33-MeV
state as deduced in the previous "C(p, p’) experi-
ment.?

In the one-neutron removal reaction of **C, three ~y
transitions were observed. The measured transverse
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momentum distribution of 18C in coincidence with the
2.4-MeV ~ ray, corresponding to the population of the
4.0-MeV state, is well reproduced by the CDCC cal-
culation by assuming the Od-neutron removal. This
result leads to the J” assignment of the 4.0-MeV state
in 18C. Because 0d;/>-neutron removal from '2C(1/2%)
populates the J™ = 2%, 3% states of **C and 0d3,»-
neutron removal produces the J7 = 17, 27 states, the
4.0-MeV state can be assigned as J™ = (1, 2, 3)*.
The 1T assignment is excluded from the following dis-
cussion. The cross section for 0ds/o-neutron removal is
expected to be small because the occupation number
of the vdsz/, orbital in the ground state of 9C is ex-
pected to be small. In fact, the CDCC calculation with
a shell-model spectroscopic factor C2S;, = 0.086 pre-
dicts a cross section of only oy, = 1 mb, which is much
smaller than the experimental value cexp, = 35(4) mb,
indicating the inadequateness of the 17 assignment.
Hence, we adopt the J™ = (2, 3)* assignment for the
4.0-MeV state.

In the present study, we have demonstrated the
usefulness of the one-neutron removal reaction on
the proton target. It is found that the observed
transverse-momentum distributions reflect the orbital
angular momentum of the removed neutron, as in
the well-studied longitudinal-momentum distributions
measured with Be and C targets. We also demon-
strated that CDCC analysis is a powerful tool for one-
neutron removal from exotic nuclei by a proton target.
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Inelastic proton scattering on the neutron-rich nucleus *8Ti
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[Nuclear structure, ®8Ti(p,p’y), inelastic scattering, unstable nuclei]

The structure of the neutron-rich nucleus **Ti was
investigated via proton inelastic scattering using the
technique of in-beam ~-ray spectroscopy. A new re-
gion of deformation is suggested in the neutron-rich
Cr isotopes around N = 40.12) Tt is interesting to
study whether the deformation develops further in nu-
clei with more neutrons or less protons. We have stud-
ied the collectivity of ®®Ti (IV = 36) for the first time.

A %3Ti beam was produced by fragmentation of a
63 MeV /nucleon °Zn beam with a mean intensity of
150 pnA onto a Be target of 95 mg/cm? thickness,
using the same experimental arrangement described in
Ref.?) The 58Ti nuclei were separated by the RIKEN
Projectile-fragment Separator (RIPS).?) The intensity
of 58Ti was 1.5 cps. These nuclei bombarded a lig-
uid hydrogen target®) of 72 mg/cm? thickness. The
energy of 58Ti at the middle of the secondary target
was 40 MeV/nucleon. The de-excitation v rays from
the inelastically scattered *8Ti nuclei were detected by
the NalI(T1) scintillator array DALI2®) surrounding the
secondary target. The scattered particles were identi-
fied using the “TOF mass analyzer for radioactive iso-
tope beam experiments” (TOMBEE)®) placed down-
stream of the secondary target.

The Doppler-shift corrected 7-ray energy spectrum
measured in coincidence with inelastically scattered
8T is shown in Fig. 1 (a). A strong peak at 1046(11)
keV, and weak peaks at 1376(18) keV and 1835(27)
keV were observed for the first time. The 1046-keV
peak was assigned to the 27 — 0;8_ transition, be-
cause the first 21 state is most strongly populated by
proton inelastic scattering on even-even nuclei.

The energy of the first 27 state [E,(2%)] in 5%Ti is
compared with those of other even-even Ti isotopes
and Cr isotopes in Fig. 1 (b). The E,(2%) value of
58T is slightly smaller than that of ®6Ti. On the other
hand, E,(27) of 55Ti is significantly smaller than that
of the sub-shell closed nucleus 54Ti with N = 32. This
indicates that the increase of the collectivity from %°Ti
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to ®8Ti is much smaller than that from 5#Ti to ®6Ti.
In contrast, E,(2") of the Cr isotopes decrease contin-
uously from N = 34 to N = 38, indicating continuous
enhancement of the collectivity toward N = 38. The
larger E,(2%) values of Ti isotopes than those of Cr
isotopes suggest the weaker collectivity of Ti isotopes.
Therefore, the development of the deformation region
found in the neutron-rich Cr isotopes does not extend
to °8Ti.
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Fig. 1. (a)Doppler-shift corrected v-ray energy spectrum
for the proton inelastic scattering on *®Ti. (b)Plot of
the excitation energies of the 27 states as a function
of the neutron number for Ti isotopes (circles) and Cr
isotopes (triangles). The filled circle indicates the result
from the present work.
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Inelastic scattering studies of 'C reexamined’

Z. Elekes,*! N. Aoi, Zs. Dombréadi,*! Zs. Fiilop,*! T. Motobayashi, and H. Sakurai

[nuclear structure, unstable nuclei, inelastic scattering]

16C nucleus has been in the forefront of nuclear
structure studies in the past years due to several rea-
sons. Its extended neutron distribution was suggested
from a reaction cross section measurement?. An-
other interesting phenomenon in the chain of carbon
isotopes, opposite deformations between protons and
neutrons® , which inspired several experimental works,
were proposed in the mid-nineties by Antisymmetrized
Molecular Dynamics (AMD) calculations. In addition,
the anomalous long lifetime of the first 2+ excited state
and a corresponding hindered E2 strength was mea-
sured by recoil shadow method in RIKEN®). Similar
small B(F2) value and a strong dominance of neu-
tron over proton excitations were concluded by analyz-
ing the angular distribution of 'C nuclei inelastically
scattered on a 298Pb target?. This seemed to be con-
firmed by a proton inelastic scattering measurement in
inverse kinematics® . This year, the results of two new
experiments aimed at redetermining the lifetime of the
first 27 excited state have become available. RIKEN
published a revised data® and Lawrence Berkeley Na-
tional Laboratory has reported a value close to this
new result”). These studies suggest a shorter lifetime
and a corresponding larger B(E2; 0}, — 2) between
10-20 e?fm*.

In this paper, we present a reanalysis of the in-
elastic scattering experiments populating the 2}' state
using 2°°Pb*? and hydrogen targets®). Since the Pb
and H targets probe the neutron and proton distribu-
tions with different sensitivities, both mass and charge,
and consequently, the neutron and proton deformation
lengths (6, and d,) can be extracted by comparing the
integrated cross sections of the two processes in a si-
multaneous way.

As a first step, a pair of neutron and proton defor-
mation lengths has been chosen. §%P, 647, 65°=6"'=6,,
are matter and Coulomb deformation lengths for the
two probes, respectively.

(Z-bFP+ N -bEP) 65 = N-bEP -6, + Z- 10 6,(1)

(Z-bﬁp—i—N-bff’)-5%1;:N~bflp~5n+Z~b£p-5p(2)
where bF?, b;’ b bPP and bbP are the neutron and proton
sensitivity parameters.

5};}?0, 5%70 are the input parameters in the coupled
channel code EC1s97 which were used to retrieve cal-

culated cross sections of% and oP? . The difference

T Condensed from the article in Phys. Rev. C 78, 027301
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between the calculated and experimental cross sec-
tions has been quantified in a x? value so that we
ended up with a set of data (d,,0,,x?). This proce-
dure was repeated with varied initial (d,,0,) parame-
ters and the results are visualized in a contour plot of
x? values. From the contour plot, the neutron and pro-
ton deformation lengths could easily be determined at
0,=1.37£0.12 (stat) fm, §,=0.904+0.13 (stat) fm. The
corresponding proton and neutron transition strengths
are:
B(E2;0,

;07, — 27)/e* = M = 15.244.4 (stat) fm*(3)

(4)

The total systematic uncertainties due to op-
tical model parameters have been determined at
A6,=0.095 fm, A6,=0.13 fm, AM?2=14 fm?,
AM?=4.4 fm*. Another source of uncertainty comes
from the sensitivity parameters of the probes. The
values are not precisely known, and therefore, the de-
pendence of the final data on them has been tested by
introducing a 20% change in the (—p)pp ratio, which

alters the (%)% value consequently. This resulted
to the follov;ing systematic errors: AJ,=0.025 fm,
A§p=0.025 fm, AM?2=3.6 fm?, AM§:0.8 fm?.

The presently determined B(E2)=15.2 e*fm* value
is close to the results coming from the two new lifetime
measurements®”) of 13.041.0 (stat)+3.5 (syst) e*fm*
and 20.8+3.7 e*fm* and are consistent with each other
taking into account the error bars. However, they are
much smaller than 82.3 e?’fm* which is expected using
a global fit by Raman®) based on the Grodzins rule?).
On the other hand, our extracted neutron strength of
98 fm* is about 6 times larger than the proton, which
shows the dominance of neutron over proton excita-
tions in '°C nucleus.

M? =98 + 17 (stat) fm*.

bn
b
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Lifetime measurements of excited states in 17Cf
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[Nuclear Structure, 17C, excited states, lifetime]

We report on y-decay lifetime measurements con-
ducted for low-lying excited states of the loosely-bound
isotope 7C. The electromagnetic transition strengths
were determined for the corresponding deexcitations
from the lifetimes observed. The present study aimed
to elucidate the low-lying structure of 17C.

The low-lying level scheme of 17C is known to exhibit
a couple of unique features. The spin-parity of the
ground state was confirmed to be 3/ 2+ .1 which contra-
dicts the naive shell model expectation that the ground
state of an odd nucleus with N = 11 should have spin-
parity of 5/2%. A recent work? further revealed two
excited states located below the very low neutron emis-
sion threshold at 728 keV. These states are almost de-
generate with excitation energies of about 220 keV and
330 keV, both deexciting directly to the ground state.
In light-mass nuclei, manifestation of such a high de-
generacy is exceptional around the ground state. Al-
though spin-parity assignments of (1/2%) and 5/2%
have been made for the first and second excited states,
respectively, a comprehensive understanding has not
yet been achieved on the underlying structure.

Measurements were performed at the RIPS beam-
line. The upgraded recoil shadow method (RSM)?) was
applied to the breakup reaction on ¥C at 79 AMeV.
Details on the RSM are found in Ref.?). '8C ions were
produced in projectile fragmentation reactions of 110-
AMeV 22Ne primary beams with a typical intensity
of 320 pnA, impinging on a 1.02-g/cm? °Be produc-
tion target. The '8C beam had a typical intensity of
2.3 x 10* counts per second with a purity of about
60%, and was directed onto a 370-mg/cm? ?Be reaction
target set at the final focal plane of RIPS. Positions
and incident angles of the secondary beam particles
were recorded with two sets of parallel plate avalanche
counters (PPACs)® placed upstream of the reaction
target. Outgoing particles were detected by a plastic
scintillator hodoscope,” located 3.8 m downstream of
the target, facilitating particle identification with the
TOF-AFE-FE method. The scattering angle of the par-
ticle was determined by combining the hit position on
the hodoscope with those on the PPACs for the in-
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coming particles. An array of 130 NaI(T1) detectors®
surrounded the reaction target to detect deexciting ~y
rays. A 5-cm-thick lead slab was installed close to the
target to serve as the v-ray shield, which is an essential
part of the RSM. The slab had an area of 24 x 24 cm?
with a 5.4-cm-diameter hole in the center.

Deexcitation y-rays from the two excited states were
clearly observed. The y-decay mean lifetimes were de-
termined to be 583 £ 21(stat)£35(syst) ps for the first
excited state and 18.9 £ 0.6(stat)+4.7(syst) ps for the
second excited state. Based on a comparison with the
empirical upper limits for the electromagnetic tran-
sition strengths, these decays were determined to be
predominantly M1 transitions. The reduced M1 tran-
sition probabilities to the ground state were deduced
to be (1.0 £ 0.1) x 1072 4% and (8.2732) x 1072 pZ,
respectively, for the first and second excited states.

The obtained results were compared with those of
the stable isotone 2'Ne. It is known that ?'Ne has
an anomalous ground state spin-parity of 3/2% due to
its large prolate deformation. The comparison showed
that the level properties of the 5/2% states are remark-
ably similar between the two isotones in terms of the
excitation energy and the M1 strength to the ground
state. The similarity suggests the enhanced collectiv-
ity in 17C, since the 3/2% and 5/2% states form a ro-
tational band in >'Ne. On the other hand, as cross-
ing from 2!Ne to 17C, the 1/2% state shows a sig-
nificant lowering of the state by about 2.5 MeV, ac-
companied by a strong hindrance of the M1 strength.
Naive Nilsson-model considerations prompted a con-
jecture that the anomalous behavior of the 7C 1/2%
state is related to enhancement of a spatially extended
s-wave component anticipated for a loosely bound de-
formed orbital.
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Investigation of the 3°S(p, v)3!Cl reaction via Coulomb dissociation
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[208Pb(3101,p 308)208Ph, nuclear astrophysics, Coulomb dissociation]

The stellar reaction 3°S(p,v)3!Cl was studied via
Coulomb dissociation. This reaction occurs in the
rapid proton (rp) capture process of hydrogen burn-
ing on the surface of an accreting neutron star.’) The
nucleus 2°S is a candidate for the waiting point, which
the reaction flow temporary stops at this nuclei, in the
p process.?) The 3°S(p,v)3'Cl reaction decreases the
amount of >°S, and thus speeds the reaction flow of the
rp process up. Therefore the strength of this reaction
affects the resultant abundance and energy production
in the rp process. 3!Cl production in the rp process
mainly depends on resonant capture via the first ex-
cited state in ' Cl at around 0.6 MeV.?) No direct mea-
surement of the 3°S(p,~)3!Cl reaction has been made
so far due to the short lifetime of S and the small
cross section of the reaction. We overcome this diffi-
culty by applying the Coulomb dissociation reaction,®
which can extract the cross section of the relevant stel-
lar reaction with relatively low beam intensity. The
aim of the present work is to determine the resonant
capture reaction rate of 39S(p,~)3!Cl through the first
excited state in 3'Cl.

The experiment was performed using a part of
the RIBF accelerator complex operated by RIKEN
Nishina Center and the Center for Nuclear Study, Uni-
versity of Tokyo. The secondary beam of 3'Cl at
58 MeV /nucleon was produced by the fragmentation of
a 115 MeV /nucleon 3¢Ar beam on a ?Be target. The
fragments were selected by the RIPS with the help
of an RF-deflector system.? The typical 3'Cl beam
intensity was about 500 cps, which is about 8% of
the total secondary beam intensity. The beam of 31Cl
bombarded a 104 mg/cm? 2°8Pb target. The reaction
products, the istopes of 3°S and protons, were mea-
sured by detectors located downstream of the target
as shown in Fig. 1. The entire system was in vacuum.
The emission angles of the products were measured
by a position sensitive silicon telescope located 62 cm
downstream of the target. The energy of 3°S was also
measured by the silicon telescope. The telescope con-
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Hodoscope

Si telescope

proton

Fig. 1. A schematic view of the experimental setup.

sisted of four layer of detectors arranged in a 5 X 5
matrix without 4 detectors at the corners of the first
and second layer and a 3 x 3 matrix for third and fourth
layer. Each layer was composed of a silicon detector
with an effective area of 50 x 50 cm? and thickness
of 500, 500, 325, and 500 pm, respectively. 39S was
stopped at the fourth layer, and identified using the
AF and F information. The energy of protons, which
penetrated the silicon telescope, was determined with
a plastic scintillator hodoscope placed 2.95 m down-
stream of the target by measuring the time-of-flight
(TOF). The hodoscope had an active area of 1 x 1 m?,
consisting of thirteen 5-mm-thick AF- and sixteen 60-
mm-thick E-plastic scintillators. The outgoing proton
was stopped in the E counters after passing through
the AFE counters. The proton was identified by TOF,
AFE, and E information. The relative energy between
308 and proton was obtained using the measured po-
sitions and energies of the products. An array of 160
NalI(T1) scintillator DALI2®) was placed around the
target to measure de-excitation ~y rays from 3°S. Anal-
ysis of the collected events is in progress.
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Inelastic scattering of proton-rich nucleus 23Al
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Y. Yamada,*' Y. Yasuda, ** J. Wang, ** H. Wang, *> T. Wendong, ** K. Yoneda, and T. Motobayashi

[C(PALp™Mg)C, C(*Al, ZAly)C, Nuclear structure]

The neutron-deficient nucleus Al has attracted much
attention since its discovery in 1969", because *Al is a
candidate for a proton halo system. The 1618 keV y ray
from the 7/2" state in Al”, whose energy is 1.5 MeV
higher than the one proton separation energy of *Al (122
keV?) was observed. A candidate for a peak, which may be
identical to the 7/2" state, was also observed as a particle
decay events of Al in the Coulomb dissociation of >*Al.%
To clarify the structure of this state, the experiment was
performed again, with the y and the particle decays are
measured simultaneously.

The experiment was performed using a part of the RIBF
accelerator complex operated by the RIKEN Nishina Center
and the Center for Nuclear Study, University of Tokyo. The
present study was carried out as a by-product of the
experiment of the momentum correlation function for Al
The secondary beam of Al at 72 MeV/nucleon was
produced by projectile fragmentation of a 135 MeV/nucleon
8Si beam on a *Be target. The fragments were selected by
RIPS with the help of a RF-deflector sysytem® for
purifying the secondary beam. The typical intensity and
purity of the Al beam were 700 cps and 3%, respectively.
The beam of 2*Al bombarded a 355.4 mg/cm® C target. The
outgoing *Al and reaction products, Mg and a proton,
were detected using a silicon telescope and a plastic
scintillator hodoscope located at 62 cm and 2.95 m down
stream of the target, respectively. The telescope consisted of
five layers of 0.5-mm-thick silicon detectors, and identified
Al and Mg using AE-E information. To obtain the
scattering angles of the reaction products, silicon detectors
which have strip electrodes with 5 mm pitch were used for
the first and second layers. Single-element silicon detectors
were used for the third, forth and fifth layers. The
hodoscope was constructed by three layers of plastic
scintillators, which have an active area of 1 X 1 m?,
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Fig. 1. Doppler-corrected energy spectrum of y rays
measured in coincidence with outgoing Al

consisting of thirteen 5-mm-thick AE counters, sixteen
60-mm-thick E/ counters and thirteen 60-mm-thick E2
counters. They detected protons which passed through the
silicon telescope. The identification of protons was
performed using AE-E information obtained from the
hodoscope and time-of-flight information between the
target and the hodoscope. The y ray detector array DALI2”,
which was located around the target, was used to measure
the de-excitation y ray from the inelastically scattered >*Al
and the reaction product *Mg.

Figure 1 shows the Doppler-corrected energy spectrum of
y rays. Ay transition from the unbound excited state in >*Al
was clearly observed in the present experiment. The energy
of the prominent peak may correspond to the y rays reported
by Gade et al.”) The analysis of the particle decay events is
now underway.
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Large proton contribution to the 2T excitation in 2°Mg studied by
intermediate energy inelastic scattering

N. Iwasa,*! T. Motobayashi, S. Bishop, Z. Elekes,*? J. Gibelin,*3** M. Hosoi,*® K. Ieki,*3 K. Ishikawa,*5
H. Iwasaki,*” S. Kawai,*3 S. Kubono,*® K. Kurita,*® M. Kurokawa, N. Matsui,* T. Minemura H. Morikawa,*3
T. Nakamura,*® M. Niikura,*® M. Notani,* S. Ota,*'% A. Saito,*® H. Sakurai, S. Shimoura,*® K. Sugawara,*®
T. Sugimoto,*S H. Suzuki,*” T. Suzuki,*® I. Tanihata,*'! E. Takeshita, T. Teranishi,*!? Y. Togano, K. Yamada,
K. Yamaguchi,*® and Y. Yanagisawa

[NUCLEAR REACTIONS: Pb,C(**Mg,?°Mgy), Coulomb excitation]

Manifestation of nuclear collectivity and shell clo-
sure in a wide range of nuclei has recently attracted
a great deal of interest, as seen by the recent devel-
opment of exotic-beam based experiments. The E2
reduced transition probability B(E2) and the ratio of
proton- to neutron-multipole matrix elements M, /M,
for the 0f, — 27 transition in even-even nuclei are
fundamental quantities that measure the degree of nu-
clear collectivity. To determine B(E2) and M, /M, for
20Mg, we studied Coulomb excitation of the proton-
rich nucleus 2°Mg*.

The experiment was carried out using a part of
the RIBF accelerator complex operated by RIKEN
Nishina Center and the Center for Nuclear Study, Uni-
versity of Tokyo. A radioactive 2°Mg beam separated
by RIPS with the help of the RF deflector!) impinged
on a 226 mg/cm?-thick lead target. The average beam
energy in the center of the target was 58 A MeV. Mea-
surement with a 118 mg/cm?-thick carbon target was
also performed to evaluate the contributions of nuclear
excitation. Scattered 2°Mg were detected by an ar-
ray of nine position-sensitive silicon telescopes. Parti-
cle identification was performed by the A E-E method.
De-excitation 7 rays from the reaction products were
detected by sixty-eight Nal(T1) scintillators (DALI)?).

Figure 1 shows the energy spectra of v rays af-
ter correcting for the Doppler shift, measured for the
lead and carbon targets when both the beam parti-
cle and reaction products are identified as 2°Mg. A
strong v line at 1.61(6)MeV is seen in the two spec-
tra. Angular distribution of the scattered 2°Mg mea-
sured in coincidence with the 1.61 MeV ~ rays for the
20Mg+Pb inelastic scattering is consistent with the an-

*  Condensed from the article in Phys. Rev. C78, 024306
(2008).
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Fig. 1. 7 energy spectra after correcting for the Doppler
shift in (a) **Mg+Pb and (b) °Mg+C inelastic scat-
tering. The solid curve represents the best fit by sim-
ulated line shape (dashed curves) and an exponential
background (dotted curves).

gular momentum transfer £ = 2, confirming 2% assign-
ment to the 1.6 MeV state®). To reproduce experimen-
tal cross section of the 2°Mg+Pb inelastic scattering,
B(E2;0% — 21) was determined to be 177(32) e*fm?,
yielding |M,|=13.3(12)fm?.

Assuming the isospin symmetry M, (M,) for a tran-
sition is equal to M, (M) for the corresponding tran-
sition in the mirror partner. The M,/M, value of
2.51(25) for *°Mg was deduced, using the adopted
B(E2) value of 28(2) e?fm* for 2°0 which is consid-
erably larger than the “collective” limit, N/Z = 1.5.
The extracted M, /M, value can be understood with a
simple picture where the 60O core is inert and only four
valence protons are responsible for the 2% excitation.
In this picture, the M, /M, ratio for 2°Mg should be
equal to ep, /ey, which results in the ratio 2.6 using stan-
dard effective-charge values e, = 1.3e and e, = 0.5e.
This is in excellent agreement with the present result,
and leads to a picture that the shell closure persists in
QOMg.
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Coulomb excitation and proton inelastic scattering of 3Ca

N. Iwasa,*!, N. Kume,*!, Y. Togano, N. Aoi, H. Baba, S. Bishop, X. Cai,*? P. Doornenbal, D. Fang,*?

T. Furukawa, Y. Hara,*3 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,*3
K. Yoneda, and T. Motobayashi

NUCLEAR REACTIONS: Pb,'H(*6Ca,?¢Ca ), Pb,'H(*¢Ca,?’K p), Coulomb excitation,

proton inelastic scattering

Coulomb excitation and proton inelastic scattering
of the proton-rich nucleus 3Ca were studied to de-
termine B(E2) and M, /M, for the 0f;, — 2{ tran-
sition in 36Ca. Recently, the excitation energy of
the first 2+ state in 3Ca was determined using the
9Be(®*7Ca, 39Cay) reaction!). The excitation energy,
3.015(16)MeV, is 0.44 MeV above the proton separa-
tion energy and 0.28 MeV lower than in the mirror
nuclei 368, and the extremely large mirror energy dif-
ference was discussed?). To obtain further information
on the nuclear structure of 3°Ca, experimental deter-
mination of B(E2) and M,, /M, is desired.

The experiment was carried out using a part of
the RIBF accelerator complex operated by RIKEN
Nishina Center and Center for Nuclear Study, Univer-
sity of Tokyo. A radioactive *Ca beam was produced
by fragmentation of a 1004 MeV 4°Ca beam in a 1-
mm thick beryllium target and separated by RIPS.
To improve the purity of 3Ca, an RF deflector was
used?. Particle identification of the secondary beam
was performed event-by-event by measuring time of
flight (TOF) and energy loss (AFE). The TOF was
measured using radio-frequency signal of the cyclotron
and signal of a 0.1 mm-thick plastic scintillator placed
at F3. The AE was measured by a 0.1-mm-thick sil-
icon detector. A 226 mg/cm?-thick lead target was
bombarded by the secondary beam. The average beam
energy in the center of the target was 58 A MeV. Mea-
surement with a 52 mg/cm?2-thick liquid hydrogen tar-
get was also performed.

Scattering angle of reaction products, 26Ca or
35K+p, were measured by an array of 21 position-
sensitive silicon telescopes arranged in a 5 X 5 matrix,
placed 0.62 m downstream of the target. Since 35Ca
and 3°K particles were stopped in the telescopes, parti-
cle identification was performed by the A E-E method.
The breakup protons punched though the telescopes
and were detected by a plastic scintillator hodoscope
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Fig. 1. v energy spectra after correcting for the Doppler
shift in (a) 3*Ca+Pb and (b) *Ca+'H inelastic scat-
tering. The solid curve represents the best fit including
simulated line shape (dotted curves) ; an additional ex-
ponential background (dashed curves).

consisting of 5 mm-thick AE and 60 mm-thick E lay-
ers, placed 2.95 m downstream of the target. De-
excitation 7 rays from the reaction products were de-
tected using 160 Nal(T1) scintillators (DALI2)?) sur-
rounding the target.

Figure 1 shows the energy spectra of y rays measured
for the lead and liquid hydrogen targets when both the
beam particles and reaction products are identified as
36Ca. The Doppler-shift correction is applied to obtain
these spectra. A + line at 3.0 MeV is seen in the two
spectra. Further analysis of the data is in progress.
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Attempt to produce the 3rd chain of 278113

K. Morimoto, K. Morita, D. Kaji, T. Akiyama,*' S. Goto,*? H. Haba, E. Ideguchi,*® K. Katori, H. Koura,** H.
Kudo,*? A. Ozawa,*> K. Ozeki, N. Sato,*® F. Tokanai,*” T. Yamaguchi,*! A. Yoneda, and A. Yoshida

[278113, production and decay, gas-filled recoil ion separator]

In 2003 -2007, we performed an experiment to syn-
thesize an element 113 by a 20?Bi + "°Zn reaction us-
ing a gas-filled recoil ion separator (GARIS) at RIKEN
Nishina-Center. In a total of 241 days of net irradia-
tion time experiment, two decay chains'?) were ob-
served and assigned from an isotope 278113. Both
chains were connected to the known nuclei of 266Bh3)
and 262Db34) | and ended by a spontaneous fission of
262Db. These latter two decay properties were con-
sistent with reported values®%). The cross section of
the 299Bi(7°Zn,n)?"®113 reaction was determined to be
31750 b at that time.

In order to increase the number of statistics of the
decay property, we continued to produce more decay
chains. While the decay chains observed in the previ-
ous experiment ended in a spontaneous fission of 262Db
, a 262Db would have the possibility to decay by al-
pha decay. Additionally 2°8Lr, the daughter nuclei of
262Db, is decaying by alpha decay. If the 262Db were
observed in a sequential alpha decay, the decay chain
would finally be connected to 2°Lr and 2**Md which
have been well studied. Thus it would be a strong
evidence for production of 278113.

The experiment was carried out from January 7 to
March 31, 2008. The experimental conditions were
identical to those used in the previous experiment. A
"07n ion beam of 353 MeV was extracted from RI-
LAC. Targets were prepared by the vacuum evapora-
tion of metallic bismuth onto carbon backing foil of
30 pg/cm? thickness. The thickness of the bismuth
layer was about 450 ug/cm?. The beam energy at the
halh-depth of targets was estimated to be 349.5 MeV.
The reaction products were separated in-flight from
the beam by GARIS and guided into a detector box.
The detector box consists of five 16-strip silicon detec-
tors. One of the detectors is a position sensitive de-
tector (PSD) which was used as a stop detector. The
separator was filled with helium gas at a pressure of
86Pa. The magnetic rigidity of GARIS was set to be
2.09 Tm for evaporation residue.

The net irradiation time was 83 days with a total
dose of "9Zn was 2.28 x 10'. The typical beam in-
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tensity on the target was 3.2 x 10'2s~!. The singles

counting rate of PSD was about 3 s~! at typical beam
intensity. In the present expriment no candidate for
278113 was not observed. Combining the results of the
present and previous experiments, the production cross
section of 278113 was determined to be 227%] fb.
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New decay properties of 24Hs, 260Sg, and ?°SRf

N. Sato,*! H. Haba, T. Ichikawa, E. Ideguchi,*?> D. Kaji, H. Koura,*® Y. Kudou, K. Morimoto,
K. Morita, A. Ozawa,** K. Ozeki, T. Sumita,*> T. Yamaguchi,*® A. Yoneda, and A. Yoshida

[264Hs, 260Gg, 256Rf, hassium, seaborgium, rutherfordium, GARIS]

Decay properties of 254Hs and its a-decay daugh-
ter nuclei attract some interest because they are even-
even superheavy nuclei. Productions and direct mea-
surements of lifetime of only four atoms of 264Hs were
reported previously?. In this work, the produc-
tion and decays of 26*Hs are investigated using the
208Ph(%8Fe,2n) and 2°"Pb(58Fe,n) reactions.

The %®Fe!'3t ion beam was extracted from the
RIKEN Linear Accelerator, RILAC. The beam en-
ergy at the middle of the target in the center of mass
frame was set to be 227.2 MeV for 2°°Pb target and
220.5 MeV for 297Pb.The typical beam intensity was
4.5 x 1012 571

Targets were prepared by vacuum evaporation of
lead on carbon backing foil of 30 ug/cm? thickness.
The target thickness was 500 ug/cm? for 2°8Pb (En-
richment 98.4%) and 430 pg/cm? for 2°7Pb (Enrich-
ment 98.0%). The targets were covered by a 10 ug/cm?
thick carbon to protect the target from sputtering.

The reaction products were separated in-flight from
the beam by a gas-filled recoil ion separator, GARIS,
and were guided into a detection system at the focal
plane of GARIS. The details about separator and de-
tector is reported elsewhere®?).

We observed three correlated events in irradiation
of ®Fe on 20%Pb, and eight events in irradiation of
%8Fe on 207Pb. We assigned these eleven events to be
the decays of 254Hs. In the eleven events, ten events
were a-decays while one was spontaneous fission de-
cay. Alpha energies of 10.80 & 0.08 MeV (I, = 10%),
10.61 + 0.05 MeV (I, = 60%) and 10.34 4 0.04 MeV
(Io = 30%) were observed. The decay time distri-
bution obtained by this work are summarized in Fig.
1. A half-life was deduced to be 0.907039) ms. The
production cross section was deduced to be 8.51r 49 Db
for the 295Ph(°®Fe,2n)?%*Hs reaction and 1115 pb for
207Pb(58Fe,n)264Hs.

In the decays of 260Sg, produced as decay daughter
of 264Hs and its daughter nuclei 2°Rf, we observed two
groups. In this report, we describe short-lived nuclei
as ¢, and long-lived one as ?. 269Sg? decays by sponta-
neous fission (bgp = 60%) and « emission (b, = 40%)
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with an energy of 9.78 £ 0.06 MeV and a total half-
life of 4. 1+3 2 ms. 256Rf is produced only by a-decay
of 2608g?, and decays by spontaneous fission (bgp =
100%) with a half-life of 122" ms. These decay prop-
erties agree well with the literature values, produced
by the 208Pb(**Cr,2n)?¢°Sg and 207Ph(°*Cr,n)?¢°Sg or
208ph(50T4,2n)2°°Rf reaction®.

On the other hand, 26°Sg’ decays by « emission
with energies of 9.51 + 0.06 MeV (I, = 80%) and
8.76 + 0.08 MeV (I, = 20%) with a total half-life of
1807550 ms.

256Rf* decays by « emission, too. Alpha energies
of 8.78 = 0.04 MeV (I, = 80%) and 8.47 + 0.04 MeV
(I, = 20%) were observed with a half-life of 10.4757 s
This state is produced only by a-decay of 260Sg?.

or 260Sg and 25SRf, the decay of such a long-lived
state has not been reported. This experiment showed
that 260Sg and 2°6Rf have long-lived state, which is
created only by a-decay of 264Hs. These are the first
observations of isomerism in 26°Sg and 2°°Rf.
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Precision measurement of the hyperfine constant of !Be

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

[hyperfine anomaly, neutron halo, laser spectroscopy]

The magnetic hyperfine structure (hfs) constant of
the ground state !'Be™ ion has been measured at the
prototype facility of SLOWRI at RIKEN. Energetic
Be ions produced at the projectile fragment separa-
tor RIPS were decelerated and cooled by an RF-carpet
ion guide! and trapped in a linear RF trap. The stored
HBet ions were further cooled by laser irradiation to
< 10 mK and double resonance spectroscopy was per-
formed to directly measure the magnetic hyperfine con-
stant a.

The magnetic hfs constant of the s-state is a probe
of the magnetization distribution of a nucleus which
manifests itself under a local, inhomogeneous magnetic
field due to a valence s-electron, while the nuclear mag-
netic moment is an integrated magnetization measured
with a homogeneous external field. A comparison of
the ratio of the hfs constant a to the nuclear g-factor
g among isotopes yields the Bohr-Weisskopf effect?),
which should sensitively reflect the structure of the sin-
gle neutron halo® . In the naive picture shown in Fig. 1,
the charge radius of 11Be is representative of the core
size while the magnetization radius is representative
of the radius of the extended halo neutron since the
nuclear magnetization is mainly carried by the halo
neutron. Combined with our isotope-shift measure-
ments®), we can clearly discern whether the valence
neutron is really distributed with a large radius.

Figure 2 shows the fluorescence intensity for ''Be™
plotted as a function of the microwave frequency. A
313 nm laser radiation was used for the cooling and
optical pumping of ions. If a resonant microwave radi-
ation induces the hyperfine transition, the fluorescence
intensity changes. From the spectrum the resonance
frequency was determined to be 2667.434(10) MHz.
We measured two transitions (|F,mpg) = [0,0) «
[1,4+1) and |0,0) < |1,—1)) at two different magnetic

s @

Fig. 1. Sketch of the charge (r.) and magnetization (r)
radii of neutron halo nucleus ''Be.
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fields, from which the magnetic hyperfine constant was
determined to be a = —2677.308(2) MHz and the nu-
clear spin was confirmed to be I = 1/2.

The differential hyperfine anomaly A4 which corre-
sponds with the difference of the Bohr-Weisskopf effect
with respect to the stable isotope “Be is described as

oA = 99199 | e (9Be) — epw(“Be). (1)
as/ga

Fujita et al.”) predicted A4 = 468 ppm and 950 ppm,
while Parfenova and Leclercq-Willaim® calculated it
to be 320 ppm and 221 ppm using various models.
Though the theoretical values diverge depending on
the nuclear models used, they all showed a very large
anomaly as compared with A7 and concluded that the
anomaly is correlated with the large neutron spacial
distribution. Experimentally, we preliminary evalu-
ated A4 = 2204480 ppm using the inprecise literature
value of the nuclear magnetic moment pu;(*'Be)=(-
)1.6816(8) un™. In the near future we will measure
the Zeeman splittings of the hyperfine structure at a
high magnetic field with a combined trap where we can
determine the nuclear magnetic moments as well as the
hyperfine constants with much higher accuracies as we
have demonstrated® for “Be™.
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Precision hyperfine structure spectroscopy of laser-cooled radioactive
"BeT-ions produced by projectile fragmentation

K. Okada,*! M. Wada, T. Nakamura, A. Takamine, V. Lioubimov, P. Schury, Y. Ishida, Y. Yamazaki,
Y. Kanai, T.M. Kojima, A. Yoshida, T. Kubo, I. Katayama,*? S. Ohtani,*> H. Wollnik,** H.A. Schuessler, *

[hyperﬁne constant, magnetic moment, “Be, laser cooling]

We performed laser cooling and precision hfs spec-
troscopy of radioactive ions from projectile fragmenta-
tion, for the first time, at prototype SLOWRI. The first
nucleus measured was “Be which is a unique nucleus
whose nuclear moments elude determination by the
B~v-NMR method, since it emits no [-rays and emits
~-rays isotropically. Optical spectroscopy is therefore
the only way to measure the nuclear moments.

"Be ions produced at 1 GeV by projectile frag-
mentation were decelerated and cooled in an RF-
carpet ion guide’? and trapped in an RF ion trap®.
They were further cooled by laser radiation to ueV
and laser-microwave double-resonance spectroscopy®
was performed (Fig. 1)». A magnetic hfs constant
of A = —742.77228(43) MHz and a nuclear spin of

= 3/2 were determined from the microwave reso-
nance frequencies with o™ and o~ radiations each at
two low magnetic fields of 0.61 and 0.71 mT. The nu-
clear magnetic moment of “Be was deduced from A to
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Fig. 1. (a) Laser cooling spectrum of “Be™ ions and (b)
microwave resonance detected by fluorescence intensity

in the case of 0T radiation.
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Table 1. Nuclear magnetic moment of “Be [ux]

Present experimental value —1.39928(2)
Cohen-Kurath (8-16)POT®) —1.3787
Ab-initio non-core shell model”) —1.138
Variational quantum Monte Carlo'?) —1.110(2)

be pr("Be) = —1.39928(2) ux where the small differen-
tial hyperfine anomaly (A% < 107° 7)) was neglected
while the uncertainty of u;(“Be) was evaluated from
a theoretically derived “A°. Spin expectation values
(Xo,) = 0.94044(3) and (Xl,) = 1.02978(1) were also
deduced together with the magnetic moment of 7Li%).

The magnetic moment was compared with theoret-
ical calculations (Table 1). A simple shell model cal-
culation with OXBASH using the Cohen-Kurath® in-
teraction shows good agreement, with a 1.5% discrep-
ancy, while the ab-initio shell model calculation® by
Navtatil et al., and the variational quantum Monte
Carlo calculations by Pudlinear et al.'®) showed large
discrepancies of about 20%. These modern calcula-
tions achieved good agreement for the magnetic mo-
ments of 7' = 0 isoscalar nuclei, such as B, but not
for T = 1/2 isovector nuclei. This is considered to
be due to two-body charge and current contributions,
which are not included in the calculations; they largely
cancel in the isoscalar nuclei, while they are noticeable
in the isovector nuclei'?).

We have shown that high precision laser-microwave
spectroscopy can be performed for radioactive ions pro-
duced at 1 GeV by projectile fragmentation. This
guaranties that many new experiments on unexplored
isotopes will be conducted using the same setup.
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Half life measurement of #¢Cr
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D. N. Binh,*'*2 D. Kahl,*! M. Suga,*® Y. Gono, Y. Fujita,*® and S. Kubono*!

[8 decay, unstable nuclei]

For the rapid proton capture process (rp-process) in X-
ray bursts and the core-collapse stage of supernovae,
proton-rich pf-shell nuclei far from stability play im-
portant roles!). Studies of the 8 and electron cap-
ture decays of these proton-rich pf-shell nuclei are of
great astrophysical interest. These decays involved in
the charged-current processes are predominated by the
Fermi and Gamow-Teller (GT) transitions. Informa-
tion on GT transitions can be derived directly from
(-decay measurements. To determine the accurate
B(GT), it is important to determine the feeding ratio
and half-life of the (-decay accurately.

The purpose of the experiment is to measure the
properties of 46Cr, namely, i) the total half-life of ;-
decay with an accuracy better than 10 %, ii) the decay
branching ratios to the ground state (Fermi transition)
and GT states accurately.

The experiment to measure the half life of 5 decay
of 46Cr was performed using the low-energy RI beam
separator (CRIB)?®) of the Center for Nuclear Study
(CNS), University of Tokyo. The “6Cr particles were
produced by the 36Ar + '2C fusion reaction. A natu-
ral C foil of 0.56 mg/cm? was installed as the primary
target. The 36 Ar primary beam was accelerated to 3.6
MeV /nucleon by the AVF cyclotron, and degraded to
3.0 MeV /nucleon by a 2.2-um-thick Havar foil placed
in front of the primary target to maximize production
of 46Cr at lower energy. To separate “6Cr from the con-
taminants produced in the fusion reaction, the Wien
filter (WF) was used at a high voltage of +85 kV. A
microchannel plate (MCP) was placed at the final fo-
cal plane (F3) to monitor the beam position. We used
a 0.7-pm-thick alminized Mylar covered by Csl for the
window of the MCP. An ionization chamber (IC) was
placed behind the MCP as a AE detector. A double
sided Si strip detector (DSSD) of 500-um thickness was
set in the IC as an E and a §-ray detector. A Si detec-
tor of 1.5-mm thickness was placed behind the DSSD
for a O-ray detector. To measure (-delayed v rays in-
volved (3 decay, 3 clover and 1 coaxial Ge detectors
were set around the IC. The beam was pulsed to mea-
sure the half life of the 3 decay of °Cr. The durations
of the beam-on and beam-off periods were 500 and 700
ms, respectively. Non-stop TDC (NSTDC) was used
to measure half lives of fusion products.

Figure 1 shows a particle identification obtained
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Fig. 1. RF-AE spectrum obtained by the IC and MCP
placed at F3.

from the AE and the time-of-flight (TOF) from the
MCP and the RF signals. 46Cr was clearly separated
from other products. In this experiment, the purity
and the intensity of 6Cr were 2 % and 10 particle per
second (pps) with the primary beam of 80 particle nA.

Figure 2 shows a decay spectrum of NSTDC between
duration of beam off. This spectrum was made by only
setting gates on more than 200 keV of DSSD, which is
mainly dominated by the 46V decay. Further analysis
is in progress to get a clean spectrum.
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Fig. 2. Decay spectrum.
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30S Beam Development with CRIB
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Wakabayashi,*?> and H. Yamaguchi,*?

[Unstable nuclei, astrophysics]

The 3°S(a,p) reaction is a significant link in the
rapid proton capture process in X-ray bursts on accret-
ing neutron stars®), but there are no experimental data
to date. In order to perform a successful measurement
of the *He(3°S,p) cross section at X-ray burst energies,
Hauser-Feshbach calculations indicate we require a 3°S
beam of ~10° particles per second (pps) at 32 MeV.

We conducted beam development experiments in
2006 and 2008 using 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. We produce 3°S via the
3He(?8Si,2°S)n reaction, by bombarding a cryogenic
gas target®®) of ®*He at 90 K with beams of 28Si. We
tested two primary beams: 22Si%* (6.9 MeV /u and 130
pnA); 28Sil0* (7.54 MeV/u and 10 pnA); both beams
were extracted from the CNS HyperECR ion source
and accelerated by the AVF cyclotron. We tested three
production target gas pressures (200, 300, 400 Torr),
finding 3°S yield was maximized at the highest 3He gas
pressure.

RI Species | Epeam | Purity Intensity
(MeV) (%) (pps @ 10 pnA)
30gTet 30 30 500
30gTF 32 0.8 1.2 x 10%

Table 1. Selected results for 3°S beams, using *He at 400
Torr and the primary beam 28Si'F at 7.54 MeV /u.

The 3°S beam profile is monitored with delay-line
PPACs and energy is measured with a Si detector at
the target focus. Results are presented in Table 1 and
Fig. 1. For both 3°S experiments, the Wien filter po-
tential was £60 kV, but it has achieved up to +100 kV,
allowing higher 39S purity in future, which we like to
be > 10% due to the 10° Hz PPAC counting limit.
We attempted to increase the purity of 3°S'4+ using
a 1.5 pm aluminized mylar degrader at the momen-
tum dispersive focal plane, but the intensity on target
decreased by 80% because the CRIB optics were not
improperly retuned due to time constraints. It should
be possible to accelerate 28Si%* to 7.4 MeV/u at 130
pnA, increasing the 39S+ intensity by a factor of 13 to
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Fig. 1. RF-ToF spectrum using delay-line PPACs in the

scattering chamber. 3°S'+ is clearly separated.

above the requisite 10° pps. We also tested, but could
not fully separate 39S+ from the primary component
28Gil4+ due to similar magnetic rigidity.

We measured the charge-state distribution of 2%Si
beam ions in carbon (550 pg/cm?) compared to Havar
foil (2.2 pum) (Table 2). For a 28Si beam of 3.4 MeV /u
(~Epeam of 3°9), it was found that transmission of
highly charged states of 28Si is improved through car-
bon foil compared to Havar foil with a ratio consistent
with predictions of LISE++. It may be possible to
preferentially populate higher charge states of 3°S by
use of a carbon stripper foil.

Target | Species | Normalized

pps @ 10 enA
Havar | “°Si™*T | 1.075 x 10°
Havar | 2®Si™F | 6.013 x 107
Havar | 2®Si™*F | 3.901 x 10°
Carbon | Si™?* | 1.758 x 10°
Carbon | ZSi™F | 1.300 x 10°
Carbon | ZSi™™F | 4.365 x 107

Table 2. Intensity of selected charge states of 25Si after
passing through Havar foil or carbon foil.
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Study of astrophysically important states in 26Si via the
p(?°Al,p)?* Al elastic scattering

J. Chen,*! A. A. Chen,*! S. Kubono,*?> H. Yamaguchi,*?> G. Amadio,*? S. Cherubini,*> M. La .Cognata,*3
H. Fujikawa,*? S. Hayakawa,*?> N. Iwasa,*® J. J. He,*> D. Kahl,*! L. H. Khiem,*? Y. Kurihawa,*?
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Galactic 26Al in its ground state is produced by the
proton capture on 2°Mg. In nova explosions, the pro-
ton capture of 2°Al competes with its 3 decay to sup-
ply the 2?Mg and therefore bypasses the production of
269 A1, since the capture product 26Si decays quickly to
26m A1 instead of its ground state. At even higher tem-
peratures, such as in supernova explosions, 26" Al can
be excited to the higher excited states by thermal exci-
tation and then quickly de-excite to the ground state,
thereby enhancing the production of 269A1Y. The en-
ergy levels in 26Si in the Gamow window corresponding
to these temperatures therefore need to be well under-
stood in order to determine the 2°Al(p,v)?Si reaction
rate, and thus the production rate of 26Al in these ex-
plosive environments* 7).

A thick target method®® was used to scan the
center-of-mass energy from 0 to 3.38 MeV with the sec-
ondary beam of 3.52 MeV /nucleon 2® Al impinging on
the 6.58 mg/cm? CH, target, corresponding to a range
of excited states from 5.515 MeV (?*Al+p threshold)
to about 8.9 MeV. The ?°Al beam was produced by
the reaction 2H(?*Mg,n)?°Al, with the purity of about
50% and intensity of about 5x10° pps on target. The
particle identification (PID) for the secondary beam
was provided by two PPACs (Parallel Plate Avalanche
Chamber) while PID for the scattered protons was pro-
vided by AE-E telescopes as well as the TOF (time-
of-flight) method.

The energy loss of the scattered proton traveling
through the remaining part of the target must be taken
into account. The total yields of background protons
of different energies from a carbon target are normal-
ized by the ratio of target thickness per energy bin and
the ratio of the total number of beam events. Figure 1
shows a final proton spectrum after correcting the en-
ergy loss and subtracting the background protons.

For preliminary purpose to find the resonant ener-
gies, a Breit-Wiger fit was applied for each single peak
in the proton spectrum. Figure 2 shows a sample fit.
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Fig. 1. Proton spectrum at 0;,5= 0° in the center of mass
frame with energy loss corrected and background sub-
tracted.
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Fig. 2. A Breit-Wigner fit for the peak at F.,,=1697keV,
corresponding to the excited state FE;=T7156keV,
J":2+,7) with the dashed line for the Coulomb part,
dashed-dotted line for Coulomb-resonance interference
and the dotted line for the pure resonant part.

An advanced R-Matrix® fit for the excitation function
is being performed to extract physical parameters such
as energy levels and proton widths. The results will be
used as input for calculating the new 25 Al(p,7)?°Si re-
action rate. The analysis is still in progress.

References

1) R. C. Runkle , A. E. Champagne, and J. Engel, APJ
556 (2001) 970-978

S. Kubono, Nucl. Phys. A 693 (2001) 221-248.

A. H. Herndndez et al., NMB 143 (1998) 569-574

D. W. Bardayan et al., Phys. Rev. C 65 (2002) 032801.
J. A. Caggiano et al., Phys. Rev. C 65 (2002) 055801.
Y. Parpottas et al., Phys. Rev. C 70 (2004) 065805.
D. W. Bardayan et al., Phys. Rev. C 74 (2006) 045804.
A. M. Lane, and R. G. Thomas, Rev. Mod. Phys. 30
(1958) 257

0~ O U= W N

)
)
)
)
)
)
)

-21 -



RIKEN Accel. Prog. Rep. 42 (2009)

Measurement of the ground-state electric quadrupole moment of 33Al
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[Nuclear structure, magnetic moment, unstable nuclei]

In the work currently being carried out, the ground-
state @ moment of *3A1 (I™ =5/2%, T /5 = 41.7(2) ms)
has been measured by means of the (-ray detected
nuclear magnetic resonance (G-NMR) spectroscopyl)
incorporating the technique of fragmentation-induced
spin-polarized radioactive isotope beams®?).

The experiment was carried out at the GANIL fa-
cility. A beam of 33Al was obtained from the frag-
mentation of 3¢S projectiles at E = 77.54 MeV on a
224 mg/cm?2-thick ?Be target. In order to have 33Al
spin-polarized, fragments emitted at angles 6y, = (1
— 3)° from the primary beam direction were accepted
by the LISE spectrometer: the primary beam was de-
flected by 2° with respect to the target located at the
spectrometer entrance. Also, a range of momenta p =
(1.026 — 1.041)py, was selected with a slit placed at the
momentum-dispersive intermediate focal plane. Here
pr, = 11.7 GeV/c is the fragment momentum corre-
sponding to the projectile velocity. Under the above
conditions and with a primary 366+ beam current of
I ~ 2 epA, LISE provided the beam of 33Al with a
purity ~ 75 % and an intensity of 1.3 k particles/s.
Then, the spin-polarized 33Al were transported to a (-
NMR apparatus located at the final focus of LISE, and
were implanted in a stopper of a-AlyO3 single crystal
of hexagonal structure. A static magnetic field By ~
500 mT was applied to the stopper in order to pre-
serve the spin polarization. The a-Al;O3 crystal was
mounted in a stopper chamber so that the c-axis was
oriented parallel to the By field. The stopper was kept
in a vacuum and cooled to a temperature 7"~ 80 K to
suppress the spin-lattice relaxation of 33Al during the
(3 decay.

The @ moment was measured based on the S-NMR,
technique, where resonance is observed through the
change in the S-ray up/down ratio R measured with
plastic scintillator telescopes located above and below
the stopper. By taking a double ratio R/Ry where
Ry is the value for R measured without an oscillating
magnetic field By, the resonance frequency is derived
from the position of a peak or dip deviating from unity.
The obtained NMR spectra are shown in Fig. 1.
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The experimental quadrupole coupling constant
leqQ/h| of 33Al can be determined from the peak po-
sitions in the spectra, with which the experimental
|Q(33A1)| is deduced from the relation |Q(*3Al)| =
QETAL - cgQ/h(¥Al)/eqQ/h(*T AL, where Q(*7Al)
and eqQ/h(*>"Al) denote the @ moment of 27Al and
the quadrupole coupling constant of 27Al in a-Al,Os3,
respectively. Based on the least-x? fitting analysis
adopted to the determination of |Q(3'Al)|%), a prelim-
inary value |Q(*3Al)| = 132(16) emb has been deter-
mined. The analysis is in progress.
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Fig. 1. NQR spectra obtained in an a-Al>O3 single crystal
for the *3Al ground state by applying (a) wider and
(b) narrower frequency windows of the B; field. In the
spectra, double ratios R/ Ry are plotted as a function of
the quadrupole coupling constant |egQ/h|, where Ry is
the value for S-ray up/down ratio R measured without
the By field. The result of the least-x? fitting analysis
is shown by solid curves.
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Electric quadrupole moment of proton-rich 23Al
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[nuclear structure, spin-polarized RI beam, electric quadrupole moment, 5-NMR/NQR]

Proton-odd nuclei in the sd-shell near the proton-
drip line have much smaller proton-separation energies
compared with stable nuclei. In particular, for 23Al
(I" = 5/2+tY Ty/2 = 470ms), the separation energy
is extremely small as 125(25) keV, and so 23Al is con-
sidered to be a candidate of the proton-halo nucleus.
Recently, a large reaction cross section, although er-
ror was still large, was reported®® and the authors
suggested halo-like structure of 23Al. Note that there
is at least one candidate of the proton-halo like nu-
cleus whose spin-parity is not 1/2%, e.g. *B% in the
p shell. In this work, the @ moment of 23Al has been
measured by §-ray detected Nuclear Quadrupole Reso-
nance method (5-NQR method) to extract information
about nuclear matter density distribution.

The experiment was carried out by utilizing the
RIKEN Projectile Fragment Separator (RIPS) at the
RI Beam Factory operated by RIKEN Nishina Center
and CNS, University of Tokyo. Nuclear spin-polarized
23 A1 nuclei were produced by bombardment of 2*Mg
ions on a 2.5 mm-thick “Be target. The 2*Mg!?* ions
were accelerated up to 100 MeV /nucleon and the in-
tensity of the primary beam was typically ~800 enA on
the target. The production process, 2*Mg +° Be —23
Al+X, is considered as a composite process of the pick-
up and the projectile fragmentation processes. The
fragments which are emitted into the angle from 0.4°
to 5.4° relative to the primary beam with the momen-
tum below 1.05 pg, where py = 8.76 GeV/c is the peak
in the distribution, were selected by RIPS, and the de-
gree of polarization of 22Al was measured as 1.2% by
the S-NMR method. A wedge-shaped degrader (221
mg/cm?) was used for the energy loss separation, and
then the 22Al ions were transported to the S-NQR. ap-
paratus and were implanted into a a-Al,Og3 plate to-
gether with inseparable fragments such as 2?Mg and
2INa which became low energy-g-ray emitters. By
(-ray energy separation, the purity was achieved to
~74% in B-ray counts and the counting rate was typ-
ically ~100 cps. Static magnetic field By = 0.458T
was applied on the crystal parallel to the polarization
axis in order to preserve the polarization and to induce
the Zeeman splitting. Electric field gradient ¢ = V., at
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the implantation cite of 22Al in a-Al,O5 interacts with
the Q(?*Al) as a perturbation which is characterized
by a quadrupole coupling constant eq@/h. In -NQR
method, using plastic-scintillation-counter telescopes
which are placed above and below the crystal relative
to the polarization, the asymmetrical g-ray emission
were detected as a up/down counting ratio. Oscillat-
ing magnetic field By was applied perpendicular to the
By. When applied frequencies corresponds to the eqQ-
perturbed Zeeman splitting, the polarization was reso-
nantly changed, in other words, the up/down ratio was
resonantly changed at the eqQ/h.

Obtained NQR spectrum is shown in Fig. 1. In
Fig. 1, the [-ray asymmetry was expressed as the
up/down ratio normalized by the up/down ratio with-
out B field as a function of eg@/h. From the peak
position of the resonance and comparison with 27Al of
which the @ moment® and the quadrupole coupling in
a-Al,05% are well studied, the @ moment of the 23Al
is determined as |@Q| ~ 170 emb from the preliminary
analysis. Detailed analysis is in progress.
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Fig. 1. NQR spectrum of 3Al in a-Al,O3 at room tem-
perature. The solid line shows the result of preliminary
analysis based on the least-x? fitting.
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Production of ®Cu through the charge exchange reaction of *®Ni
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[Charge exchange reaction, unstable nuclei]

Nuclei near the double magic nucleus °°Ni are of
particular interest in investigating structure and inter-
action in the pf-shell region?. The N=Z odd-odd
nucleus **Cu(I™ = 1%, T}/, = 3.2 s) with one proton
and one neutron outside the ®6Ni core is the best suited
system for the study of proton-neutron interaction in a
pf shell nucleus. We then plan to determine the elec-
tromagnetic moments of °*Cu by means of the 5-NMR
techniquel).

Also the short lived S-emitter *®Cu might be an at-
tractive S-NMR probe for material science. For exam-
ple in a Si device, a Cu impurity causes degradation
of its performance because of the fast diffusivity and
formation of deep impurity levels in the band gap®). 3-
NMR studies with *®Cu as a microscopic probe should
be able to provide unique information on the mecha-
nism of Cu diffusion and the behavior of Cu-dopant
complex (ex. Cu-B pair) in Si.

In this report, we present results for the production
of %8Cu through a charge exchange reaction of *Ni,
as the first step of establishing a spin polarized 5®Cu
beam for -NMR studies. A 954 MeV ®8Ni beam was
provided by the K540 RIKEN Ring Cyclotron and im-
pinged on a 2-mm thick Be target. The *3Cu nuclei
emitted at angles 0.2°—4.5° were separated by RIPS.
An 85-mg/cm? thick curved Al plate was used at F1
as an achromatic degrader.

Particle identification was done with a standard par-
ticle detector system at RIPS. The momentum distri-
bution for 8Cu was obtained as shown in Fig. 1 and
the width is almost explained by energy spread due to
the target thickness. The momentum of the peak for
58Cu is nearly the same as the momentum that corre-
sponds to the primary beam velocity.

The size of the secondary beam was about 15 mm in
diameter at the final focus point F3 where the 5-NMR,
equipment is to be installed. Production of *8Cu was
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also confirmed from the B-ray time spectrum measured
at F3 as shown in Fig. 2.
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Fig. 1. Momentum distribution of *Cu produced through
the charge exchange reaction of *®Ni with a Be target.
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Fig. 2. Typical S-ray time spectrum for *Chu.
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The first T-violation experiment using polarized 8Li at KEK-TRIAC
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[8 decay, spin polarization, symmetry]

The beta-decay rate function W can be expressed as

-

J-(ﬁx&).”
E )

Wo<1+AJép+R

where J denotes spin of the parent nucleus, and F,
p and ¢ indicate energy, momentum and spin of elec-
trons, respectively. A is the beta-decay asymmetry pa-
rameter, and R is the coefficient we are interested in.
Production of polarized nuclei, measurement of elec-
tron momentum, and measurement of electron trans-
verse polarization are required to determine the R co-
efficient. If a non-zero R is observed, it means that
time reversal symmetry is violated.

A physics experiment (RNB08K04) was performed
in September 2008 using a polarized ®Li beam at
KEK-TRIAC, and R-parameter measurement was per-
formed. The detector setup is shown in Fig. 1. Re-
garding the Mott polarimeter, a multi-wire drift cham-
ber has been developed as an electron tracking detec-
tor.) The polarized ®Li is produced using the tilted-
foil technique.?) In the present experiment, polystyrene
(3 ug/cm?) foil was used with a tilting angle of 70°.
Systematic error of the detector system can be can-
celed by changing the foil angles every 5 minutes. A
special beam stopper was developed at the Van de
Graaff accelerator at Osaka University.®) A large plat-
inum foil (t-20 pm, annealed) was used to catch the dif-
fused beam efficiently. A magnetic field (>500 Gauss)
was applied using a pair of small permanent magnets
in order to minimize the size of the entire stopper. It is
known that transversely polarized electrons show up-
down asymmetry in Mott scattering. Electron trans-
verse polarization can be determined by obtaining the
scattering angular distribution from the observed scat-
tering tracks.

A new trigger system was developed for the Septem-
ber experiment. The previous trigger logic consisted of
coincidence signals between scintillators. In the new
system, the trigger purity (ratio of real scattered “V-
tracks” events to all recorded events) is quite small.
To improve the poor V-track efficiency, the hit signals
from the drift chamber are included in the trigger logic.
Using this new trigger system, the trigger rate can be
reduced to 1/20 without losing real events.

We succeessfully reconstructed the tracks for the
Mott scattered electrons.  The value of the R-
parameter was roughly estimated from the asymmetry
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Fig. 1. Detector setup.

of the scattering angular distributions (Fig. 2), yield-
ing R = 0.30 £ 0.18 (statistics only). This value is
inconsistent with zero. More precise experiments are
required to determine whether time reversal symmetry
is violated or not.
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Fig. 2. Obtained angular distribution of Mott scattering.

Our future experiments will be performed at
TRIUMEF-ISAC. Since the beam intensity and polar-
ization are greatly increased, a better result will surely
be obtained. DAQ acceptance, however, must be im-
proved with respect to the high count rate. It has
already been approved by PAC in December 2008; No.
S1183: MTV (Mott polarimetry for T-Violation ex-
periment). We will be able to determine R-parameter
with the highest precision.
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Current status of SAMURAI

K. Yoneda, N. Iwasa,*! T. Kawabata,*? T. Kobayashi,*! T. Kubo, K. Kusaka,
T. Motobayashi, T. Murakami,*® Y. Nakai, T. Nakamura,** J. Ohnishi, H. Okuno, H. Otsu,
H. Sakurai, H. Sato, Y. Satou,** K. Sekiguchi, and Y. Togano

This report describes the current status of SAMU-
RAI. SAMURAI (Superconducting Analyzer for
MUlti-particles from RAdio Isotope beam) is a large-
acceptance multi-particle spectrometer to be con-
structed in RIBF. A schematic illustration of SAMU-
RATI is shown in Fig. 1. The main part is a large-
gap (80 cm) superconducting dipole magnet with max-
imum 7 Tm bending power for momentum analysis of
heavy projectile fragments and projectile-rapidity pro-
tons with large momentum and angular acceptance.
The large gap also enables measurement of projectile-
rapidity neutrons with large angular acceptance in co-
incidence with heavy projectile fragments.

SAMURALI can be used in a variety of ways in exper-
iments with the RI beams provided from BigRIPS. In
the breakup experiments of neutron-rich and proton-
rich nuclei, SAMURATI’s large acceptance enables ef-
ficient heavy ion (HI)-neutron and HI-proton coinci-
dence measurements required for invariant-mass spec-
troscopy. SAMURALI is also suitable for missing-mass
spectroscopy, in which measurement of charged par-
ticles after the reaction provides not only tagging of
the reaction channels but also helps explore the de-
cay modes thanks to the multi-particle detection ca-
pability. SAMURALI is also used to scrutinize scatter-
ing reactions of light nuclei, such as polarized deutron
scattering on proton, in order to study fundamental
nucleon-nucleon interactions including three nucleon
force effects. We also plan to install a time projec-
tion chamber in the large gap of SAMURAI magnet,
which is used mainly for reaction studies such as inves-
tigation of the density dependence of the asymmetry
term of the nuclear equation of state.

The construction budget was approved in this fiscal
year. The budget is funded for four years from this
fiscal year, and covers the magnet and most of the de-
tectors. Although construction is expected to finish
in the fourth year, all contracts relating to the budget
must be concluded in this fiscal year due to unavoid-
able clerical constraints. Therefore, we concluded the
contracts for the superconducting dipole magnet, de-
tectors of HI, neutrons, and protons, superconducting
triplet quadrupole magnet for beam transport, and re-
quired peripheral equipments.

The superconducting dipole magnet is designed to
have a maximum bending power of 7 Tm, providing a
rigidity resolution of about 1/700 (rms) at 2.3 GeV/c,
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Fig. 1. Schematic image of SAMURATI system. SAMURAI
consists of a large bending magnet with surrounding
particle detectors. The magnet is a superconducting
dipole magnet with a large bending power of 7 Tm and
a large pole gap of 80 cm. The heavy ion detectors, neu-
tron detectors, proton detectors, are installed around
the magnet. The detector configuration changes de-
pending on the experimental requirements.

particle identification up to A = 100, and a large pole
gap of about 80 cm, providing vertical angular accep-
tance of projectile rapidity neutrons of £5 degrees.
The current design is an H-type magnet with cylin-
drical poles 2 m in diameter, and round superconduct-
ing coils around both poles, each with magnetomotive
force of about 2 MAT at maximum, resulting in 3 T
central magnetic field. The outer size of the magnet,
including the upper, lower, and side yokes, is about
6.8 m in width, 4.6 m in height, and 3 m in depth, and
the total weight amounts to about 630 ton. Four field
cramps are attached outside of the coils to reduce the
fringe field, so that the detectors work beside the mag-
net. The entire magnet is placed on a rotatable stage
to allow maximum flexibility in experimental configu-
rations.

Magnet construction will start in October 2009, and
finish early in 2011. The detectors will be constructed
in parallel. After some tests and commissionings, the
first SAMURALI experiment is scheduled to perform in
summer 2011.
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Plan of measurement of Jp scattering at RIBF
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[Three nucleon force, polarized deuteron, few nucleon system)]

Study of three nucleon forces (3NF's) is important in
clarifying nuclear phenomena. In addition to the first
signals of the 3NF effects in the binding energies of
the H and 3He, the significance of 3NFs has been re-
cently pointed out for descriptions of discrete states in
heavier mass nuclei. Three nucleon scattering at inter-
mediate energies (E/A ~ 200 MeV) is one attractive
approach to investigate the dynamical aspects of 3NF's,
such as momentum and/or spin dependences. An ex-
perimental program with polarized deuterons beams
at intermediate energies at RIBF is, as a first step, a
complete set of deuteron analyzing powers (A, Ayy,
Az, Azz) in deuteron—proton (dp) elastic scattering
at 250 A MeV.

Schematic view of the experimental setup is shown
in Fig. 1 ( Details reported in Ref.[1] ). The vector and
tensor polarized deuteron beams are provided by the
polarized ion source and they are accelerated by the
AVF, RRC and SRC through the IRC bypass trans-
port beam line?). The spin symmetry axis of deuteron
beams are controlled by the Wien Filter prior to accel-
eration?). Single turn extractions are required for the
three cyclotrons to maintain polarization amplitudes
during acceleration.

The detection setup BigDpol has been installed at
the extraction beam line of the SRC (See Fig. 2). The
BigDpol consists of the target chamber, the alumina
cone window with 2mm thickness and detector hold-
ers. Four pairs of plastic scintillators (BC408) coupled
with photo-multiplier tubes (H7415) are placed sym-
metrically in the directions of azimuthal angles to left,
right, up and down. The opening angle of the BigDpol
is 10°=70°. The deuteron beams bombard a polyethy-
lene (CHy) target in the scattering chamber. The scat-
tered deuterons and recoil protons are detected in a
kinematical coincidence condition by each pair of de-
tectors. The deuteron beams are stopped in a Faraday
cup placed at the focal plane FO of the BigRIPS spec-
trometer. The beam polarizations are monitored with
the beam line polarimeter, Dpol, prior to acceleration
by the SRC. The Dpol is placed along the IRC bypass
transport beam line!).

The experiment is scheduled in April, 2009.
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Fig. 1. Schematic view of the experimental setup for elastic
dp scattering with polarized deuteron beams.
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Fig. 2. Top view of the BigDpol.
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Probing Asymmetric Nuclear Matter at RIBF
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[EOS, centrality filter, pion range counter]

As reported in the last year progress report!) we
have been developing a portable centrality filter and a
pion range counter aiming to measure Y(r~) /Y(7T)
yield ratios in central nucleus-nucleus collisions at in-
termediate enegies. Detailed studies of pion produc-
tion should provide meaningful constraints on the den-
sity dependence of the symmetry energy at high den-
sities p > po where present constraints are least strin-
gent.

This year we have increased the total number of plas-
tics in the range counter to 12 as shown in Fig.1(left).
As read-out phototubes we used either HAMAMATSU
H1049-51’s or H2431-50’s with fast clipping of their an-
ode signals. We have also completed the assembly of a
centrality filter consisted of 60 slabs of 5x5x78 mm?
plastic scintillators read by two HAMAMATSU H8500
flat-panel multianode-PMTs (Fig.1(right)).

Fig. 1. Pictures of pion range counter(left) and centrality
filter(right).

They are tested at HIMAC by measuring low-energy
pion production in bombardments of 400 MeV /nucleon
132Xe beam on In. The typical beam intensity was
1x10%ppp and the target thickness was 330 mg/cm?.
Signals are processed mainly by a FPGA module,
QDC’s and multi-hit TDC’s and accumulated by a
Linux PC.

Figure 2 shows a typical particle identification spec-
trum obtained with the 3rd and 4th elements of the
pion range counter. Clear separations among elec-
trons, pions, protons, deuterons, and tritons (from left
to right) were observed in the spectrum. It should
be noted that there are appreciable amount of back-
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Fig. 2. Particle Identification Spectrum obtained by the
pion range counter.

In Fig.3 we show a charged-particle multiplicity dis-
tribution associated with charged particles emitted to-
ward 45° compared with an inclusive one. The charged
particle-associated one seems strongly peaked at high
multiplicity. Detailed analysis using these data is in
progress.
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45 deg.
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ol e b R B
10 20 30 40 50 60
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Fig. 3. Charged-particle multiplicity distributions for 45°
charged particles in 400 MeV /N In+*2Xe collisions
(top). Inclusive one is also shown at the bottom.
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The development of the Gamma ray detectors in BigRIPS and
Zerodegree spectrometer.
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[BigRIPS, Zerodegree, Particle Identification, Isomer]

The observation of ~-rays emitted from isomeric
states was very important for the particle identifica-
tion in the BigRIPS experiment. In the same way, the
observation of «-rays is also important in the case of
the Zerodegree spectrometer (ZDS). In this report, the
present status of the development of the y-ray Ge de-
tector (Clover) in BigRIPS and ZDS is reported. The
list of the isomeric states observed in the ZDS commis-
sioning and new isotope search experiment, conducted
in November 2008 (ZDS comm/Newiso exp.) is at-
tached at the end of this report.

As in the previous report?, two Clovers were in-
stalled at the 7th focal plane of BigRIPS (F7) as beam-
line detectors. This system was replaced by a more
refined version. Figure 1 shows the picture of the sys-
tem at F7. Three points are especially important for
this new system. First, the additional chamber (Ge
chamber) was installed in the downstream of F7 cham-
ber. This chamber has two thin (1.5mm) aluminum
windows for y-ray measurement and a mechanism for
the moveable beam stoppers. It became possible to
transfer beams to the ZDS area maintaining the beam-
line vacuum. The moveable beam stopper mechanism
is designed to put on two stoppers of different types.
Second, the individual stages for two Clovers were in-
stalled at both sides of Ge chamber. Taking in and out
the Clovers has become very easy because these stages
were designed to introduce Clovers on the linear rails.
These stages were for Clovers, but small portable type
Ge detectors were also able to be installed. Lastly,
the automatic Liquid Nitrogen filling device was re-
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fined. The older version had a serious problem causing
noises in signals on detectors’ outputs. In the new ver-
sion, this problem was overcome by replacing the ther-
mometer, shielding on the electrical wires, etc. This
device’s ability has already been tested in the ZDS
comm/Newiso exp. at the eleventh focal plane of ZDS
(F11). Almost zero instances of noise were achieved.
In the case of ZDS, three Clovers were installed
approximately 1500mm downstream of F11 chamber.
Figure 2 shows the geometrical setup. This stage
can install four Clovers in total, from both beamline
sides of horizontal and vertical directions. In addi-
tion, the stage can be used not only for the F11 with
2m height beamline but also for the other focal planes
with 1.7m height beamline such as F7 and F12. Two
lead bricks were installed 190mm upstream of Clovers
with a 100mm interval in order for the collimation so
that the beams will not directly hit the Ge crystals.
In the ZDS comm/Newiso exp., two Al stoppers
were prepared with different thicknesses in order to
stop the produced charged particles efficiently. One
has 10mm effective thickness along the beam axial di-
rection, another has 30mm. In order to observe the
~-rays from three directions efficiently, stoppers have
special shapes. Their typical figure is shown in fig. 3.
As stoppers are completely symmetrical for horizontal
direction and vertical direction, it is possible to obtain
the same ~-ray photopeak efficiency for every Clover.
In addition, a more effective rotation angle was per-
formed than a 45 degree tilted stopper which had the
same effective thickness along the beam axial direction.
For this reason, it was possible to design the thick-
ness of aluminum plate itself relatively thinner, and
attenuation of y-rays within the stopper was decreased.
According to the Monte Carlo simulation using the
Geant4 simulation program code (GEANT), 30% im-
provement of photopeak efficiency was obtained. The
typical photopeak efficiency was 3% for 10mm stopper,
and 2.3% for 30mm stopper for 1000keV ~-rays. The
efficiency curve is shown in fig. 4. The dotted points
represent the calibration result by the 1°2Eu standard
gamma source and curved lines represent the simula-



tion result by the GEANT.

Fig. 2. Geometrical setup of the Clovers at F11.

Fig. 3. The stopper shape. Cut under special direction to ob-

tain complete symmetry for horizontal axis and z axis.
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Fig. 4. The total photopeak efficiency curve of F11 three
Clovers. The upper line for 10mm stopper and the lower
line for 30mm stopper. The curved lines were the GEANT.

Table 1 shows the list of the known isomeric states
which were observed in the latest experiment. Sev-
eral indications of new isomeric states were also seen
in that experiment. More precise analysis is now in
development.

Table 1. The list of observed isomeric states in the experiment
of the ZDS commissioning and the new isotope search in
2008 November.

Nucleus E(keV) Half Life(ns)
5S¢ 110 7000(5000)
60y 99, 103 320(90)
57Fe 367 43(30)
"6Ni 144, 354, 930, 992 590(180)
87n 144, 730, 890, 908 319(9)
92Br 97, 106, 155 —
P Kr 84, 113 1400(20)
9%Rb 122, 240, 300 2000(100)
983y 71, 144 25(2)
100Gy 129, 288, 1202 85(—)
HTRu 80, 101, 126, 184 —
120Rh 98 —
121pq 134 —
124Ag 75, 156, 304 —
12570 714, 670 —
127¢q 739, 771, 821, 909 —
128¢d 237, 439, 537, 645, 783 —
130Cq 128, 138, 539 220(30)
1291n 334, 359, 995, 1354 8500(500)
130In 389 <6000
1298 570, 1136, 1324 2400(200)
130Gn 391 1600(150)
131Gn 158, 173 300(20)
132gp 132, 300, 374, 4040 1980(50)
134Gy 174, 347 80(15)
1369 173 480(10)
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Measurement of double helicity asymmetry in direct photon
production in p + p at /s = 200GeV

R. Bennett,*! and K. Okada,

The primary goal of the RHIC-PHENIX spin pro-
gram is to measure the gluon spin component of the
proton. The polarized p 4 p collider is the only way
to access it in leading order interaction. Among many
final states, the direct photon production is the sim-
plest process and believed to be a golden channel. In
contrast to the measurement of neutral pions, it is
more sensitive to the sign of gluon polarization. The
PHENIX detector? has fine segmented electromag-
netic calorimeters and is suitable for photon measure-
ments. The direct photon cross section is measured
and the NLO theoretical calculation describes the re-
sult.?)

In this report, double helicity asymmetry re-
sults are shown from the Run5 (2005, [Ldt =
2.5pb~ !, pol=45%) and Run6 (2006, [ Ldt = 7.0pb™*,
pol=57%) data sets.

Because it is not possible to identify the direct pho-
ton on an event base, we calculate the asymmetry of
the inclusive photons (A"*") and subtract the back-
ground asymmetry (AB%) using the following formula.

2 252
. g <o
sig Araw _,. ABG v/ Taraw+r0% g

— , O pAsig = — .

To imprévé the purity (lower r), an selection of
events with small energy activities around the target
photon (= isolation cut) is applied. The cut keeps
more than 80% of direct photon events for the region
of pr higher than 7 GeV/c.?) The background asym-
metry was estimated with 7° decay photons which pass
the isolation cut in case the partner photon is missed.
Fig.1 shows the double helicity asymmetries as a func-
tion of pr. The curves are theoretically calculated
based on the GRSV model.

Thanks to improvement in the figure of merit (=
LP*), the uncertainty is much reduced in Run6. The
uncertainties do not change so much as a function of
pr, because the isolation cut is more effective in the
high pr region.

In leading order, the double helicity asymmetry
(Arr) and the gluon polarization (AG/G) are con-
nected by AG/G = Apr,/AY/arr, where AY is the pro-
ton spin asymmetry from polarized DIS experiments
representing the quark polarization, and ar, is the he-
licity asymmetry in the partonic level. The kinemat-
ics are defined by the initial parton momentum and
the angle of the outgoing photon. AG/G is obtained
by using a proper PDF set and requiring photons in
the PHENIX acceptance. Fig. 2 shows the points
from the Runb and Run6 measurements and theoreti-
cal curves with different integrated gluon polarization

*1 SUNY, USA

with a model at Q2 = 10GeV?2.

In summary, we measured the double helicity spin
asymmetry of direct photon production in p 4+ p at
\/s = 200 GeV. The measurement from Run6 data is
much improved over the previous Runb result. Accord-
ing to the beam use request, we are going to accumu-
late 25pb~! with 70% polarization in a few years. With
that data, the constraint on the gluon polarization in
the proton will be improved significantly.
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W-physics with Inclusive Muons in PHENIX: Detailed Feasibility
Studies’

R. Seidl,*! B. Meredith,*? and M. Grosse-Perdekamp,*?

[Spin physics, PHENIX, Parity violation]

W production will provide the first direct (flavor
separated) measurement of the spin dependent quark
and anti-quark-distributions for up- and down-quarks
in the proton. The high energy scale set by the W-mass
makes it possible to extract quark- and anti-quark
polarizations from inclusive lepton spin asymmetries
in W-production with minimal theoretical uncertain-
ties!). Real W production selects the quark flavors
through their charge and it also selects only one he-
licity of nearly massless quarks due to the maximally
parity violating weak interaction. Building the single
spin asymmetry of count rates of Ws originating from
protons with spin parallel and anti-parallel divided by
their sum, Agf = % X %, is then propor-
tional to the helicity distribution Ag(z) as in

B Au(ml)cz(xg) - %d(xl)u(xg)
u(zr)d(z2) + d(z1)u(z2)

and similarly for W~ by exchanging u and d.

The inclusive W measurement in PHENIX will be
based on muons with Pr > 20 GeV in the PHENIX for-
ward arms®?®). We have carried out detailed GEANT
based Monte Carlo studies followed by full track re-
construction to evaluate the following backgrounds:

— punch through of high Pr hadrons through the
magnet yoke upstream of the muon spectrometer and
through the hadron absorber in the downstream muon
identification system: these hadrons will be recon-
structed with approximately correct high momentum.
—punch through of low Pr- hadrons through the mag-
net yoke and subsequent decay in the muon spectrom-
eter magnet: these hadrons occasionally can be recon-
structed incorrectly with high momentum.

— high momentum decay muons, and high Pr cosmic
rays. The simulations includes the full detector re-
sponse with momentum smearing and realistic inefli-
ciencies in reconstruction and acceptance. The mo-
mentum smearing is shown in Fig. 1 as function of the
true generated transverse momentum. We have identi-
fied punch through hadrons that undergo decay as the
dominant source of (false) high Pr background. Using
optimized standard cuts that have been developed for
single muon analysis in PHENIX we find a signal to
background ratio of 1/3. Adding an additional hadron
absorber of 30cm thickness improves the signal to back-
ground ratio to 3/1. Figure 2 shows the expected pre-
cision based on full detector simulation, smearing, 70%

wt _
.AL —_—

*1  RIKEN BNL Research Center, USA
*2 University of Illinois at Urbana-Champaign, USA
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polarization and 30cm of additional absorber as com-
pared to current polarized parton parameterizations
(see!) for an overview) as implemented in the RHIC-
BOS* generator. Additional studies are presently un-
der way to develop a further optimized set of single
muon cuts for Pr > 20 GeV.
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Fig. 1. Momentum smearing matrix for muons with nomi-
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Measurement of Collins Asymmetry in ete~ Annihilation at Belle.

R. Seidl,*! K. Hasuko,*?> M. Grosse Perdekamp,*? and A. Ogawa,*!*4

[Fragmentation, Transverse Spin, Collins Effect]

We have carried out the first measurement of spin
dependent effects in the formation of hadrons from
quarks that are transversely polarized. Spin effects
were observed in the annihilation of electron-positron
pairs into inclusive pairs of hadrons in Belle. Spin
effects in quark fragmentation were first proposed
by Collins?) in an attempt to describe the large
spin asymmetries observed in proton-proton collisions
with transverse polarization in the E704 experiment
2). Collins proposed that the asymmetries observed in
E704 arise from struck quarks in hard scattering pro-
cesses that have their spins aligned (or anti-aligned)
with the transverse proton spin. Spin dependent ef-
fects in the fragmentation then would give rise to the
left-right asymmetries observed in p+p — 7+, 70, 7~
in E704. Collins predicted related spin asymmetries in
deep inelastic scattering with leptons of transversely
polarized targets. This effect was discovered by the
HERMES collaboration at DESY®). Boer, Jakob and
Mulders first discussed azimuthal asymmetries from
Collins fragmentation in hadron production in eTe™
annihilation?. A detailed description of the phe-
nomenology of these asymmetries has been created by
Boer®). The present Belle experimental effort origi-
nates from a RBRC workshop on transverse spin asym-
metries in 20009. At the workshop the plan was
formulated to extract quark transversity distributions
and Collins fragmentation functions from the global
QCD analysis of spin asymmetries accessible in polar-
ized semi-inclusive deep inelastic scattering, polarized
proton-proton scattering and electron-positron annihi-
lation.

We present here the final result of the Collins asym-
metries observed at Belle. The measurement has been
carried out on a data sample of [ Ldt = 547 fb~! of in-
clusive charged pion pairs: ete™ — 7+ 7 + X. The
analysis has been based on events with two-jet topol-
ogy observing the azimuthal back-to-back correlation
of two pions in opposite jet-hemispheres. The results
for the Collins cos(¢1 + ¢2) coefficients, A1 observed
in so-called hadron double ratios are shown in figure 1.
For details refer to our results”) and®).

The first combined analysis of Collins asymmetries
from deep inelastic scattering and Belle has been re-
cently carried out by Anselmino and collaborators
9). The resulting Collins fragmentation functions and
quark transverstiy distributions are shown in figure 2.

*1 " Riken BNL Research Center, Upton, USA.

*2 Riken, Wako, Japan.

#3  University of Illinois, Urbana Champaign, USA.
*4  Brookhaven National Laboratory, Upton, USA.
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It is found that quark transversity distributions in the
proton are sizable and that there a significant spin
effects in the fragmentation of transversely polarized
quarks into pions.
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Precision Measurements of Hadron Multiplicities in eTe™
Annihilation at BELLET

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

[Precision hadron multiplicities, fragmentation functions, BELLE]

1 Measurement Descrlptlon + n* MC Generated Data (Stat. Uncert.)

-
=)
2

4: 7+ Reconstructed MC Generated Data (Stat. Uncert.)

This paper summarizes the status of precision mea-
surements of 7=, Kt~ 7 and n multiplicities in
ete™ annihilation at a center of mass energy of 10.52
GeV at the BELLE experiment at KEK, Japan'). The 10
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.
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. . Fig. 1. Yields of 7+ from Monte Carlo against the nor-
2 Motivation malized hadron energy z,.+. Closed circles show yields

Lo . generated with PYTHIA. Open triangles indicate yields
Multiplicity measurements at Belle are motivated

by two recent studies describing the extraction of un-
polarized 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 scat- normalized hadron energies » within 0.2 < z < 0.75
tering of leptons on protons or nuclei. The present and a bin width of Az = 0.01. Fig. 1 shows 7+ yields
measurements are intended to provide high precision against the normalized hadron energy z. Shown are the
datas.ets as an input to th.e extraction of fragmentation yields generated with the Monte Carlo event generator
functions, and thereby significantly lower the uncer- PYTHIA® and the yields after a GEANT-based® de-
tainties of the extracted fragmentation functions. Pre- tector response simulation and reconstruction. Even-

cise knowledge .Of fragmentation funq'ions i.S re'zquil'red tually, the measurement will be extended to higher val-
for the extraction of the gluon helicity distribution ues of z and the systematic uncertainty analysis for

from spin asymmetries measured in hadron collisions PID, momentum smearing and acceptance effects will
at the Relativistic Heavy Ion Collider (RHIC)Y. be finalized. The leading uncertainty is expected to
arise from the systematic uncertainties connected with
the PID correction. The overall systematic uncertain-
ties are expected to remain below 3% (5%) for 7 (K)
spectra at low to mid z < 0.6, and to increase with z
up to 5% (17%) for = (K) spectra, respectively.

after detector response simulation and reconstruction.
The difference between the plots shows the magnitude
of the PID and acceptance correction.

3 Measurement Status and Outlook

For charged hadrons, experimental particle yields
need to be corrected for particle misidentification.
A detailed study to determine particle identification
(PID) probabilities for et~ p™~, 7~ K+t~ and References
p, p has been carried out. A linear model has been de- 1) A. Abashian et al.; Nucl. Instrum. Methods A 479,

veloped for the correction of measured yields for par- (2002), pp. 117-232.
ticle misidentification. This correction changes signif- 2) M. Hirai, S. Kumano, T.-H. Nagai, K. Sudoh; Phys.
icantly the measured charged particle distributions at Rev. D 75, 114010 (2007).

the order of 5 to 10% for pions and 10 to 35% for kaons. 3) D. de Florian, R. Sassot, M. Stratmann; Phys. Rev. D

The yields of neutral hadrons 7° and 7 are measured 75, 094009 (2007).
via the two photon decay process. 4) A. Adare et al.; Phys. Rev. D 76, 051106 (2007).

Hadron multiplicities are presently extracted for 5) (T2()OS 1J§) s2t§§nd et al; Computer Phys. Commun. 135

6) Geant 4 Collaboration; Nucl. Instrum. Methods A 506,
*1 University of Illinois at Urbana-Champaign (UITUC), USA (2003), pp. 250-303.
*2 RIKEN BNL Research Center (RBRC), USA ’
*3 RIKEN BNL Research Center (RBRC)/ Brookhaven Na-
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Measurement of Interference Fragmentation Functions at Bellef

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

[Nucleon structure, Fragmentation, Interference fragmentation function, Transversity]

Measurements of azimuthal asymmetries in hadron
pair correlations at Belle allow access to the chiral odd
dihadron interference fragmentation function (IFF).
The IFF describes the production of a hadron pair
from a transversely polarized quark. The transverse
spin of the fragmenting quark leads to an anisotropy
in the azimuthal distribution of the final state hadron
pair. This makes it possible to use IFF-processes as
quark polarimeter. That makes it very important for
the measurement of the so-called transversity distribu-
tion function which describes the transverse spin struc-
ture of the nucleon. Interference Fragmentation there-
fore offers an alternative way to access quark transver-
sity distributions in hard scattering processes off trans-
versely polarized nucleon targets'). Recently, the sin-
gle hadron Collins fragmentation process has been used
for a first determination of quark transversity distri-
butions and Collins fragmentation asymmetries have
been measured in Belle?). In comparison to Collins
fragmentation, the IFF exhibits some favorable fea-
tures that are unique to the fragmentation into two
hadrons. Because the second hadron provides an ad-
ditional degree of freedom, the asymmetry survives an
integration over transverse momenta. This allows for
collinear factorization, model independence and easier
evolution of the results to center of mass energies of
complementary fixed target experiments.

At Belle unpolarized electrons and positrons anni-
hilate at a center of mass energy of 10.58 GeV for
measurements on the T(4S5) resonance and 10.52 GeV
for measurements of the continuum background. The
produced quark - antiquark pairs will have antipar-
allel spin configurations with a transverse component
proportional to sin®#, where @ is the angle between
quark and electron axis in the center of mass sys-
tem. The measurement is carried out in a sample with
back to back di-jet geometry using a thrust selection
of T' > 0.8. The measurement consists of observing
hadron pairs simultaneously in both jet-hemispheres
and correlating the angular distribution of the hadron
planes on both sides: If Rj = P}, — P}, with P},
the momentum vectors of the hadrons in hemisphere
j € {1,2}, then the count rate is dependent on the
azimuthal angle ¢; between R; and the spin vec-
tor around the momentum of the fragmenting quark
approximated by the thrust axis. The electron and
positron beams in KEKB are unpolarized and there-
fore the ¢; dependence of the hadron planes would

*1 University of Illinois at Urbana Champaign

*2 Riken BNL Research Center
*3  Brookhaven National Laboratory

average out in an inclusive single hemisphere measure-
ment. However, the correlation between R; and Rg
remains and leads to a dependence of the count rates
on the angle ¢1 + ¢2. Figure 1 shows the projected
sensitivities for charged pion pairs using the data col-
lected off-resonance. The precision allows for signifi-
cant asymmetries according to various model predic-
tions® %5 . Furthermore on-resonance data, a factor
10 more abundant than the off-resonance data, will
be used for this analysis. The anticipated Belle IFF
results will improve the understanding of spin depen-
dence in hadron formation and provide an important
tool for the study of transverse nucleon spin structure.
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Fig. 1. Sensitivity projections for Belle measurements of
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correlation asymmetries are shown as function of the
pion pair invariant mass.
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Double Helicity Asymmetry of Inclusive Charged Hadrons in pp
Collisions at 4/s = 62.4 GeV at PHENIX

D. Kawall,*!*2 and A. Datta*?

[Double Helicity, Asymmetry, Longitudinal Polarization]

Introduction

In 2006, the PHENIX collaboration at the Relativis-
tic Heavy Ion Collider (RHIC) recorded ~ 50 nb~!
of longitudinally polarized pp collisions at /s=62.4
GeV/c. We have analyzed these data to extract the
double longitudinal spin asymmetry, Az (pp — h™X)
for unidentified, inclusive charged hadrons h* at mid-
rapidity, |n| < 0.35, with pr from 0.5 to 4.5 GeV/c.
The production of hadrons with pr > 1 GeV/c is dom-
inated by quark-gluon scattering, and so is sensitive to
the polarized gluon distribution, Ag(x), for momen-
tum fraction z ~ 0.05 — 0.2%).

Event Selection and Systematic Checks

We analyzed pp collisions selected with the mini-
mum bias trigger for charged tracks in the PHENIX
drift chamber (DC)?). These track were extrapolated
to the outer pad chamber, PC3%, where we required
closely matching hits. Fiducial cuts were applied, as
were corrections for offsets of the beam and DC affect-
ing the extraction of the particle pr from the DC track
angle.

Several backgrounds were present in this set of
events. Electrons/positrons from - conversion, (v from
70 or 1 decay) were rejected by placing a veto on the
PHENIX Ring Imaging Cherenkov?®, which detects e*
above 20 MeV, and 7+ above 4.7 GeV. Particles origi-
nating from long-lived particles (7%, K*, K?) decay-
ing far (> 20 cm) from the primary vertex, typically
don’t pass the tight DC-PC3 matching cuts. Short
lived-particles (K2, A, 3, Z,...) decaying close to the
vertex, yield particles that pass the cuts, and comprise
~ 7% of the sample.

Each resulting double spin asymmetry was checked
for errors by constructing the single spin, parity-
violating asymmetry Ay (which was consistent with
zero), randomizing the bunch polarizations, and by
checking for the consistency of Apj extracted sepa-
rately from each detector arm, and from different fills.

Results and Predictions From Theory

Preliminary results are shown in Fig. 1 with next-
to-leading order perturbative QCD calculations based
on different polarized gluon distributions®).

*1 RIKEN-BNL Research Center, Brookhaven National Labo-
ratory, Upton, NY, USA

Department of Physics, University of Massachusetts,
Ambherst, MA, USA
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Fig. 1. GRSV predictions and preliminary results for
Arr(pp — hTX) (upper) and Arr(pp — h~X) (lower).

Discussion

The statistical precision of the results is impressive,
well below 1072 in the first two pr bins. The results
can be used to exclude the GRSV models, Ag(z) =
—g(x) and Ag(x) = g(z) (which has Arr > 0.1 at pr
of 4 GeV/¢, too big to show on the plot).

It is interesting to note that when gg scattering dom-
inates, we expect AT, o Ag(AuD] + AdD7). Then,
since Ad is large and negative, Au is large and posi-
tive, DT+ > D7 and DT~ < D}, if Ag(z) > 0 we’d
expect Afz > AEOL > AT ,. We can’t discern such an
ordering from this data, which is consistent with Ag
being small and/or Ag(z) having a node.
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PHENIX local polarimeter analysis in polarized proton-proton
collisions at /s = 200GeV from RHIC Run-8

S. Dairaku*! for the PHENIX Collaboration

[Spin, asymmetry]

In RHIC Run-8 proton-proton collisions, we were
focused on transverse-spin physics, and thus collected
data on transversely polarized proton-proton colli-
sions. A local polarimeter was used to evaluate
whether proton beams were transversely polarized in
RHIC Run-8.

A local polarimeter was also used n previous RHIC
Runs. One of the main goals of the PHENIX experi-
ment is to determine the polarized gluon distribution
function in a proton.!) To achieve this objective, we
have used longitudinally polarized proton-proton col-
lisions. We determine the polarized gluon distribu-
tion function by measuring double longitudinal-spin
asymmetries during the production of various parti-
cles. In RHIC rings, proton beams are vertically po-
larized. Therefore, we need to change the direction of
the beam polarization from the vertical direction to the
longitudinal direction using spin rotator magnets. A
local polarimeter is also used for evaluating how cor-
rectly the proton beams are longitudinally polarized
when the spin rotator is on.

When the proton beams are vertically polarized, the
local polarimeter can measure the significant single
transverse-spin asymmetry (Ay) for forward neutron
production,? which is calculated by

_ o —0op i¥, \//]\IQEZ\Zé% - \//]\]5%2\7;%
ortor P ININE -+ /NN

(1)

where P is the absolute polarization value measured
by the RHIC polarimeters, and N 2%3) is the number
of neutrons scattered to the left (right) when the di-
rection of the beam polarization is vertically upwards
(downwards). We identify forward neutrons using a
zero degree calorimeter (ZDC) and measure the scat-
tering direction of the neutrons with a shower maxi-
mum detector (SMD) by detecting the shower shape
in the ZDC (see figure 1).

Figure 2 shows the azimuthal angle ¢ dependence
of the asymmetry Ay for forward neutron production
for two RHIC rings (the so-called blue ring and yellow
ring, respectively) from RHIC-Run8 data. We can see
the clear sinusoidal shape and confirm that the proton
beams are transversely polarized.

Figure 3 shows the asymmetry Ay for two RHIC
rings versus a fill number which is defined as the period
of time encompassing injection, acceleration, and stor-

*1 Department of Physics, Kyoto University, Japan

-37-

age of beam in RHIC rings. It shows that the asym-
metry An did not undergo a lot of changes from fill to
fill and the transverse polarization of the proton beam
was stable.
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Covalent isomeric state in '?Be induced by two-neutron transfers'

M. Tto,*! and N. Ttagaki,*?

[Transfer reaction, molecular resonance, unstable nuclei]

The experimental techniques producing the slow RI
beam are now under development in many facilities,
and the scattering of a neutrons’ drip-line nuclei, ®He,
by an a target has just been measured at GANILY.
Since 8He has the a+4N structure with four weakly
bound neutrons and an a cluster, during the collision,
the valence four neutrons can easily be exchanged be-
tween two a-particles. Therefore, the a+%He colliding
system is the candidate manifesting an isomeric res-
onance excited by the neutron transfer coupling, and
we investigated the resonance structures appearing in
the excitation function of the a+®He scattering.

In order to investigate the a+8Heg,3, scattering, the
reaction process should be treated consistently with
the low-lying bound states of the compound system
of 12Be, because the resonances correspond to excited
states, which are embedded in the continuum above
the particle decay threshold. In 2Be, the molecu-
lar orbitals (MO) model can successfully describe the
low-lying states®). In the present study, therefore, the
MO configurations and the scattering process must be
treated in a unified manner. For this purpose, we apply
the generalized two-center cluster model (GTCM)34),
which can cover the low-lying MO configurations?) as
well as the scattering states among the ionic ones, the
XHe+YHe (X,Y=4~8); hence, treating of resonant
phenomena in slow scattering is possible.

In GTCM, the total wave function is given by

T = SO+ S8 (1)
B v

The first term stands for the “open channels” labeled
by B, on which the scattering boundary condition is ex-
plicitly imposed®*). Here, X§3+) denotes the wave func-
tions of two scattering nuclei. We consider three rear-
rangement channels, a+%He, , , SHe, , +%He, ;. and
5Heg,s,+7Heg,s_ as open channels. The second term
stands for the “intrinsic states”, and the ¥7" labeled
by an eigenvalue number v, is calculated by diagonal-
izing the total Hamiltonian with basis functions of the
atomic orbitals (AOs).

The scattering matrices (S matrices) for the central
collision of a+8He (J*=07%) are shown in Fig. 1. In the
S matrices calculated from the open channels (dotted
curves), there are not any resonant peaks, but we can
clearly confirm the formation of the sharp resonant
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Fig. 1. S matrices for a+°%He, ;. (J*=0T). See text for
details.

peaks in the full solution (solid curves), in which the
intrinsic states (solid circles) are coupled.

The resonances A~C have the ionic configuration of
XHeg,s,+YHeg,s,, while D has a characteristic struc-
ture, which is called the covalent SD state. In this
configuration, two neutrons occupy the Op-wave AQ,
which is perpendicular to the a — a axis around each
a-cluster, like SHe+5He, while the remaining two neu-
trons form the (¢+)? bonding. Due to the formation of
the o7-bonding, the o — o distance is increased, and it
corresponds approximately to hyperdeformation. The
present calculation predicts the strong decays of the
covalent SD state into ®He, s +5He, ;, which are sup-
ported by recent observation.?)

It is very interesting to compare the present results
with the latest experiment at GANILY. This is the
first study pointing out the formation of a covalent
isomeric-state via a neutron-transfer reaction, which
shall be generally observed in light neutron-rich nuclei
and systematic studies are continually proceeding.
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Isoscalar monopole transitions in 1%:1?2Be

M. Tto,*!

[Nuclear Structure, cluster model, unstable nuclei]

Recent studies strongly suggest that cluster struc-
tures can explain the strength of monopole transitions
(MTR), in the energy region of E <10 MeV, which
are observed as a discrete strength in the excitation
energy. In fact, the enhancements of MTR are con-
firmed in the nuclear excitations of ''BY) and '3C?) by
an « target. In addition, a theoretical study clearly
demonstrated that the cluster configurations in both
the initial and final states strongly enhanced the MTR
matrix elements in the N=Z7 systems, such as '2C and
16(.3) Therefore, the MTR below E ~ 10 MeV can be
considered the guideline of the development of cluster
structures, because naive shell models can never de-
scribe the enhanced MTR around this energy region.

On the contrary, in light neutron-excess systems,
various molecular structures are discussed from the
viewpoint of clustering phenomena, and hence inves-
tigations of MTR are quite important in the study
of neutron-excess nuclei. In particular, strong MTRs
are observed in a wide energy range of '?Be. In the
transition to the low-lying 03 (E;~2.2 MeV), an elec-
tric MTR is measured through the ete~ decays,
while in the continuum energy region above the a-
decay threshold, strong enhancements of MTRs are ob-
served as discrete resonances, which finally decay into
%He, ;. +%He, ;. and a+8Heg,s_.5) In this report, we ex-
amine the nuclear structures of 2Be=a+a+4N and
discuss the enhancement of the monopole transition
in connection to the intrinsic structures. We applied
the generalized two-center cluster model in which the
molecular orbital (MO) configurations and the atomic
(ionic) ones with *He+¥He could be described in a uni-
fied manner.5

First, we calculated the energy spectra (left part in
Fig. 1) and investigated the wave functions in individ-
ual levels to identify their intrinsic character. The MO
configuration of (W;/Q)z(af'ﬂ)z becomes the ground
(0F) state, and the five levels are obtained as the ex-
cited states. We found that all the excited states can be
characterized in terms of the excitation degree of free-
doms. For instance, the 0F state has (7r;/2)2(7r;/2)2,
and it corresponds to the two particle excitation mode
from 0f with (7r;/2)2(a;r/2)2. Furthermore, the 07
state corresponds to the cluster excitation mode from
the 0] state, in which the relative motion between two
a-clusters is strongly excited.

Secondly, we calculated the matrix elements of
isoscalar MTR, | < 0F| S1272|0f > |2, and the result
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Fig. 1. Energy spectra (left) and monopole strength (right)
in 1?Be (J™=0" ). Dotted lines represent the threshold
energy of the “He+YHe channels.

is shown at right in Fig. 1. As can be clearly confirmed
in the figure, MTR to 0; is the largest of all the excited
states, although an enhancement also occurs in the
transition to 05, which is consistent with the observed
electric MTR.* Therefore, this result strongly suggests
that the monopole transition is enhanced when the fi-
nal state corresponds to the cluster excitation mode
from the ground state.

We have also calculated the continuum discretized
coupled-channels (CDCC) for the monopole breakup of
10Be into a+%He by a '2C target.”) This breakup reac-
tion is mainly induced by a nuclear interaction from the
target, and the multi-step of the continuum-continuum
coupling is quite strong. We confirmed strong enhance-
ment in the transition of 0f — 0F. The final state
corresponds to the cluster excitation mode from the
0F state. Therefore, the cluster excitation mode is
strongly excited in the nuclear breakup reaction, which
is consistent with the result in the analysis of MTR for
12Be.
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A smoothing method of discrete breakup S-matrix elements in the
theory of continuum-discretized coupled channels’

T. Matsumoto, T. Egami,*! K. Ogata,*! and M. Yahiro*!

[Nuclear reaction, unstable nuclei]

The study on neutron-rich nuclei has become one of
the central subjects in nuclear physics. Breakup reac-
tions have played key roles in investigating such unsta-
ble nuclei. One of the most reliable methods for treat-
ing the breakup processes is the method of continuum-
discretized coupled channels (CDCC)Y. In CDCC,
breakup continuum states of a projectile are described
by a finite number of discretized states, which form
a complete set within a finite model space. Conse-
quently, the S-matrix elements calculated with CDCC,
Si, are discrete in continuum, although the exact ones
are continuous. Thus, one needs a way of smoothing
S, in order to analyze real breakup processes.

In principle, this is possible by calculating the over-
lap functions between the exact continuum states and
the discretized states. The overlap function called the
smoothing factor can be easily calculated in three-body
breakup reactions of two-body projectiles, but it is
quite hard in four-body ones of three-body projectiles.
Very recently, we have proposed a smoothing method
applicable to four-body breakup reactions?), but it still
requires heavy numerical calculations.

In this work, we present a simple formula that makes
it possible to smooth S; accurately by using the com-
plex scaling method® , which is a powerful tool for solv-
ing many body resonance and weakly bound states®).
In the formula, the smoothing factor between the dis-
cretized state (ﬁz and the continuum one v with a pos-
itive energy € is calculated by

<¢A5i|1/)> ~ <¢;i‘900>

S (BIC O))67) —
ik

_ 0
€ — €

(@517 160 (11C(8) o),

where C(0) and ¢q are the scaling transformation op-
erator and the plane wave of constituent particles in
the projectile, respectively. The complex scaled states
#? are obtained by diagonalizing the complex-scaled
internal Hamiltonian H? of the projectile with the L2-
type functions: <g§?|H9|¢§,> = e?djj/, where qgg is a
biorthogonal function of (b?. When the Gaussian basis
functions are taken in the calculations of dA)Z and d)?, the
matrix elements ($i|C_1(0)|¢?> and (¢7|C(8)|po) are
analytically obtained. The matrix elements (q/;f [V ¢8)
are also easily obtained by making a single integral.
Thus, this formula is quite useful and applicable not
only to three-body but also four-body breakup reac-
tions.

*1 Department of Physics, Kyushu University
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Validity of the formula is tested for two kinds of
three-body breakup reactions, *®Ni(d,np) at 80 MeV
and 2C(°He,?n*He) at 229.8 MeV. In the latter, SHe
should be treated as the three-body n+n+*He system.
However, since our interest is the 27 resonance in the
present test, we use the dineutron (?n+*He) model
that can describe the 2% resonance reasonably well.

Figure 1 shows the squared moduli of breakup S-
matrix elements, S(k), as a function of the relative mo-
mentum k between two constituent particles of the pro-
jectile. Here S(k) is defined as S(k) = 32, (¥(k)|$:)S;.
The open circles are results calculated with the exact
smoothing factors. The dotted, dashed, and solid lines
correspond to results of the new smoothing method at
the scaling angle § = 5°, 10°, and 15°, respectively.
For both the cases, the breakup S-matrix elements
smoothed with the formula tend to the exact ones as 6
increases. In a forthcoming paper, we will investigate
the practicability of this formula for four-body breakup
processes of three-body projectiles.
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Fig. 1. The squared moduli of breakup S-matrix elements
as a function of k for ®Ni(d,pn) at 80 MeV (left panel)
and for '2C(°He,?n*He) at 229.8 MeV.
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Elastic and total reaction cross sections of oxygen isotopes
in Glauber theory'

B. Abu-Ibrahim,*! S. Iwasaki,*?*3 W. Horiuchi,*> A. Kohama, and Y. Suzuki,**

[Nuclear reaction, total reaction cross sections, elastic scattering, unstable nuclei]

Studies on neutron-rich unstable nuclei have been
attracting attention both experimentally and theoret-
ically.!) These studies are motivated, for example, by
that we want to understand the nuclear structure and
excitation mode of neutron-rich nuclei as well as their
role in forming heavy elements in stars. Binding en-
ergy, radius and density distribution, among others,
are basic quantities for determining nuclear properties.
Reactions of unstable neutron-rich nuclei with a pro-
ton target are, therefore, of current interest as they are
at present a major means to probe the matter densities
of exotic nuclei, particularly the region of the nuclear
surface. If one appropriately selects incident energies,
protons could be more sensitive to the neutron distri-
butions than to the proton distributions of nuclei.

In this work, we systematically calculate the total
reaction cross sections of oxygen isotopes, =240, on
a 12C target at high energies using the Glauber the-
ory. We also study the differential elastic-scattering
cross sections of p-20-21:230 to examine the sensitivity
of the diffraction pattern to the nuclear surface. The
oxygen isotopes are described with the Slater determi-
nants generated from a phenomenological mean-field
potential containing central and spin-orbit potentials,
which is an extension of our previous work for describ-
ing carbon isotopes.?®) The strength of the spin-orbit
potential is set to follow the standard value, whereas
that of the central part is chosen so as to reproduce
the separation energy of the last nucleon.?) This pre-
scription is called the “S,, model” hereafter. It appar-
ently ignores the pairing effect, which gives a larger
separation energy for the even-N nuclei than for the
odd-N nuclei. Therefore, this model tends to predict
a too large size for the odd-N isotope. To remedy
this problem, we test another one, called the “(S,)
model”, which fits the average separation energy for
the nucleons in the last orbit. The agreement between
theoretical and experimental results is generally good,
especially in the (S,,) model, but the sharp increase of
the total reaction (interaction) cross sections from 21O
to 230 remains an open question.

As a possible cross section that may depend on the
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Fig. 1. Prediction of differential elastic-scattering cross sec-
tion for p-*°0 at E,=300MeV. The curve represents
the full calculation with the harmonic-oscillator shell-
model wave function.

nuclear radius more sensitively than the reaction cross
section, we examine the differential cross sections of
the p-2021.23Q elastic scatterings at the incident en-
ergy of F, = 300 MeV. For this purpose, we calculate
the full Glauber amplitude using harmonic-oscillator
wave functions. We prepare two amplitudes: One is
obtained using the scale parameter of the wave func-
tion to reproduce the numerical result of each matter
radius in the (S,) model, the other is obtained using
the scale parameter to reproduce the empirical value
of each total reaction (interaction) cross section. The
differential cross sections calculated from the two am-
plitudes are found out to be not very different up to
the second minimum of the angular distribution.
Finally, we predict the differential cross section for
p-200 elastic scattering (Fig. 1), which has recently
been measured.®) Our prediction appears consistent
with preliminary data. This implies that it is possible
to calculate to a good approximation the total reaction
and elastic scattering cross sections at high energies.
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Shell-model description of beta-decays for pfg-shell nuclei

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

[NUCLEAR STRUCTURE, shell model, unstable nuclei]

The effective interaction is a key ingredient for suc-
cessful shell-model calculations. Owing to recent devel-
opments in computers as well as novel numerical tech-
niques, the applicability of the shell model is rapidly
expanding. On the other hand, our knowledge of the
effective interaction is still insufficient especially for
cases where more than one major shell should be taken
as an active valence space. Such a treatment is essen-
tially important for describing neutron-rich nuclei.

We have developed an effective interaction') for
shell-model calculations in the model space consisting
of valence orbits 1p3 /2, 0f5/2, 1p1 /2 and Ogg /2 assuming
an inert °Ni core (f5pg9-shell). It can be regarded as
a first step for future extensions to the pf+sdg model
space. Starting from a microscopic interaction (renor-
malized G—matrix)z) based on a realistic NN-potential,
we have varied 45 linear combinations of Hamiltonian
parameters (133 two-body matrix elements and four
single-particle energies) by a least-squares fit to the
400 experimental binding and excitation energy data
out of 87 nuclei with masses A=63-96. In the latest
iteration, we have attained the rms error of 185 keV.

As an application of this interaction, we have eval-
uated the §-decay properties for N=50 and 49 nuclei,
aiming at the analysis of the r-process nucleosynthesis.
For understanding the r-process, we need precise infor-
mation of nuclear properties over a wide mass range
under extreme conditions which is not accessible by
current experiments. For this purpose, nuclear struc-
ture calculations based on the mean-field approxima-
tion have been widely used. Such methods are appli-
cable to any nuclei in the nuclear chart, but are not
necessarily accurate because only limited correlations
can be treated. On the other hand, the shell model can
treat any two-body correlations and can give accurate
description of nuclear structure, if we can use suitably
chosen model spaces and effective interactions.

Because of the strong energy dependence of the
phase space factor, low-lying states mainly con-
tribute to the [-decay half-life. The spin-flip decays
VGg/2—mg7/2 and v fs5o—7f7/5 are both out of the
present f5pg9-shell model space. Since we consider
N=50 and 49 neutron-rich nuclei, the former mode
should appear at high excitation energy in the daugh-
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Fig. 1. Comparison of the (3-decay half-life between the
shell-model results (lines) and experimental data (sym-
bols) for N=50 and 49 nuclei. For N=49 cases, the
results for the low-lying isomer are also shown.

ter nucleus and may not be important. On the other
hand, the latter mode may be important because it
is predicted that, due to the strong repulsive interac-
tion between the 7 f7 /5 and the vgg o orbit through the
tensor force® , as neutrons occupy the gq /2 orbit, the
effective single-particle energy gap above the proton
f7/2 orbit decreases and the excitation from the Z=28
core may be enhanced.

We have calculated the (-decay half-life for the al-
lowed transitions by using the experimental Q-values
and the same quenching factor ¢g=0.6 for the evalua-
tion of the Gamow-Teller strength as in Ref.?). Shell-
model calculations have been carried out in a conven-
tional way by using the code MSHELL.* The results
are shown in Fig.1. It can be seen that the shell-model
results are in reasonable agreement with the experi-
mental data for less neutron-rich nuclei (Z>30) ex-
cept for 34Br, #Kr and the isomer state in 3 Ge, while
for neutron-rich nculei (Z<30), the shell-model pre-
dictions systematically underestimate the experimen-
tal values. This result may indicate the importance of
an explicit treatment of the Z=28 core excitation.
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Skyrme-QRPA calculation for exotic modes in neutron-rich Mg
isotopes close to the drip linef

Kenichi Yoshida

[nuclear structure, density functional theory, unstable nuclei]

Presently, small excitation energies of the first 2%
state and striking enhancements of B(E2;07 — 27)
in 32Mg") and 3*Mg% % are being actively discussed
in connection with the onset of quadrupole deforma-
tion, breaking of the N = 20 spherical magic num-
ber, pairing correlation and continuum coupling ef-
fects. In order to get clear understanding of the nature
of quadrupole deformation and pairing correlations, it
is highly desirable to explore, both experimentally and
theoretically, excitation spectra of these nuclei toward
a drip line.

We apply the new calculation scheme of the de-
formed Quasiparticle-RPA on top of the Skyrme-
Hartree-Fock-Bogoliubov mean field developed in
Ref.?) to the low-frequency excitation modes in
neutron-rich Magnesium isotopes close to the drip line,
and investigate the microscopic mechanism of the exci-
tation modes uniquely appearing in deformed neutron-
rich nuclei.

Figure 1 shows the low-lying excitation spectra for
the K™ = 0% modes appearing as the OQL states. Here
excitation energies are evaluated by

2

2J1v

in terms of the vibrational frequencies wrpa and the
Thouless-Valatin moment of inertia Jrv calculated
microscopically by the QRPA as described in Ref.).
As can be seen in this figure, the appearance of the
soft K™ = 07 modes is quite sensitive to the neutron
number, i.e., the shell structure around the Fermi level
of neutrons.

In Ref.%), we have discussed the generic feature of the

E(I,K) = hwrpa + (I(I +1) — K?), (1)
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Fig. 1. Low-excitation energy spectra of 34:36:3840)\[g
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low-lying K™ = 07 modes in deformed neutron-rich
nuclei using a phenomenological mean field and QRPA
model: In a deformed system where the up-sloping
oblate-type and the down-sloping prolate-type orbitals
exist near the Fermi level, one obtains a low-lying mode
possessing enhanced strengths both for the quadrupole
p-h transition and for the quadrupole p-p (pair) tran-
sition induced by the pairing fluctuations. The up-
sloping and down-sloping orbitals have quadrupole mo-
ments with opposite signs. In the present calculation
employing the SkM* energy density functional, and
the mixed-type pairing energy density functional, we
obtain similar conclusions.

Furthermore, it is found that the low-lying collec-
tive modes in drip-line nuclei are characterized by the
enhancement of excitation of neutrons. We summa-
rize in Table 1 the ratio of the matrix elements for
neutrons and protons normalized by that of the neu-
tron and proton numbers, (M, /M;)/(N/Z), for the
lowest excitation modes. As the neutron drip line is
approached, the contribution of the neutron excitation
increases. This is understood as follows: In drip-line
nuclei, the neutron two-quasiparticle (2qp) excitations
predominantly take place outside of the nuclear sur-
face. Therefore, the transition strengths of the 2qp
excitation of neutrons become large. The proton p-h
excitations, however, concentrate in the surface region.
Consequently, coupling of the excitations between neu-
trons and protons becomes smaller, and the transition
strengths of neutrons (M?) and protons (M?) become
extremely asymmetric.

Table 1. Ratios of the neutron and proton matrix elements
M, /M- divided by N/Z.

34Mg 36Mg 38Mg 401\/1g

K™=0" 157 158 1.82 1091
K™=2T 141 1.41 1.55 1.79
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Evolution of the spin-orbit splitting in “*Ca probed by the
spectroscopic factor

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

[Nuclear structure, shell model, unstable nuclei]

Evolution of the shell structure in unstable nuclei is
attracting significant interest among radioactive beam
facilities throughout the world. The disappearance of
the N = 20 magic number and the appearance of a
new N = 16 magic number were excellently described
by shell-model calculations with the SDPF-M interac-
tion," where the changing magic structure is caused
by a strong 7" = 0 monopole interaction between 0d3 /o
and 0ds5/3. Recently, it has been pointed out that this
strong monopole interaction between the particular or-
bits is an example of the evolution of the shell struc-
ture (referred to as “shell evolution”) caused by the
tensor force.?) The present study aims to investigate
dominance of the tensor force in shell evolution based
on a shell-model calculation including an appropriate
tensor force. The work was carried out in part as a
RIKEN-CNS collaboration project on large-scale nu-
clear structure calculations.

We constructed a new sd-pf shell interaction. Stan-
dard shell-model interactions were adopted as the
intra-shell interactions: USD?®) for the sd shell and
GXPF1B (a small modification to GXPF1A®Y) for the
pf shell. We substituted a newly constructed interac-
tion for the cross-shell part. Its tensor force is the 7+ p
exchange potential with cutoff at 0.7 fm,? and the cen-
tral force is a single-range Gaussian force whose param-
eters are determined so as to give a monopole centroid
similar to that of the GXPF1 interaction. Note that
no direct fitting to experiment is adopted to determine
the interaction.

While the central force is hardly responsible for the
evolution of the spin-orbit splitting, the tensor force
strongly reduces that of the proton as neutrons occupy
the intruder orbit such as 0f7/2. We thus study the
proton hole states in 4’K to examine the dominance
of the tensor force in the shell evolution. Since pro-
ton Ods /o is located rather deeply there, its hole state
does not concentrate on a single level but fragments
into many levels. In such cases, the spectroscopic fac-
tor gives essential information on the single-particle (or
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Department of Physics and Astronomy, Michigan State Uni-
versity

Center for Mathematical Sciences, University of Aizu
Institute of Natural Sciences, Senshu University

*2

*3

*4

*6

- 45 -

1

C’S(e,e’p)

—
T

n

=

N
|

0 T T \| 117 l‘ || T F ll L
1 = -
2 C”S(cale.)*0.7 -
0 I
E,_(MeV)

Fig. 1. Comparison of the distribution of spectroscopic fac-
tors for one-proton pickup from **Ca between an (e,
e'p) experiment5) (upper) and the shell-model calcula-
tion (lower). Owverall quenching by 0.7 is included in
the calculation. The spectroscopic factors of 0ds/2 are
presented by thick lines. Taken from®.

hole) level. In Fig. 1, the distribution of spectroscopic
factors for one-proton pickup from %®Ca is compared
between experiment and the present calculation. Both
the position of the 5/2% states and their spectroscopic
factor strength are reproduced very well. If there is
no tensor force in the cross-shell interaction, the spin-
orbit splitting between proton d orbits becomes larger.
Then, the agreement of the Ods,/, hole states is signifi-
cantly worse so that the two major peaks at around 3
MeV and 5 MeV are reduced and the peak of around
9 MeV is enhanced. Hence, this result provides a clear
evidence for the significance of the tensor force in shell
evolution.
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Density functional for description of novel pairing properties in
nuclei far from @-stability

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

[Neutron-rich nuclei, pairing correlations, density functional theory]

Aiming for a universal description of pairing corre-
lations in nuclei far from [-stability, we extend the en-
ergy density functional (DF) by enriching the density
dependence of the isoscalar and isovector couplings in
the particle-particle channel (pair-DF). We emphasize
the necessity of the quadratic isovector density term?)
in addition to the linear terms? for description of pair-
ing properties in nuclei with large neutron excess.

We propose a pair-DF of the following form;

=S o] (e () (1)

=)
A )2@)

Here 7 = n (neutron) or p (proton), the strength V),
and pg = 0.16 fm~3 is the saturation density of sym-
metric nuclear matter. p (p1) is isoscalar (isovector)
density. The 73 = 1 (n) or —1 (p) in the linear p; term
is introduced so as to preserves the charge symmetry
of the pair-DF.

The parameters n; and 72 are optimized so as to
reproduce the average dependence of pairing gaps on

the mass number A and asymmetry parameter
(N —2)/A:

Hpair (r)

with

p1(r)
Po

L _1p(r)

) 7301 (7)
2 Lo

Po

9r [pa Pl] =

Apexp (@) = (1 - 7.740%) ALY
Apexp (@) = (1—8250%) ALY

vy i

(3)
(4)

with AYY = 6.75/41/3 MeV and ALY = 6.36/41/3
MeVY. For this purpose, we performed the exten-
sive Hartree-Fock-Bogoliubov (HFB) calculation with
Skyrme SLy4 force for 156 even-even nuclei around
the region of A =120 — 120 and a = 0.05 — 0.25. We
showed that the parameters set (n1,m2) = (0.2,2.5)
not only gives a good description of the A- and a- de-
pendence®) (see Fig. 1, for neutron pairing gaps A,,),
but also minimamizes the r.m.s. deviation between the
measured and calculated pairing gaps (Fig. 2). The
r.m.s deviation is defined by

1/2

>3 (4, mrB - A exp)2 (5)

T N,Z

1
Nexp

Otot =

Here Nexp = 177 is the number of existing data for
pairing gaps in the region of the present investigation.

*1 Department of Physics, Kyushu University

- 46 -

(A)
O Ay ure/y

ol
— Apeple) /A,

Normalized A,

025

0.05

0.10 0.15 020
a=(N-2)/4
Fig. 1. Neutron pairing gaps obtained with (ni,72) =
(0.2,2.5) are plotted as a function of a. The pairing
gaps are divided by AV, The Vj is fixed so as to re-

produce the measured A, of *°Dy.
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Fig. 2. (Left) The r.m.s. deviations are shown as a func-
tion of m1. The results with either n2 = 0 or 5/2 are
compared. (Right) The same but as a function of 7
with 71 = 0.2. The V; is fixed for each (11, 72) so as to
reproduce the measured A,, of ***Dy.

The strength Vp is fixed so as to reproduce the
mesured A, of Dy. This enables us to reduce
the computational efforts considerably compared to
the determination of Vy by x? fitting to the experi-
mental data in the wide region of the nuclear chart.
This choice gives oo = 0.17 MeV, which is close to
oot = 0.16 MeV obtained with the optimized V[, and
much smaller than o4, = 0.34 MeV with the standard
choice reproducing the measured A,, of 129Sn.
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Two-neutron and two-proton correlations in nuclear surface

Y. Kanada-En’yo,*! N. Hinohara,*! T. Suhara,*?

[NUCLEAR STRUCTURE, Unstable nuclei, Cluster]

Two-neutron correlation in neutron-rich nuclei is
presently one of the hot subjects in the physics of un-
stable nuclei. In two-neutron halo nuclei such as ''Li,
the dineutron correlation was theoretically predicted
in many works and was supported by experiments.
The dineutron correlation, which is characterized by
a strong spatial correlation of two neutrons in the 1S
channel, is discussed also in light neutron-rich nuclei
such as 8He'"®) and also in medium-heavy neutron-rich
nuclei*®) as well as asymmetric nuclear matter®?).

Our aim in this paper is to reveal how two neu-
trons can form in the nuclear surface. For this aim,
we consider a very simplified model of quasi two-
dimensional(2D) neutron systems which mimic a neu-
tron layer in the surface where distribution of valence
neutrons concentrates. We assume for simplicity that
the transverse z-direction of the quasi-2D plane can be
approximated by a frozen Gaussian packet,

= () |-, 0

whereas the motion of the neutrons within the layer
is free. Let us consider an two-neutron system in this
quasi-2D space. By integrating the z coordinates, we
can get the 2D Schrédinger equation with respect to
r1 = /22 +y? for the S-wave relative wave function
@nn(rla X1 XQ)a

n?o* 19
<_<%+ ) VQD(m_))fI)""(TLXl,Xﬂ

m 7, Or,
= E'?qu)nn(rJnxleQ)v (2)
" = """ (r1) ® Xg—o(x1, X2)s (3)

VEP(rL) = (6% (21)9% (22)| V(1) [6% (21)6% (22)) - (4)

Y™ (ry) is the spatial wave function normalized as
Jd&Pr |9 (r1)]? = 1, and Xg— is the intrinsic-spin
wave function for the spin-zero channel.

We calculated the two-neutron wave function in
quasi-2D with the width a by using the Minnesota force
which is an effective interaction adjusted to the exper-
imental S-wave NN scattering lengths. It is known
that a bound state in 2D can form at any arbitrar-
ily small attraction. Since the 1S nuclear force is at-
tractive at low energy, the two-neutron bound state is
formed in quasi-2D with an arbitrary width a. Because
the interaction V2P (r ) in 2D space becomes stronger
for the smaller width a of the layer than the larger
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one, energy and size of the two-neutron bound state
decrease as the width a gets small. For example, in
quasi-2D with @ = 1, the energy E2D is —1.9 MeV and
the size (r?)=4.3 fm. In Fig. 1, the calculated wave
functions of the two-neutron and the two-proton states
in quasi-2D are shown. The wave function ¥"™"(r, )
shows the prominent peak at small distance r| region
in quasi-2D with @ = 1 and a = 2 fm. This indicates
that the spatial correlation of two neutrons is enhanced
in quasi-2D systems. We also calculated the wave func-
tion for an two-proton system in quasi-2D by adding
the Coulomb force, and found that the two-proton cor-
relation is still prominent if the layer is thin enough as
a=1-—2fm.

The present results suggest that, if valence neutrons
(protons) concentrate in the surface layer of neutron-
rich (proton-rich) nuclei, spatial correlations of two
neutrons (protons) in S = 0 channel can be enhanced.

0.25 T T T T
nn —

pp (+Vcou|) """

a=1 fm

r, (fm)

Fig. 1. Two-neutron and two-proton wave functions
Y™ (r1) YPP(ry) in quasi-2D with the width param-
eter a = 1 and a = 2 fm calculated with the Minnesota
force with and without the Coulomb force.
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Calculation of nuclear photoabsorption cross section using the finite
amplitude method for Skyrme functionals

T. Inakura,*!, T. Nakatsukasa, and K. Yabana,*?

[Nuclear structure, random-phase approximation, photonuclear reaction]

In the description of the dynamical properties in the
nuclear response to external fields, the random-phase
approximation (RPA) is a leading theory applicable
to both low-lying states and giant resonances. The
RPA is a microscopic theory, which can be obtained by
linearizing the time-dependent Hartree-Fock (TDHF)
equation, or equivalently, the time-dependent Kohn-
Sham equation in density-functional theory. The lin-
earization produces a self-consistent residual interac-
tion, v = 62E[p]/6p?, where E and p are the energy-
density functional and the one-body density, respec-
tively. The standard solution of the RPA is based on
the matrix formulation of the RPA equation, which in-
volves a large number of particle-hole matrix elements
of the residual interaction, vpp/ np and vpy pps. Since
the realistic nuclear energy functional is rather com-
plicate, it is a hard work to calculate all the necessary
matrix elements. Although there have been numerous
studies on HF-plus-RPA calculations, because of this
complexity it has been a common practice to neglect
some parts of the residual interactions. RPA calcula-
tions with the full self-consistency are becoming a cur-
rent trend in nuclear structure studies, however, the
applications to deformed nuclei are still scarce.

Recently, we have proposed a new practical method
of solving the RPA equation, which we name the fi-
nite amplitude method (FAM)"). The most advanta-
geous feature of the present approach is that it does
not require an explicit calculation of the residual inter-
actions. Instead, the FAM estimates them using the
operations of the single-particle Hamiltonian with the
numerical differentiation. The numerical procedure is
as follows. First, we calculate the ground state us-
ing the imaginary-time method, and obtain the single-
particle orbitals and their eigenenergies:

holdi) = €ildi). (1)

Then, we solve the following linear response equations
by iteration.

w|X;) = (ho — &) | X;) + P {Vext + 6h} |¢f>7 (2)
—w(Y;] = (Vi (ho — &) + (¢5| {Vexs + SR} P (3)

Here, Vey¢ indicates an external perturbative field, and
P the projection operator onto the particle space. |X;)
and |Y;) are RPA forward and backward amplitudes,
respectively, 0h is the induced residual field, which is
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evaluated with the FAM technique®.

Figure 1 shows the accuracy of the FAM. Smearing
the result of the diagonalization of the RPA matrix
(vertical lines)? with a width of 2 MeV, we obtain the
solid curve. Circles indicate the results of the FAM.
These two different calculations provide identical re-
sults. This proves that the numerical differentiation
in the FAM for realistic Skyrme functionals is suffi-
ciently accurate in practice. Note that the required
computational resource for the diagonalization method
is much larger than that for the FAM. As an example
of the FAM results, we show in Fig. 2 the calculated
photoabsorption cross sections for deformed 2*Mg and
28Gi. The systematic calculations of nuclear photoab-
sorption cross sections are under progress.
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Fig. 1. Comparison of the photoabsorption cross sections
for 10 obtained with different methods. The SIII pa-
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Linear Response Calculations With Skyrme TDHF+BCS

S. Ebata,*! T. Nakatsukasa T. Inakura,*!"*? Y. Hashimoto,*? and K. Yabana*!:*?

[Nuclear structure, unstable nuclei]

The recent progress of radioactive facilities, such
as RIBF in RIKEN, strongly demands a theoretical
framework that is able to analyze and predict the prop-
erties of unknown nuclei. For this purpose, it should
include the effects of deformation and pairing correla-
tion, and should be capable of calculating not only the
ground state but also the excited states. The Hartree-
Fock-Bogoliubov plus quasi-particle random phase ap-
proximation (HFB+QRPA) is such a candidate, which
is applicable to a wide range of nuclei from light to
heavy ones. However, it requires a lot of effort for cod-
ing the programs as well as significant computational
resources. The HFB+QRPA for deformed nuclei is
currently still in preliminary stage.

We propose the time-dependent Hartree-Fock
plus BCS (TDHF+BCS) in the three-dimensional
coordinate-space representation, which can take into
account the full effects of nuclear deformation, yet
treating the pairing correlation in the BCS-like approx-
imation.

TDHF+BCS equations are derived from the time-
dependent variational principle!). First, we set a time-
dependent trial wave function as a BCS-like state

(1)) = [[0u(®) +w(®) (1)l 1)) 0).
1>0

Here, é;‘ and éli are creation operators of canonical
states. Note that the state / is not necessarily the
time-reversal state of the state I. Differentiating the
Lagrangian, £(t) = (®(t)| H — ihd/dt | ®(t)), with
respect to the single-particle states ¢;, ¢; and the oc-
cupation probability parameters v;, v}, we can derive
the following equations for the single-particle states
#1(r,t), the occupation probabilities p; = |1]?, and
the pair densities K; = w;v;:

ihq‘sl("'ﬂt) = ( il[paT] — €& )¢I(T7t)=
ihpi(t) = A*Ki(t) — AK[ (1),
ihK(t) = Ki(t)(e1 + 1) + A2pi(t) — 1),

where we used the normalization condition, u? + |v,|* =
1. A= G) oK is the gap energy, the constant G
is the strength of pairing interaction, and &; are the
single-particle energies. The TDHF+BCS equations
guarantee the conservation of the orthonormal prop-
erty of single-particle states, the particle number, and
the total energy. In the static limit, these equations
agree with the well-known HF+BCS equations. With
A =0, these are also equivalent to the TDHF equation.
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We solve the TDHF+BCS equations in real time,
and calculate the liner response of nuclei. In the
liner-response calculation, we add an external field
Vaxt (7, t) which is weak and instantaneous in time,
Vext(r,t) = —kFo(t); k < 1. F is a one-body
operator, for example, the isovector dipole operator,
D = (N/A)Y, % — (Z/A) Y, 2n. We calculate the

time evolution of the expectation value of F, and ob-
tain the strength function S(F'; E) by using the Fourier
transformation.

S(F;E) = 7$Im /00(; (f(t) — £(0)) e Bt=Tt/2,

F() = (@(1)] F |@(1)),

where I' is a smoothing parameter.

Figure 1 shows the E1 strength function for 24Ne,
calculated with the SkM* parameter set. In this cal-
culation, the ground state of 24Ne is deformed to an
oblate shape. The ground-state deformation is slightly
smaller than that in the HF state without the pair-
ing correlation. The strength function calculated with
the TDHF+BCS turns out to be similar to that with
the TDHF. For this nucleus, we have found that the
effects of pairing correlation is weak for giant dipole
resonance.

Currently, we are developing the TDHF+BCS code
for parallel computing to facilitate the calculation of
heavier nuclei. Following on from that, we will perform
a systematic investigation of nuclear responses.
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Fig. 1. The E1 strength function for **Ne calculated with
the Skyrme functional of the SkM* parameter set. The
smoothing parameter of I' = 1 MeV is used.
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Development of QRPA code with an FAM method

P. Avogadro, T. Nakatsukasa

[Nuclear structure, QRPA]

QRPA is a technique successfully employed to study
the low-lying excited states and giant resonances of a
nucleus where pairing correlations cannot be neglected.
The idea behind this study is to generalize the Finite
Amplitude Method (FAM) for random phase approxi-
mation (RPA)Y to quasi particle RPA (QRPA). QRPA
can be obtained as a limit for small amplitude oscilla-
tions from the Time Dependent Hartree Fock Bogoli-
ubov equations (TDHFB)?)

L OR

"o =
where R(t) is the generalized density matrix, F(¢) is
the external perturbation field, which may include two
particle transfer operators, and H(t) is the HFB Hamil-

tonian: A
h
(s 5)

In the frequency representation for small amplitude
oscillations Eq. (1) becomes

[H(t) + F(t), R(D)] (1)

hwR = [H ,R% + [H°, R] + [F,R"] (2)
Where

R(t) =R+ R ¢! + h.c. (3)

H(t) = H* +H e + h.c. (4)

and the generalized density is:

, p/ k/
R - = 7
( ko —p )

These equations not only involve the diagonalization
of large matrices, but also calculation of the matrix el-
ements is generally very difficult. In the past, analytic
calculation of the self-consistent residual interaction
has been truncated, so the results were not completely
self-consistent. The variation of the HFB Hamiltonian

8 11 12
H H
H = < H21 22 )
Calculation of the matrix H_ involves the evaluation
of:
625 ’ . 825 ’ A 828 -7
Dpdpy; " Ohadps; " Okl

(5)

where the derivatives are evaluated on the HFB ground
state.

In the HF+RPA (A = 0), the FAM provides a fea-
sible evaluation of 6h by taking a numerical derivation

-50 -

(n being a small parameter)®)

h(w) = %(h[w | [9)] = hl{4l, [#)]) (6)
which is correct with a proper choice of (4| and |t))
as combinations of the single-particle orbitals and the
forward- and backward-going amplitudes. This nu-
merical derivation allows to obtain the RPA equations
from a Hartree-Fock code with simple modifications.
The RPA equations are then solved by using iterative
methods. In QRPA, there is the second derivative of
the energy respect not only to the normal density, but
also the abnormal density. Currently we are develop-
ing a framework for the FAM, which can be applied to
HFB+QRPA.
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Spectroscopic Factors in Asymmetric Nuclei From Realistic
Interactions

C. Barbieri,*

Spectroscopic factors (SFs) for particle and hole
states around closed shell nuclei are of particular in-
terest since they carry important information regard-
ing nuclear structure.’? Strong deviations from unity
signal the onset of substantial correlation effects and
imply the existence of non trivial many-body dynam-
ics. Understanding how SF's change when moving close
to the drip lines is important to constrain theoretical
models for studying radioactive isotopes. The first in-
formation on these features has recently become avail-
able using one-nucleon knockout experiments in inverse
kinematics. In general, it is found that SFs do change
with proton-neutron asymmetry and the quenching of
quasiparticle orbits (and hence correlations) become
stronger with increasing separation energy.?)

Spectroscopic factors for both symmetric and asym-
metric nuclei are being calculated within the frame-
work of self-consistent Green’s functions theory. Cal-
culations are large scale and based on modern realistic
nuclear forces. The Faddeev random phase approxi-
mation (FRPA) method is used to account for the in-
teraction between nucleons and collective excitation of
the nucleus.* This is done by resumming Feynman
diagrams such as the one depicted in Fig. 1. There,
the II(w) and g’ (w) propagators carry information on
the collective motion of particle-hole (giant resonance)
and two-particle or two-hole (pairing like) configura-
tions. The effects of short-range correlations are also
taken into account by using the G-matrix technique.

@
P

Fig. 1. Example of a diagram appearing in the all-orders
summation generated by the FRPA method.

3

Figure 2 shows the first FRPA results for the spec-
troscopic factors of quasiparticles around 6220 and
40,6015, These are based on the realistic chiral N3LO
interaction.”) A dependence on proton-neutron asym-
metry is indeed observed in the FRPA, with the spec-
troscopic factors becoming smaller with increasing nu-
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cleon separation energy. A dispersive optical model
analysis, which is constrained to data up to *®Ca,
has also been extrapolated to proton rich Ca isotopes,
with similar findings.>? However, for both analyses
the change in magnitude is significantly smaller than
the one deduced from direct knockout data.?
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Fig. 2. SFs obtained from partially self-consistent FRPA.
All numbers are given as a fraction of the IPM value
and refer to transitions from ground state to ground
state. The points refer to knockout of a nucleon from
the isotope indicated nearby. The lines are a guide to
the eye.

Collective excitations, from Fig. 1 are the most im-
portant degrees of freedom governing the reduction of
SFs.% These are properly accounted for by the FRPA
approach. However, realistic two-nucleon forces such
as the one used here have a tendency to underestimate
their importance. Hence, the dependence on asymme-
try seen in Fig. 2 may become more substantial once
FRPA calculations with improved forces are available.
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Ab-initio Green’s Functions Calculations of Atoms

C. Barbieri,*! and D. Van Neck,*?

Density functional theory (DFT) allows for acu-
rate calculations of ground states energies, while only
single-particle (sp) equations must be solved. There is
therefore a continuing interest in studying conceptual
improvements and extensions to the DFT framework.
An approach in this direction has been proposed in
Ref.)) by developing a quasi-particle (QP)-DFT for-
malism, in which QP properties can be obtained along
with ground state energies. Given the close relation
between QP-DFT and the Green’s functions (GF) for-
mulation of many-body theory, we employ ab initio
calculations in the latter formalism to investigate the
structure of possible QP-DFT functionals. Recent ad-
vances in such calculations are reported below.

We employ the Faddeev random phase approxima-
tion (FRPA) expansion of the self-energy®?). This
method explicitely accounts for coupling of electrons
to particle-hole (ph) and two-particle (pp) or two-hole
(hh) collective excitations of the system. The latter are
obtained in the RPA framework.The FRPA method in-
cludes the GW approximation but goes further beyond
since it accounts completely for exchange correlations
at the 2p1h/2h1p level and it includes the propagation
of pp/hh configurations.

Hartree-Fock FRPA Exp.5’6)
He -2.860 (+44) -2.903 (+1) -2.904
Be  -14.573 (+94) -14.643 (+24) -14.667
Ne -128.547 (+281) -128.917 (+11) -128.928
Mg -199.617 (+426) -200.058 (-15) -200.043

Table 1. Hartree-Fock and Faddeev-RPA binding energies
(in Hartree) extrapolated from the cc-pVTZ and cc-
pVQZ basis sets. The deviations from the experiment
are indicated in parentheses (in mH). For Mg, the cc-
pCV(TQ)Z bases were used.

Calculations were performed in the correlation con-
sistent cc-pVTZ and cc-pVQZ gaussian bases for all
atoms except for the ground state energies of Mg,
for which the core-valence version cc-pCV(TQ)Z was
used?. The results were then extrapolated to the ba-
sis set limit according to Ex = FEo + AX 3. Table 1
shows the results for the FRPA ground state energies
and compares them to the experiment and the corre-
sponding Hartree-Fock results. FRPA gives practically
exact results for the two electron problem (He) and ac-
counts for 96% of the correlation energy in the larger
atoms. The atom of Be is an exception due to the pres-

*1 Theoretical Nuclear Physics Laboratory, RIKEN Nishina
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*2 Center for Molecular Modeling, Ghent University, Belgium.
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Hartree-Fock FRPA Exp.>%

He: 1s  0.918 (+14) 0.900 (-4) 0.904
Be: 25 0.309 (-34) 0.322 (-21) 0.343
1s  4.733 (+200) 4.540 (+7) 4.533

Ne: 2p  0.850 (+57) 0.803 (+10) 0.793
1s  1.931 (+149) 1.795 (+13) 1.782

Mg: 35 0.253 (-28) 0.277 (-4) 0.281
2p  2.281 (+161) 2.130 (+10) 2.12

Ar: 3p  0.590 (+11) 0.578 (-1) 0.579
3s  1.276 (+201) 1.065 (-10) 1.075

2p  9.570 (+410) 9.199 (+39) 9.160

Table 2. Ionization energies obtained from Hartree-Fock
and the Faddeev-RPA method (in Hartree). All results
are extrapolated from the cc-pVTZ and cc-pVQZ bases.
The deviations from the experiment are given in mH.

ence of very soft excitations in the J*=17,S=1 channel
which can drive the ph RPA equation to instability.

Tonization energies are shown in Tab. 2. The extrap-
olated results deviate from experiment by about 5 mH
for the first ionization energies, while it increases to
10-15 mH for the separation of slightly deeper electron
orbits. Schirmer and co-workers already pointed out
the importance of a treatment that is consistent with
at least third order perturbation theory”. The present
formulation of the FRPA fully includes of such correla-
tions. At the same time, the explicit inclusion of RPA
phonons holds the promise for successful applications
to extended systems. Further work will be required to
verify that this is indeed the case.
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Thermodynamical ensemble treatments of nuclear pairing
in a multilevel model

N. Quang Hung, *'and N. Dinh Dang

NUCLEAR STRUCTURE, thermodynamic ensembles, superfluid-normal phase transition,
thermal fluctuations, selfconsistent quasiparticle RPA, exact solution of pairing problem.

The thermodynamic properties of infinite systems,
such as superfluidity or superfluid-normal (SN) phase
transition, are usually described by three principal en-
sembles, namely the grand canonical ensemble (GCE),
canonical ensemble (CE) and micro canonical ensem-
ble (MCE). The GCE consists of identically systems
in thermal equilibrium, each of which shares its energy
and particle number with an external heat bath. The
CE is also in contact with the heat bath, but the par-
ticle number is fixed, whereas the MCE is an ensemble
of thermally isolated system sharing the same energy
and particle number. In thermodynamic limit, fluctua-
tions of energy and particle number are zero, therefore
three types of ensembles offer the same average values
for thermodynamic quantities. However, the discrep-
ancies between the predictions by these ensembles arise
when thermodynamics is applied to small systems such
as atomic nuclei or nanometer-size clusters.

In the present work, we carry out a systematic com-
parison of predictions for nuclear pairing properties
obtained by averaging the exact solutions of the pair-
ing problem" in three principal thermodynamic en-
sembles as well as those offered by recent microscopic
approaches to thermal pairing. For the latter, we
choose the unprojected and particle-number projected
versions of the FTBCS1+SCQRPA, which we recently
developed in Ref.?).

The numerical calculations are performed for the
pairing gap, total energy, heat capacity, entropy, and
microcanonical temperature within the doubly-folded
equidistant multilevel pairing model. The results ob-
tained show that the sharp SN phase transition, which
is predicted by the conventional finite-temperature
BCS (FTBCS) theory, is smoothed out in exact cal-
culations within all three principal ensembles. The re-
sults obtained within the GCE and CE are very close
to each other even for systems with small number of
particles. As for the MCE, although it can be used
to study the pairing properties of isolated systems at
high excitation energies, there is a certain ambiguity
in the temperature extracted from level density due to
the discreteness of a small-size system. This ambigu-
ity depends on the shape and parameter of the distri-
bution employed to smooth the discrete level density.
We found that, in this respect, the Gaussian distribu-
tion gives the best fit for both of the temperature and
entropy to the canonical values. The predictions by

*1On leave of absence from the Institute of Physics, Vietnam
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Fig. 1. Pairing gaps A, total energies (£), and heat ca-
pacities C as functions of temperature 7', obtained
within a doubly-folded equidistant multilevel pairing
model for N = 8, 10, and 12 particles and pairing in-
teraction parameter G = 0.9 MeV. The dotted, thin
dashed, thick dashed, thin dash-dotted and thick dash-
dotted lines denote the FTBCS, FTBCS1+SCQRPA,
FTLN14SCQRPA, CE, and GCE results, respectively.
The thin solid line shows the pairing gap obtained from
the simple extension of the odd-even mass formula to
T # 0, whereas the thick solid line represents the im-
proved one.

the FTBCS1+SCQRPA and FTLN1+SCQRPA (i.e.
FTBCS14+SCQRPA with Lipkin-Nogami’s particle-
number projection) are found in reasonable agreement
with the GCE and CE results. The best agreement
is seen between the FTLN1+SCQRPA and the GCE
ones (See Fig. 1). We also suggest a novel formula to
extract the pairing gap at finite temperature from the
difference of total energies of even and odd systems,
where the contribution of uncorrelated single-particle
motion is subtracted. The new formula predicts a pair-
ing gap in much better agreement with the canonical
gap than the simple finite-temperature extension of the
odd-even mass formula [See Figs. 1 (al), (a2) and

(a3)].
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BCS-BEC transition in finite systems

N. Dinh Dang, N. Quang Hung, P. Schuck*!

NUCLEAR STRUCTURE, pairing, superfluid-normal phase transition, BCS theory, quasi-

particle RPA; BCS-BEC transition

Superfluidity and superconductivity in infinite sys-
tems are well described by the Bardeen-Cooper-
Schrieffer (BCS) theory, which is a mean-field ap-
proach that shows the occurrence of pairing correla-
tions forming the condensate. The collapse of the
BCS pairing gap at a critical temperature T2 sig-
nals the transition from the superfluid phase to the
normal one. In the normal state the mean-field the-
ory cannot describe two-body correlations. Nozieres
and Schmitt-Rink (NSR)Y made an attempt to incor-
porate the effect of correlations on 7, in the electron-
hole systems. In the weak coupling limit, the authors
found the ordinary 729, In the strong coupling limit,
they found that the system is characterized by the
non-interacting boson bound states that can undergo
a Bose-Einstein condensation (BEC) at a specific crit-
ical temperature. NSR demonstrated a smooth transi-
tion from the strong to weak coupling limit (BCS-BEC
transition).

However, NSR neglected the effect of the mean field
created by the pairs. This effect is included in our
selfconsistent quasiparticle random-phase approxima-
tion (SCQRPA)?), which constitutes a fully selfcon-
sistent extension of the NSR approach. The present
study searches for the BCS-BEC transition in finite
systems by using an exactly solvable doubly folded
multilevel pairing model, for which the SCQRPA has
been applied with success to describe the pairing cor-
relations beyond the mean field. The model consists
of Q equidistant levels with energies €, = k-1 (MeV)
(k = 1,...,Q), ie. positive except for the bottom
of the spectrum with € = 0. These levels interact
via a constant attractive pairing force. If the inter-
action is sufficiently strong, two fermions form a sin-
glet bound pair, whose minimum energy is —e; with
€1 being the binding energy. The internal wave func-
tion ¢ of the pair creation extends over a character-
istic distance ag ~ 6;1/2. If two bound pairs have
only a small overlap (J¢x| < 1), they can be treated
as a gas of structureless bosons. When this happens,
the BCS equation reduces, in leading order, to the
Schrédinger equation for a single bound pair, whose
eigenvalue is the pair chemical potential up = 2A.
Its zeroth order yields 2\ = €1, as for an ideal Bose
gas. This means that up reaches the bottom of the
single-particle spectrum. As €; is chosen to be zero,
this means A vanishes. We found that, for a half-filled
(N = Q) or underfilled system (N < Q) at zero tem-

*1 Institut de Physique Nucléaire, Orsay, France

-54 -

(@)N=8, Q=12

A (MeV)

EXACT —

BCS
-1+ [NSCoRPA—--
0 1 2 3
G (MeV)
4
3 =
2
> 1
=
~ O ,,,,,,,,,,,,,,,,,,,,,,,,
< 4 | EXACTCE —
EXACT GCE 2N
-2 S e
LNSCQRPA —--

0 2 4 6 8 10
T (MeV)

Fig. 1. Chemical potential A for N = 8 and = 12 as
a function of G at zero temperature T' (a), and as a
function of T at G = 0.6 MeV (b) as predicted by the
exact canonical and grand-canonical calculations as well
as the BCS and LNSCQRPA theories.

perature (T' = 0), A reaches zero at a certain value
G = G. (Fig. 1), higher than which it turns negative
and continues to decrease with increasing G. We also
found that at G < G, the chemical potential A de-
creases with increasing 7', and eventually crosses zero
at T =T, >> TP, The fact that the predictions by
the SCQRPA with particle-number projection within
the Lipkin-Nogami (LN) method (the LNSCQRPA)
agree very well with the exact results up to a moder-
ate temperature T shows that the SCQRPA is indeed
a promising approach to study the BCS-BEC transi-
tion in finite systems. Several calculations to check if
a finite system of pair fermions reaches that of bosons
in the BEC limit within the SCQRPA at T" # 0 are
now underway. Tests in realistic neutron-rich nuclei
are being carried out as well.
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t-band and tilted axis rotation in 1820s

Y. Hashimoto,*! and T. Horibata, *2

We have proposed that there is a case where the s-
band states become unstable against the tilting of a
rotational axis in '®20s'). We carried out intensive
tilting calculations and found the so-called tilted axis
rotational (TAR) states?) which are stable against the
tilting of a rotational axis for each angular momentum
state from .J = 165 to 30h in 1820s. Each of the TAR
states seems to form a band which has nearly constant
K ~ 7.5. This new band has lower energy than the s-
band and appears as an yrast beyond J = 185 . We
expect this portion of new band structure may support
Walker’s long-standing prediction that the ¢-band is
responsible for the occurrence of backbending in the
A ~ 180 region®. In this article, we report some of
our results on the band structure consisting of the TAR
states.

The tilt angle 9 is measured from the x-axis and is
perpendicular to the symmetry axis(z-axis) along the
prime meridian. The wave function |®(¢)) with tilt
angle 1 is obtained by solving the 3D-CHFB equation
with the pairing plus quadrupole Hamiltonian® .

In Fig. 1, we plot the energies of the s-branches'
for several angular momentum states. The shapes of
the s-branches vary smoothly for all tilt angles ¢ from
0° to 90° as the angular momentum value is increased.
Each curve has a minimum point (TAR state) and their
positions shift gradually toward the smaller tilt angle
region as the angular momentum increases.

The approximate K quantum number of each TAR
state is estimated by calculating the projection of the
angular momentum along the z-axis at the minimum
point. In Table 1, we show the projections .Jsin(v)
of the angular momenta .J from 18/ to 30k which are
shown in Fig. 1. Since the values of the projections are
almost, constant, it is expected that the family of the
states at the minimum points of the s-branches form
a band (TAR band).

We are now looking for the rest part of the band
including a band head state (JJ = 8h) which must exist
in the region just above the g-band below the J =
18h band crossing point. This will require some more
elaborate calculation techniques.
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Table 1. Projection of angular momentum along z-axis at
minimum points on the s-branches in Fig. 1

J  tilt angle ¢b  J sin(%))

18 24° 7.3
22 20° 7.3
24 18° 7.6
26 17° 7.6
28 16° 7.7
30 15° 7.8
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Fig. 1. Plot of energies of s-branches. Figures indicate the
angular momentum .J. Circles indicate minimum points
of each curve.
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of minimum points labelled with circles in Fig. 1.
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Origin of the narrow, single peak in the fission-fragment mass
distribution for 2°Fm?

T. Ichikawa A. Iwamoto,*! and P. Moller*?

[Nuclear reaction, fission, Macroscopic-Microscopic model]

In spontaneous fission of Fm isotopes, the frag-
ment mass distributions change abruptly from a
double-peaked, broad, mass-asymmetric distribution
for 2°Fm to a single-peaked, very narrow, symmet-
ric distribution for 2°8Fm.?) In addition, the kinetic-
energy distribution of 2°®Fm can be expressed as the
sum of a low-energy and a high-energy component,
whose mean energies differ by about 35 MeV. The
mechanism behind this phenomenon, referred to as the
bimodal fission, is the strong nuclear shell effects that
emerge when the mass-symmetric fission fragments are
near the doubly magic nucleus '32Sn. The emergence
of mass-symmetric divisions in 2°®Fm is thus qualita-
tively explained if one takes into account the emer-
gence of a fission path strongly stabilized by the frag-
ment shell effect,®) but quantitative understanding of
the extremely narrow mass distribution has been less
extensively studied.

So far, theoretical investigations have mainly fo-
cused on obtaining those fission paths by calculat-
ing the potential energy surface. In fact, theo-
retical models, such as the macroscopic-microscopic
model,") the constrained Hartee-Fock+BCS (HFBCS)
model,”) and the constrained Hatree-Fock-Bogoliubov
(HFB) model,% have successfully described such shell-
stabilized path, that is, a path leading to mass-
symmetric divisions with compact scission configura-
tions, referred to as the compact symmetric path. In
this sense, the energy-minimum path leading to the
compact symmetric fission has been well established,
but the structure of a potential valley along the path
has not been clarified. As long as the fragment mass
yield curve is concerned, it is necessary to obtain the
potential energy curve at the scission configurations as
a function of the fragment mass number.

We discuss the origin of the narrowness of the single
peak at mass-symmetric division in the fragment mass-
yield curve for spontaneous fission of 2°*Fm7”. For
this purpose, we employ the macroscopic-microscopic
model and calculate a potential-energy curve at the
mass-symmetric compact scission configuration, as a
function of the fragment mass number, which is ob-
tained from the single-particle wave-function densi-
ties. In the calculations, we minimize total energies by
varying the deformations of the two fragments, with

t Condensed from the article in Phys. Rev. C79, 014305
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constraints on the mass quadrupole moment, and by
keeping the neck radius zero. The energies thus be-
come functions of mass asymmetry. Using the obtained
potential, we solve the one-dimensional Schrédinger
equation with a microscopic coordinate-dependent in-
ertial mass to calculate the fragment mass-yield curve,
and estimate the mass yield curve originating from the
compact symmetric valley.

An important point in the calculation is that the
fragment masses are defined by the single-particle wave
functions, rather than the macroscopic potential vol-
umes. Using the Nilsson diagram at the scission point
of the compact symmetric valley, we have shown that
the mass numbers of two nascent fragments strongly
depend on the single-particle configurations. In partic-
ular, the proton number of the fission fragments orig-
inating from the compact symmetric valley for 2°°Fm
is strongly constrained to Z = 50 due to the large shell
gap. The calculated mass-yield curve is consistent with
the extremely narrow experimental mass-yield curve.
We obtain that the full width at half maximum for
the fission fragments distribution originating from the
compact symmetric valley is 3.6 u. For 2°8Fm, it would
be interesting to measure the ratio of protons to neu-
trons on the mass-yield curve, because the neutron
distribution may be wider than the proton distribu-
tion, because the mean fragment neutron number is
not magic. This would be a very strong test of the
mechanism behind the narrow mass distribution.
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Neutron vortices in neutron stars

P. Avogadro*!, F. Barranco*?, R.A. Broglia*'*3*4 E. Vigezzi*!

[neutron vortices, neutron stars, superfluidity, glitches]

Since their discovery neutron stars have proved to
be an exceptional laboratory where many aspects of
physics not on earth can take place. One aspect of
neutron stars that still has to be fully explained is
the phenomenon of “glitches”. A pulsar is a fast ro-
tating neutron star whose period is very stable. The
period decreases with time because of the constant en-
ergy emission of the star itself. During a glitch a pul-
sar undergoes a sudden angular velocity speed up, and
then the frequency of the star undergoes a relaxation
period after which the “normal” speed down rate is
recovered. It has been proved that glitches are related
to rearrangements of the structure of the star? and
one of the most promising models') relates glitches to
the superfluid present in the inner crust of the star.
This superfluid is essentially decoupled from the rest of
the star and acts as a reservoir of angular momentum.
Since the angular momentum in a rotating superfluid
is carried by the vortices that form therein investiga-
tion of the interaction between neutron vortices and
the environment is of key importance in understand-
ing the glitch phenomenon. According to a generally
accepted picture, from the surface into the center of a
neutron star the density increases and one encounters
layers with a different structure. The outer crust of
a neutron star is composed of heavy, neutron-rich nu-
clei, which get closer and closer until all neutron bound
levels are filled and the drip line is reached. This rep-
resents the beginning of the inner crust, which extends
from about 4.6 - 10! g/cm? to about 1.6 - 10** g/cm?
(the saturation density in nuclei being ng = 2.8 - 10
g/cm?). The inner crust consists of a Coulomb lattice
of nuclei embedded in a sea of free neutrons. The lat-
tice step decreases with increasing density. We have
limited ourselves to densities smaller than ng/4, where
nuclei can be assumed to be spherical. For such den-
sities, the neutron sea should be superfluid, in keeping
with the fact that the temperature of the neutron star
should have dropped to about 0.01 MeV a few hundred
years after its formation.

We have divided the inner crust into cylindrical cells
where we have solved the Hartree Fock Bogoliubov
equations with four different Skyrme interactions re-
producing a vortex plus nucleus system. The result of
the calculations shows that a vortex cannot form in the
nuclear volume®) at least at low and medium density,

t Condensed from the article in Nucl. Phys. A 811 378 (2008)
*1INFN, Milan

*2 Universidad de Sevilla

*3  Universita’ degli studi di Milano

*4 The Niels Bohr Institute

-57 -

Epinning [MeV]

Epinning [MeV]

0 0.01 0.02 0.03 0.04
n. [fm'3]

Fig. 1. Pinning energy for the SLy4 (solid) and SII
(dashed) curves; (lower figure) the same but with SkM*
(solid) and SGII (dashed) curves.

while at high density the choice of the Skyrme inter-
action adopted may change this picture (in particular
the SkM* and SGII interaction lead to a vortex pen-
etrating in the nuclear volume at high density, while
for the SLy4 and SII interactions this is still forbid-
den). The impossibility a vortex penetrate the nuclear
volume is shown by the complete suppression of the
pairing gap in this region, which means that the re-
gion where the vortex and the nucleus are present is
essentially no longer superfluid and thus the current
flow is suppressed. The difference between the differ-
ent Skyrme interactions is evident when calculating the
energy to remove a vortex from a nucleus (the pinning
energy) as shown in Fig [1].
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Direct reactions of antiproton and the black-sphere picture

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

[Nuclear reaction, reaction cross section, nuclear radius, antiproton]

Nuclear size and mass are fundamental quantities
characterizing the bulk properties of nuclei. Recently,
for the purpose of deducing nuclear size from proton-
nucleus elastic scattering and reaction cross sections,
we proposed a model in which a nucleus is viewed as
a “black” sphere of radius a.!?) Here we assume that
the target nucleus is strongly absorptive to the inci-
dent proton and hence acts like a black sphere. An-
other requirement for the black-sphere picture is that
the proton wave length is considerably smaller than
the nuclear size. For proton incident energies higher
than about 800 MeV, these requirements are basically
satisfied. We showed that, for proton beams incident
on stable nuclei, the cross section of a black sphere
of radius a (= ma?), which was determined by fitting
the angle of the first peak calculated for proton elas-
tic diffraction by a circular black disk of radius, a, to
the measured value, is consistent with the measured to-
tal reaction cross section.?) Furthermore, we confirmed
that the black-sphere picture is valid down to about
100 MeV of an incident proton kinetic energy.**)

This consistency suggests that the black sphere ra-
dius corresponds to a “reaction radius” inside which
the reaction with incident protons occurs. Combin-
ing this fact with the notion of the “optical depth” of
nuclei, which is defined by the ratio of the length of
the proton trajectory inside the nucleus to the mean-
free path of the proton, we constructed a formula for
total reaction cross sections of proton-nucleus/nucleus-
nucleus reactions, which is applicable for the reactions
of wide region of mass and energy.?)

In this work, we extend this black-sphere picture to
the processes of several hadronic probes, such as an-
tiprotons, pions, kaons, with stable nuclei. Although
the black-sphere picture is originally expected to pro-
vide a decent description of the reaction cross section
for any kind of incident particle that tends to be at-
tenuated in nuclear interiors, whether this extension
could make sense or not is not obvious.

As a first step, we systematically analyze the data
of antiproton elastic scattering and reaction cross sec-
tion for stable nuclei at the antiproton incident en-
ergies of lower than about 1000 MeV. The numerical
results of opg for antiproton-carbon(copper) are plot-
ted in Fig. 1. They are consistent with the empirical
values of o although the values of ogg as well as og
contains large uncertainties. These preliminary results
are encouraging, and the analyses of the data for other
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Fig. 1. Absorption cross section, ops(= ma?), of an an-
tiproton on a carbon(copper) target as a function of the
incident kinetic energy of the antiproton. For compar-
ison, we plot empirical data for the antiproton-carbon
total reaction cross section, or (o), whose references are
found in Ref.?).

hadronic probes are in progress.

In the energy region under consideration, the to-
tal cross sections of antiproton-proton are about five
times larger than those of proton-proton, which implies
shorter mean-free path of an antiproton than that of
a proton at the same kinetic energy and the same nu-
clear density. According to the results of Ref.?), pro-
tons are only sensitive to the nuclear surface, where
the optical depth to the proton is the order of one.?)
Then, we can expect that an antiproton is sensitive
to the outer surface of nuclei, where the optical depth
to the antiproton is the order of one. This will open
up a possibility of studying nuclear surface structure,
which would control diffractive reactions, using several
hadronic probes.
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Light = hypernuclei in four-body cluster models’

E. Hiyama Y. Yamamoto,*! T. Motoba,*? Th. A. Rijken,* and M. Kamimura

[hypernuclei, cluster model, hyperon-nucleon interaction]

In studies of nuclear interactions, two-body scatter-
ing data are the primary input for characterizing inter-
action models. However, S = —1 hyperon (Y)-nucleon
(N) scattering data are very limited because of experi-
mental issues. For § = —2 interactions such as AA and
=N, there are currently no scattering data. Therefore,
the existing YN and Y'Y interaction models have a
substantial degree of ambiguity. Some Y N scattering
experiments will be performed at the Japan Proton
Accelerator Research Complex (J-PARC) in the near
future. Even in this facility, the possibility of perform-
ing ZN or AA scattering experiments is very limited
or practically impossible. Hence, in order to obtain
useful information on S = —2 interactions, studies of
many-body, hypernuclear structure are indispensable.

Our intention in this work is to investigate the pos-
sible existence of Z hypernuclei and to explore the
properties of the underlying ZN interactions. Iden-
tification of Z hypernuclei in coming experiments at
J-PARC will contribute significantly to understanding
nuclear structure and interactions in § = —2 systems,
which can lead to an entrance into the world of multi-
strangeness. In order to encourage new experiments
seeking = hypernuclei, it is essential to make a de-
tailed theoretical investigation of the possible existence
of bound states, despite some uncertainty in contempo-
rary =N interaction models. We investigate here the
binding energies and structure of = hypernuclei pro-
duced by (K~, KT) reactions on light targets on the
basis of microscopic cluster models. One of the pri-
mary issues is how to choose the =N interaction. For
this purpose, we adopted G-matrix ZN interactions de-
rived from the Nijmegen interaction models such as ex-
tended soft core model(ESC)") and Nijmegen model D
(ND)?), which gives rise to substantially attractive =-
nucleus potentials in accordance with the experimental
indications. The interactions are represented as kp-
dependent three-ranged Gaussian form potential.

In this report, the structure calculations in EZH and
519 Li are performed within the framework of the micro-
scopic four-body cluster models using the Gaussian Ex-
pansion Method, since these light = hypernuclei can be
described in the framework of four-body cluster model.

The calculated energies in the 1/2% ground state for
=" H(annE~) and 1~ and 2~ state for 2°Li(aanZ=")

T Condensed from the article in Phys. Rev. C. 78,
054316(2008)

Physics Section, Tsuru University

Laboratory of Physics, Osaka Electro-Communication Uni-
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using ESC are demonstrated in Fig.1 as a function of
kp.

In A=T7 hypernucleus, the four-body calculation pre-
dicts the existence of nuclear bound states in ESC case
at reasonable kp values of around 0.9 fm~!. It is inter-
esting to note that the addition of two neutrons to the
aZ~ system gives rise to about 1.3 MeV more binding
energy. The same tendency is seen in ND.

In A=10 hypernucleus, we have obtained the nuclear
=~ bound states as a result of careful four-body cal-
culations with kg ~ 1.0 fm~!. Furthermore, we have
similar binding energies of the J = 27 state for both
the ESC and ND interactions.
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p=0 force studied with lattice QCDf

H. Nemura, N. Ishii,*! S. Aoki,*?*3 and T. Hatsuda**

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

Study of the baryon-baryon interaction is an im-
portant subjects in the nuclear physics. The present
hyperon-nucleon (Y N) and hyperon-hyperon (YY) in-
teractions have large uncertainties despite these inter-
actions playing important roles in high density nuclear
systems such as interior of neutron stars. For exam-
ple, no reliable phase shift analysis of the AN scatter-

Table 1. Meson masses in the unit of MeV. The numbers
in parenthesis show the errorbar in the last digit.

Kud Neont Mo m, mi MK *
0.1678 1283 368(1) 813(4) 554.0(5) 884(2)
0.1665 1000 511.2(6) 861(2) 605.3(5) 904(2)

Exp. 135 770 494 892

Table 2. Baryon masses in the unit of MeV. The numbers
in parenthesis show the errorbar in the last digit.

Rud Nconf mn mA mx mz=
0.1678 1283 1167(7) 1266(6) 1315(6) 1383(6)
0.1665 1000 1300(4) 1354(4) 1375(4) 1419(4)

Exp. 940 1116 1190 1320
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Fig. 1. The effective central potential for p=°, in the 1Sg
(circle) and ®S; (triangle), obtained from the wave func-
tion at time slice t — to = 6. The hopping parameter
Kud = 0.1678 is used for the u, d quark. The inset shows
its enlargement.
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ing has as yet been performed experimentaly so that
different phaseshifts have been predicted by different
theoretical works. In principle, the interaction should
be understood in terms of the dynamics of quarks and
gluons, namely quantum chromodynamics (QCD).

We study the p=° force by using quenched lattice
QCD. The Bethe-Salpeter amplitude is calculated for
the lowest scattering state of the system so as to ob-
tain the p=° potential. The numerical calculation is
performed with 8 = 5.7, the lattice spacing of a =
0.1416(9) fm, on the 323 x 32 lattice. The spatial lat-
tice volume is (4.5 fm)3. Two kinds of ud quark mass
are used, corresponding to m, ~ 0.37 GeV and 0.51
GeV. Tables 1-2 compare the hadron masses calculated
from the lattice QCD with the experimental values.
Figure 1 shows the effective central potential, obtained
from the wave function at the time slice t —ty = 6 with
the hopping parameter x,q = 0.1678, corresponding to
my =~ 0.37 GeV. The scattering length is obtained from
Liischer’s formula.?) As is seen in Figure 2, the p=° in-
teraction is both attractive at 'Sy and 2S; channels,
and the interaction in the 3S; is more attractive than
in the 1Sy. These attractive forces become stronger as
the u, d quark mass decreases.

We are also calculating the pA potential by using
(2 + 1)-flavor PACS-CS gauge configuration®), which
will be reported elsewhere.
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Hadro-Chemistry for High Momentum Probes of Heavy Ion
Collisions'

R. J. Fries,*1*2 and W. Liu*!

[Heavy ion collisions, quark gluon plasmal

Jet quenching, the suppression of hadrons emitted
at high momentum pr, has been one of the key discov-
eries in nuclear collisions at the Relativistic Heavy Ion
Collider (RHIC). It has been interpreted as the energy
loss of fast quarks or gluons traveling through quark
gluon plasma. It is a main signature for the creation of
a quark gluon plasma®). Energy loss is characterized
by the transport coefficient ¢ = 2/, the momentum
transferred squared per mean free path A.

In a series of papers in 2008 we have argued that
measurements of the suppression and elliptic flow
of identified hadrons at high transverse momentum
pr can lead to novel and complimentary information
about the medium created in nuclear collisions. In
principle, the mean free path A can be extracted in-
dependent of ¢. In simple terms, this is possible
because the processes between jets and the medium
which change the chemical composition are generally
independent of the momentum transfer in the process.

We use a model in which a sample of leading jet
partons is propagated through a fireball parameteri-
zation. Partons lose energy, described by a Fokker-
Planck equation, at a rate fitting the single inclusive
nuclear suppression ratio R44. In addition, the jet
particles are subject to rate equations

dN® _ Zl—wa—mNa +Zl—wc—>aNc (1)
b c

dr B

in which conversion rates I' between flavors a, b, ¢ are
given by leading order elastic cross sections. We evolve
samples of up, down and strange quarks as well as glu-
ons and photons. Conversions of jets into photons have
been discussed in the past?) and it was recognized that
this might be an important contribution to the total
photon yield. Heavy quarks are taken into account
with slight modifications reflecting the mass threshold.

We first revisit the issue of the relative suppression
of protons and pions. It was pointed out that pro-
tons fragment predominantly off gluon jets, while pi-
ons prefer quark jets. Quenching of gluons and quarks
is related via a color factor 9/4 which leads to the
naive expectation that protons should exhibit stronger
quenching than pions at high pp. This is not observed
at RHIC. It was first pointed out by Liu, Ko and Zhang
that this can be explained naturally if the flavor of a

T Condensed from the articles in Phys. Rev. C 77, 054902
(2008), Phys. Rev. C 78, 037902 (2008), arXiv:0805.3721
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jet parton is not conserved®). They can explain the
proton/pion ratio with conversions of quarks into glu-
ons and vice versa, essentially rendering the concept of
a fixed jet flavor invalid. We confirm the results of Liu
et al. and suggest a novel double ratio observable, the
ratio of the R44s for protons and pions as a very sen-
sitive quantity for conversion processes. We also find
a rate for conversion photons which is consistent with
the experimental results.

As a novel idea we propose to use strangeness as
a signal for jet conversions and as a strong candidate
for a measurement that could constrain the mean free
path. Strangeness at RHIC energies is marginal in the
jet sample, s/(u+ d) =~ 5% while it is chemically equi-
librated in the plasma. The coupling between jets and
medium will increase the amount of strange quark jets
and should result in a relative enhancement of kaons
compared to pions at high pr. Finding and measuring
the size of this enhancement would be an important
step to quantify jet medium interactions.

At LHC, strangeness is already equilibrated in the
initial jet sample due to the higher center of mass en-
ergy and the importance of initial flavor-blind g +
g fusion process. Hence we predict no additional
strangeness enhancement at LHC energies. We have
a similar negative result for charm and bottom quarks
at both RHIC and LHC energies. The reason for this
is the lack of chemical equilibration of heavy quarks
even in the bulk. Therefore the chemical gradient be-
tween jets and medium is small. Of course, this result
is consistent with heavy quark measurements at RHIC.

Finally, we discuss the implications of flavor conver-
sions for elliptic flow vs. Conversion particles should
lead to a negative contribution to vs, as was first dis-
covered for conversion photons?. We could show that
this mechanism is also active for strange quarks at
RHIC and should lead to an observable suppression
of kaon v at high pr compared to pion vs.
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Absolute luminosity determination using the vernier scan technique
at /s = 62.4 GeV

Y. Goto, A. Bazilevsky*!, and R. Bennett*? for the PHENIX Collaboration

Measured cross sections in the PHENIX experi-
ment?) are normalized to the integrated luminosity for
the analyzed data sample, L, which is determined from
the number of events triggered by beam-beam coun-
ters (BBCs) using an absolute calibration of the BBC
trigger cross section obtained via the van der Meer or
Vernier scan technique?). In a scan, the transverse
widths of the beam overlap are measured by sweep-
ing one beam across the other in steps while monitor-
ing the BBC trigger rate. This information and the
bunch intensities of the two beams measured by Wall
Current Monitors (WCMs) are used to compute the
instantaneous machine luminosity LmachineQ) The
BBC trigger cross section is the ratio of the BBC trig-
ger rate when the beams are overlapping maximally
to the effective luminosity Log = Lijachine © €vertex
where €,erteq 18 the fraction of the number of collisions
in PHENIX interaction region (IR) within BBC trigger
vertex cut (usually |z| < 30 cm).

In p+p collisions at /s = 62.4 GeV, the BBC trigger
efficiency vs z shape was estimated from the compar-
ison with a “detector unbiased” z-vertex distribution
obtained from the convolution of colliding bunch inten-
sity profiles along the z-axis as measured by WCMs.
The correction factor of 0.83 £ 0.08 was obtained, re-
sulting in €,¢ptep = 0.37 = 10%. This approach is con-
firmed in p + p collisions at /s = 200 GeV where zero
degree calorimeters (ZDCs) have enough efficiency to
measure the z vertex distribution. The efficiency of
the ZDCs (located at z = £18 m) does not depend
on collision vertex position in PHENIX IR, which was
distributed with a sigma of 0.5-0.7m around z = 0.
The vertex distribution obtained with the WCMs is
well reproduced by the measurement with the ZDCs
at /s = 200 GeV (Fig. 1(a)).

Beam focusing in the IR leads to bunch transverse
sizes that vary away from the collision point (z = 0)
as 0%(z) = 0%(z = 0) x (14 22/3*?). This is so-called
hourglass effect. The correction due to this effect for
vernier scan data at /s = 62.4 GeV with a betatron
amplitude function at the colliding point of * = 3
m was simulated with WCM data and calculated to
be 0.93 + 0.02. The applicability of our calculation
technique is illustrated in Fig. 1 with the high statistics
vernier scan data at /s = 200 GeV.

Figures 1(b) and 1(c) shows the sensitivity of our
data for the transversely displaced beams to cross-
ing angle between colliding beams. Two peaks in
Figs. 1(b) and 1(c) show overlap of diverged collid-
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ing beams by the hourglass effect at large z in dis-
placed collisions of the vernier scan. In all vernier scan
measurements, the crossing angle was found to be less
than 0.2 mrad, which translates to a negligible correc-
tion for Ly . hine a6 Vs = 62.4 GeV with a typical
bunch length of ~ 1 m and bunch transverse size of 1
mim.

Due to limited amount of data collected at /s =
62.4 GeV, systematic uncertainties of vernier scan
technique are thoroughly studied in abundant set of
/s = 200 GeV vernier scan data on bunch-by-bunch
level. After all corrections discussed above, our BBC
trigger cross section in p + p collisions at /s = 62.4
GeV is found 13.7 mb with a systematic uncertainty
of £1.5 mb (£11%). A systematic uncertainty of 4%
is assigned for the run-by-run error in the vernier scan
analysis at /s = 200 GeV, 10% for BBC trigger effi-
ciency correction of €,er¢eq, and 2% for hour-glass cor-
rection.
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Fig. 1. Collision z-vertex distribution in PHENIX IR mea-
sured by ZDCs in a vernier scan at /s = 200 GeV
(points) and calculations from convolution of colliding
bunch intensity profiles along z-axis and including the
hourglass effect for bunches with typical length of 1 m
and transverse size of 0.3 mm (histograms); a) beams
are head-on; b) one beam is 0.9 mm displaced relative
the other beam in horizontal direction and c) one beam
is 0.9 mm displaced relative the other beam in vertical
direction, calculations include bunch crossing angle in
vertical projection of 0.15 mrad.
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Cross Section For Prompt Photon Production
in Proton-Proton Collisions at /s = 62.4 GeV

K. Sakashita,*! T.-A. Shibata,*! and K. Okada for the PHENIX Collaboration

Prompt photon production®? in high energy

proton-proton collisions is expected to be useful to test
the applicability of perturbative Quantum Choromo-
Dynamics (pQCD) to predict other quantities of inter-
est, such as double helicity asymmetry Ayr. The Ap
is defined as;

+_

ott —o

ALL - .
ot+ £ ot—

(1)
ot (+7) is a cross section for particle production such
as a prompt photon in the proton-proton collision with
beam helicity pattern “+ + (+—)”. Once the applica-
bility of pQCD is confirmed, the framework of pQCD
can be used to determine gluon spin contribution to
the proton spin Ag from Ay .

In proton-proton collisions, the prompt photon is
mainly produced via quark-gluon collision and quark-
anti-quark annihilation. The cross section for prompt
photon production is defined as

3o 1 AN,
dp? 2m-L-pr-eApr-Ang

(2)

where AN, is yields per the unit of transverse mo-
mentum pr and the unit of pseudo-rapidity n. L is the
integrated luminosity, and e is the correction factor
described in the following paragraphs.

We measured the cross section for prompt photon
production from proton-proton collisions at /s = 62.4
GeV in a PHENIX experiment. The data was col-
lected in 2006 with the PHENIX central arm spectrom-
eter. The PHENIX central arm spectrometer consists
of two arms which are placed almost back-to-back on
their azimuth. Each arm covers pseudo-rapidity |n| <
0.35 and 90 degree azimuthal angle. Photons with en-
ergy above 0.15 GeV are measured using the electro-
magnetic calorimeters (EMCal). Charged particles are
identified with the pad chamber. The integrated lumi-
nosity is about 0.065 pb~!, which corresponds to 894
M events. In this analysis, pr > 2 GeV/c photons are
required to exist for each event in the offline analysis.

Prompt photons are extracted by subtracting back-
ground photons from inclusive photons. The back-
ground photons mainly come from 7° decay. There-
fore, it is important to evaluate the 7° decay photons
precisely. The 7° decay photons are categorized into
two groups. If both of the photons are detected, they
are called “two tag photons”. If only one of the two
photons is detected, due to the limited acceptance of
the EMCal, it is called a “one tag photon”. The 7°
decay photons in the two tag photons are identified

*1

Department of Physics, Tokyo Institute of Technology

- 64 -

with an invariant mass by reconstructing the four mo-
menta of two photons. On the other hand, the 7
decay photons in the one tag photons are estimated
using a fast Monte-Carlo simulation and the experi-
mental data. Then, the contribution of decay photons
from other particles such as 1, w and 7’ is also esti-
mated.

The prompt photon yields are normalized with the
integrated luminosity, and are corrected for the ef-
ficiency of EMCal etc. to obtain the cross section
(Eq.2). Figure 1 shows the cross section with sys-
tematic uncertainties, and a comparison of the present
data with the Next-to-Leading Order (NLO) pQCD
calculation. The main systematic uncertainty at low
pr comes from extraction of 70 yields from the sample
including misidentified particles. It means that it is
not 7° but is accidentally regarded as 7°. The predic-
tion of the NLO pQCD calculation at low pr region is
lower than experimental values. It suggests a need to
take into account further higher order terms in the cal-
culation. On the other hand, at high pr region, both
values agree with each other within the uncertainties
of measurement and calculation.
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. —— pQCD calculation to Next-to-Leading Order
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Fig. 1. The cross section for prompt photon production
as a function of pr with statistical uncertainties (red)
and systematic uncertainties (blue) compared with the
NLO-pQCD calculation. The three lines represent the
calculation with different scales.
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Double spin asymmetries of open heavy-flavor production in forward
rapidity with polarized p + p collisions at /s=200GeV

X. Wang,*! H. Liu*? and M. Liu*?

[Open heavy flavor, spin, asymmetry]

Deep-inelastic scattering (DIS) experiments with po-
larized leptons and polarized nucleons have shown that
the spins of quarks and anti-quarks account for only
approximately 25% of nucleon spin.)) The rest of the
proton spins must be carried by the gluons and orbital
angular momentum. Measurements of the scale depen-
dence of the inclusive nucleon spin structure function
and recent semi-inclusive DIS data?) have shown the
coarse constraint in the possible gluon spin contribu-
tion. Furthermore, heavy quark production in polar-
ized p+p collision at RHIC energy is dominated by
the gluon-gluon interaction, thus providing direct ac-
cess to the (polarized) gluon distribution in the proton.
Compared with the current double spin asymmetry of
793 inclusive jet®) and photon measurement at RHIC,
heavy flavor provides a very independent channel to
study gluon polarization.

With the current PHENIX detector, open heavy fla-
vor measurement in the muon arms is limited to in-
direct statistical measurement. Extraction of signal
muons in this analysis is predicated upon successful es-
timation and statistical subtraction of all background
sources which are defined to be tracks not resulting
from the semi-leptonic decay of heavy flavor mesons.
The ”inclusive tracks” are defined as tracks penetrat-
ing the muon-identifier detector (MuID) and consist of
muons from heavy-flavor decay, muons from decay of
light hadrons (K and 7) and some light hadrons which
punched through the MulD. The "hadron tracks” are
defined as tracks stopping in the MulD and consist
mostly of light hadrons according to our simulation
studies.?

Our strategy to extract the asymmetry of muons
from the heavy-flavor decay is to 1) estimate back-
ground asymmetry with "hadron tracks”, and 2) sub-
tract the background asymmetry from the asymmetry
of ”inclusive tracks”.

The asymmetries of ”inclusive tracks” and ”hadron
tracks” are given as

++ +—
Aincl/hadron _ 1 Nincl/hadron - R Nincl/hadron
LL Pg-Py N1t +R-NI—

incl/hadron

where P and Py are the polarization for blue and

yellow beams respectively. N;le Jhadron (N;;zl Jha dron)

is the number of ”inclusive tracks” or ”hadron tracks”
from the same (opposite) helicity beam collisions. R =
L*+ /L%~ is the luminosity ratio of the same helicity

*1 New Mexico State University, Las Cruces, NM, USA
*2 Los Alamos National Laboratory, Los Alamos, NM, USA
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incl/hadron

beam collision to the opposite helicity beam collision.
The Ay of signal muons from the heavy-flavor decay
can be derived from
A — 7 AFS
1—r ’
VGAFEY? + 12 - GAFEY?

6Azignal — T (3)

signal __
ALL -

(2)

where r is the background fraction and Ap LB is the
background asymmetry for which Ay L"@97°™ are used.

The background fraction was calculated from the p+p
run in the year 2005 single muon analysis.G) Figure 1 shows
the double spin asymmetry results for muons from heavy
flavor decays from the data for the runs in 2005 and 2006.

Ay vs p_ (i) Ay vs p_ (i)
dsf  PHENIX Preliminary (2005) dsf  PHENIX Preliminary (2008)
E prpop+X atVs=200 GeV E p+pou+X atys=200 GeV
oa 14<hl<t9 oa 14<hi<19
of ! l I
g g | !
21k ' 0.1
22f 0.2
oaf Sys, Er. 030 o Sys.Em,
F (Sclleyflncerhlnty 10% Not Shown) F (Scaleyflnoerhlnty 9% Not Shown
T 3 | PPN (AR Py BN, SANPT S MR i i e Tl S B
15 2 25 3 35 15 2 25 3 35

s
P, (x) (GeV)

Fig. 1. Double spin asymmetry Ay, for u~ from heavy fla-
vor decay as a function of pr from p+p runs in 2005 and
2006, with averaged polarization 50% and 60%, respec-
tively. Error bars show statistical errors and shaded
error bands show systematic errors.

No nonzero AL has been observed at the current preci-
sion. Our results are limited by statistics. It is important
to measure the A of heavy flavor production for gluon
polarization determination using an independent physics
process with different systematic uncertainties and confirm
the universality of the gluon polarization measurement.
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Measurement of transverse single-spin asymmetry with J/W¥ in
polarized p+p collisions at /s = 200 GeV

H. Al-Ta’ani,*! H. Liu,*?> M. Liu,*? G. Kyle,*! and X. Wang,*!

[Spin, J/ ¥, asymmetry]

&

The spin structure and its investigation of the pro-

ton has revealed itself to be extremely complex, and oz
is an active area of ongoing research. Large transverse

JW st (@)
Run8pp, 5.2pb™, Pol=45%

Ruogh estimation by Feng Yuan Ret (6]
single-spin asymmetries in inclusive particle produc-
tion at fixed target energies') were observed in for-
ward pion production by the E704 collaboration at s o o -
FERMILAB (y/s = 19.4 GeV). Such large asymme-
tries were initially surprising due to the prediction of Y@
pQCD in leading order that these asymmetries should
be small. Interest has recently grown with the discov-
ery by STAR? and BRAHMS® that these asymme-
tries persist even at RHIC energies. Transverse single- P T S S S
spin asymmetries (SSAs), Ay, have the potential to
be an important tool in understanding the quark and 2
gluon spin distributions in a polarized proton. Preci-
sion measurement of SSAs in different kinematic re-
gions with various particles and their QCD analy- °
sis may serve to quantify contributions from differ-
ent mechanisms. In a theoretical model calculation by
Feng Yuan, the SSA is found to be very sensitive to the
production mechanism of heavy quarkonium, where
the production has been studied using non-relativistic
QCD (NRQCD) and the heavy quark pairs are pro-
duced at a short distance in color-singlet or color-octet
configurations® . According to this model, the SSA in
ep scattering vanishes if J/W is produced in the color-
singlet channel but survives in the color-octet channel.
However, in pp scattering the SSA vanishes if J/W is
produced through the color-octet channel but survives
in the color-singlet channel.

The J/W¥s have been measured with PHENIX muon
spectrometers which cover the forward rapidity range
of 1.2 < |n| < 2.4. At RHIC energies, heavy flavor pro-
duction is dominated by the gluon-gluon interaction;
thus the Collins effect has minimum impact on Ay as
the gluon’s transversity is zero. Therefore, heavy fla-
vor Ay in transversely polarized p+p collisions at the
PHENIX experiment offers a good opportunity to gain
information on transverse momentum dependent gluon
distribution which can be described by gluon’s Sivers

o

Wt (b)

Run8pp, 5.2pb™, Pol=45%

Wt (c)

Run8pp, 5.2pb™, Pol=45%

Fig. 1. Expected precision for Ax versus (a) zr, (b) pr in
forward rapidity and (c) pr in backward rapidity

where Py is the beam polarization, o! (o}) is the pro-
duction cross section when the proton in the bunch
is polarized up (down), and NT(N') is the J/¥ yield
from up (down) polarized bunches.

Here, we report our inclusive analysis with J/¥ —
ut ™. The expected statistical uncertainties of Ay in
J/¥ production for the data collected in 2008 (L =
5.2pb~1, P, ~ 45%) are shown in Fig. 1 as a function
of zr and pr in both forward and backward rapidities.
The model calculation shown in Fig. 1 plot (a) as-
sumes the gluon’s Sivers function is 0.5z(1 — z) times
the unpolarized gluon distribution and 30% of J/W¥
comes from feed down of x.%. Future high statistic
measurement of Ay in J/¥ production offers a good
opportunity to study the heavy quarkonium produc-
tion mechanism and gluon’s Sivers function.

. 5)
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Study of J/1 spin alignment in proton-proton collisions
at 4/s = 200 GeV in RHIC PHENIX experiment

K. Shoji* for the PHENIX Collaboration

[nucleon structure, J/4, spin alignment, polarization]

Non-relativisitic quantum chromodynamics (NRQCD)
calculations taking into account color octet models
(COMs)Y have succeed in describing the production
cross section of heavy quarkonia measured by CDF and
other experiments®3). However, the models can not
reproduce experimental data with respect to J/v spin
alignment® . The CDF experiment reported small lon-
gitudinal polarization while NRQCD models predict
transverse polarization at high transverse momenta.
Understanding of heavy quarkonium production mech-
anism has not proceeded well due to the smal number
of experimental measurements.

The J/4¢ spin alignment is determined experimen-
tally by measuring decay angular distribution of lep-
tons in the J/v rest frame. The angular distribution
is parametrized with polar angle 6 which is the angle
between lepton momentum in J/4 rest frame and J/¢
momentum in the laboratory frame (helicity frame).

do
dcosf

where A = 0 indicates non-polarization. Positive and
negative values of \ correspond to transverse and lon-
gitudinal polarization, respectively.

A proton-proton collision experiment is in progress
at the relativistic heavy ion collider (RHIC) operated
at Brookhaven National Laboratory. The PHENIX
experiment® at the RHIC has muon spectrometers
(Muon Arm) to detect J/t¢ via p*p~ channel. The
PHENIX Muon Arm covers forward rapidity regions
with 1.2<|n|<2.2 and A¢ = 2x. Study of J/¢ spin
alignment in proton-proton collisions at /s = 200 GeV
is ongoing with several ten thousands J/v events ac-
cumulated at the PHENIX Muon Arm. We have small
acceptance in |cos | ~ 1 because decay muons emit-
ted backward in J/v rest frame are not boosted well
enough to penetrate materials for hadron background
rejection. Thus acceptance studies of a Muon Arm
with a Monte-Carlo simulation have an important role
in measuring J/v spin alignment.

Figure 1 shows simulated angular distributions of
J/1 decay muon at PHENIX Muon Arm. The simu-
lation was performed for an unpolarized case (A = 0)
and extreme cases (A = £1). J/1 events are gener-
ated as the simulation reproduces reconstructed J/1)
transverse momentum and rapidity distributions of
real data. Expected statistical errors of real data are
also shown on the points of A = 0. The distribution of

x 1+ Acosb, (1)

*
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Fig. 1. Simulated angular distributions of J/v decay muon
at the PHENIX Muon Arm. Simulation results from
non-polarization (A = 0) are shown as black points with
expected statistical errors of data. Solid and dashed
histograms are for A = +1, -1, respectively.

the transversely polaraized case (A = +1) is broader
than the that of the longitudinal one (A = —1) as ex-
pected from the expression of (1).

;From the acceptance study, we can expect that the
statistical accuracy of

the current data set is enough to discuss J/1 spin
alignment.

Study of J/¢ spin alignment at RHIC PHENIX is
ongoing. We hope to finalize the results soon. So far,
an anisotropy in the helicity frame has been considered
in this study. Recently, the necessity of analyzing data
with respect to other frames, such as the Collins-Soper
6) or the Gottfried-Jackson” frame is being discussed
because the proper polarization axis which is sensitive
to a physics phenomenon is not known well. Moreover,
measurements not only of polar angular distribution
but also of azimuthal one are important. We will access
these measurements in the future.
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Measurement of direct photon using a virtual photon method in
v/8 = 200 GeV p+p collisions at RHIC-PHENIX

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

[Direct photon, virtual photon method, Low pT]

Direct photon is a unique probe to investigate prop-
erties of Quark Gluon Plasma (QGP) since photons
penetrate the dense and hot partonic matter created
by heavy ion collisions. Special interest is given to
thermal photons from the QGP which are considered
to be the primary contributor at the low energy region
in the inclusive photon spectrum.?)

A measurement of ‘real’ direct photon using an elec-
tromagnetic calorimeter is notoriously difficult below
4 GeV since systematic errors cannot be reduced due
to the large hadron background, particularly 7°. Re-
cently an alternative method using a ‘virtual’ direct
photon measurement, i.e, a measurement of et e~ pairs
from ’virtual’ direct photon decays was demonstrated
to provide the photon yield with less systematic error
in both p+p and Au+Au collisions® shown as Fig. 1.
A clear excess over the binary scaled p+p result (shown

S 10
E 4 4 AuAuMBx10*

© *  AuAu 0-20% x10*
o =  AuAu20-40% x10

p+p

N
S
o
o
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o
&
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Fig. 1. The direct photon spectra in p+p and Au+Au col-
lisions as a function of pr.

by the dotted line) is seen in Au+Au collisions for
1 < pr < 3 GeV/c, and a hydrodynamical calculation
indicates that this excess comes from thermal radiation
from QGP.?) Thus it is very important to measure the
direct photon yield in p+p collisions more precisely for
1 < pr < 3 GeV/c in order to evaluate the mean con-
tribution of the thermal photons. The data on p+p
collisions taken in 2006 is available and its statistics
are about twice that of the one already analyzed. This
report describes the current status of the analysis in
Vs = 200 GeV p+p collisions at RHIC-PHENIX us-
ing the data taken in 2006.

All electrons and positrons in the same event are
combined into pairs. The obtained eTe™ pair mass

*1 Center for Nuclear Study (CNS), University of Tokyo
*2 RIKEN (The Institute of Physical and Chemical Research)
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distribution contains several components from differ-
ent 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
with a mixed-event technique and subtracted. The
contributions from hadron decays are estimated using
a hadronic cocktail simulation, which incorporats the
measured yields of the hadrons at PHENIX. The ef-
fects on real data such as several efficiencies, geomet-
rical acceptance and momentum smearing are consid-
ered in the cocktail simulation through the GEANT 3
based simulator of the PHENIX detector. The cross
pairs are evaluated by comparing a like-sign pair dis-
tribution between the real and simulated one. Figure 2

= * REAL —— COCKTAIL
D05 0 veter o
S0 yete nove'e
° — o-e'e’ w—nle'e
— wore'e g—e'e’
10* =9 ¢—one'e’ —— poe'e’
. — Jly—e'e y'oe'e

— n'—2e'e” —— n—o2e’e’

m0—2e'e (cross) —— n—2e’e (cross)

il

M, [GeV/c?]

Fig. 2. Comparison of the eTe™ pair mass distribution be-
tween the real and the cocktail simulation.

shows the comparison of the eTe™ pair mass distribu-
tion between the real (blue symbols) and the cocktail
simulation (black line). The real data is in good agree-
ment with the cocktail simulation.

The virtual direct photon fraction to inclusive vir-
tual photon yield will be evaluated from the excess over
the cocktail simulation for several py regions and then
the real direct photon yield will be determined from
the obtained virtual direct photon fraction.
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Longitudinal Double Spin Asymmetry for Inclusive Jet Production in
Polarized p+p Collisions at 200 GeV

M. Sarsour for the STAR collaboration,**

[gluon polarization, jets, longitudinal double spin asymmetry, STAR]

The RHIC spin program uses polarized p+p colli-
sions to study AG, the integral of the gluon polarized
distribution function, Ag(z, @?). There are many pro-
cesses where the gluon participates directly thus AG
can be probed directly and more precisely than pre-
viously attained. This contribution reports on the in-
clusive jet production asymmetry measurement at the
Solenoid Tracker at RHIC (STAR) experiment®. The
inclusive jets channel is an excellent tool to study the
gluon polarization due to its large cross section and
relative independence from fragmentation functions.

In 2005 we had an order of magnitude increase in
the figure of merit over our previous measurements?
with coverage in jet pr up to 30 GeV/c. This allowed
us to perform a quantitative comparison of our mea-
sured results® to global fits of polarized deep-inelastic
scattering (DIS) data within the GRSV framework?
for various fixed values of AG®. These comparisons
showed that the global fits that predict very large AG
values and large Ay, are excluded®).

A, [ ¢ 2006 STAR Preliminary
0.1F — GRSV-std == —.

= GRSV Ag=g .-
[ - - GRSV Ag=0 -

0.08[ GRSV Ag=-g e
[F--Gsc '

0.06[— .
C |
C . < ¢

0.04— /

0.02

0

I

-0.02— Online polarization
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Fig. 1. Preliminary 2006 Arr for inclusive jet production
at /s = 200 GeV versus jet pr, where the error bars are
statistical and the gray bands indicate the systematic
uncertainties.

Figure 1 shows preliminary 2006 Apy versus jet pr
corrected for detector response. The points with error
bars are the data with statistical uncertainties. The
gray shaded band represents the systematic uncertain-
ties, excluding the 25% uncertainty on the beam po-
larization values. Figure 1 also shows NLO pQCD
calculations which incorporate different scenarios for

*1 Department of Physics and Astronomy, Georgia State Uni-
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Ag(x), including the best global fit to the inclusive
DIS data (std)®). The other curves include maxi-
mally positive gluon polarization (Ag(z) = g(x)) at
the input scale, maximally negative gluon polariza-
tion (Ag(z) = —g(z)), and zero gluon polarization
(Ag(z) = 0). In addition, it includes a prediction de-
rived from GS-C% which has a large positive gluon
polarization at low z, a node near x ~ 0.1, and a
negative gluon polarization at large x. The statistical
uncertainties in the 2006 Ay; measurements at high
pr are a factor of 3 to 4 smaller than they were in the
2005 data®), which leads to significantly more stringent
constraints on gluon polarization models.

These results were included in a recent “global” NLO
analysis, DSSV?), the first analysis to include inclu-
sive DIS, semi-inclusive DIS, and RHIC pp collision
data together. The result of this analysis showed that
Ag(x,Q?) is small in the accessible range of momen-
tum fraction, with a possible node in the distribution
near  ~ (.1, basically evolving away at higher scales
with the opposite phase from GS-C. A study of the
DSSV x? profile and the partial contributions Ax? of
the individual data sets shows that these STAR data
provide the strongest limits on negative gluon polariza-
tion over the range 0.05 < x < 0.2 and also contribute
significantly to the limits on positive gluon polarization
over the same range.

In summary, Ay measurements from inclusive jet
data from 2005 and 2006 are reported. These results
provide significant constraints on the gluon spin con-
tribution to the proton spin when compared to NLO
pQCD calculations. They play a significant role in the
first global NLO analysis to consider DIS, SIDIS and
RHIC data together.
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Measurement of Transverse Single Spin Asymmetry of Open Heavy
Flavor in Polarized p+p Collisions at PHENIX

H. Liu*!, M. Liu*!, H. Al-Bataineh*?> and X.R. Wang*? for the PHENIX Collaboration

[Spin, Asymmetry]

The transverse spin structure of the proton is still
poorly understood. The measurement of transverse
single spin asymmetries gives us an opportunity to
probe the quark and gluon structure of transversely
polarized nucleons. At RHIC energy, heavy flavor pro-
duction is dominated by gluon-gluon fusion, so the
Collins effect (transversity distribution in combination
with spin-dependent fragmentation function) has mini-
mum effects on transverse single spin asymmetry (Ax)
as the gluon’s transversity is zero. The measurement
of An in heavy flavor production is thus particularly
sensitive to the gluon Sivers distribution (transversely
asymmetric k7 gluon distributions) which is related
to the orbital angular momentum of gluons inside the
polarized protons.

In this report we present the first measurement of
Apn in single muons from open heavy flavor decay
production in transversely polarized p+p collisions at
\/5=200GeV. The muons are measured with muon
spectrometers in full azimuthal coverage at forward ra-
pidities (1.2 < |n| < 2.4).

The single muons from semi-leptonic decay of open
heavy flavor are measured through the statistical sub-
traction of background sources, with the remaining
yield attributed to open heavy flavor decays. The
sources of backgrounds are: (1) muons from light
hadron decay before reaching the pre Muon Tracker
(MuTr) absorber; (2) punch through hadrons which
penetrate the 1.5m of steel absorber to reach the deep-
est layer of MulD; (3) background tracks which domi-
nated by hadron which decay into a muon after reach-
ing the MuTr. The detail of how to estimate the back-
ground contributions can be found in").

Transverse single spin asymmetry Ay is measured
as

_ 1ol gl 1\/N£'N1£5*\/N2'N1T2
“Poltol P ’
Fooltot P [N NL+/NL- N}

where P, is the beam polarization from CNI and jet
polarimeter analysis, o' (¢}) is the single muon produc-
tion cross section from crossings with polarized bunch
spin up(down), NT(N!) is the particle yield.

The measured AL is corrected for the contribution
of background by using

APhys _ A%wl - AJ%G (2)

N 1—7r ’
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where 7 = NBY /NIl is the background fraction, and
ABC is the background asymmetry.

At RHIC energy, transverse single spin asymme-
try in open charm production was suggested to probe
gluon Sivers function® and the trigluon correlation
functions in the nucleon®. The first measurement of
Ap of single muons from open heavy flavor decay has
been made as a function of zp (Figure 1), and pr in
the forward and backward rapidities (Figure 2). The
large uncertainty of background contribution domi-
nates the systematic uncertainty. A direct comparison
between the prediction for D mesons and muons from
open heavy flavor (open charm and beauty) decay will
be available soon. The observed asymmetries in sin-
gle muon production are significantly smaller than the
model prediction for D mesons with maximal gluon
Sivers function in the same kinematics region (zp and
pr) given in ref.?).
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Fig. 1. Ax vs. xF in single muon production.
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Fig. 2. AN vs. pr in single muon production in the forward
(left) and backward (right) rapidities.
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Reaction Plane Dependence of Neutral Pion Production at
v/sSnvn =200 GeV Au+Au Collisions at RHIC-PHENIX

Y. Aramaki*!

[relativistic heavy ion collisions, jet quenching, elliptic flow]

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 pr. Many theoretical
models have been proposed to understand the parton
energy loss mechanism. One of which is GLV method"
and it is one of the calculations that predicts that the
magnitude of energy loss is proportional to square of
the path length. Studying the path length dependence
of energy loss should help in understanding of energy
loss process.

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 Ry A(pT)5). Figure 1 shows the nuclear modifica-
tion factor, Raa(5<pr<8 GeV/c) as a function of az-
imuthal angle and the pr = 15 GeV/c of the ASW
model curve which has largest variation in the above
models. As shown in Fig. 1, even if we compare the
curve with the pr = 15 GeV/c of the ASW model to
data at much lower pr (5<pr <8 GeV/¢), these mod-
els are still unable to reproduce the azimuthal angle
dependence of R4 4,

Reaction plane detector was installed in RHIC-
Year 2007 and reaction plane determination precision
has been improved by a factor of two as compared to
that in RHIC-Year 2004. Figure. 2 shows vy(7°) as
a function of pr for each 20 % centrality bin. The
only two high pr points above 10 GeV/c are measured
with full statistics. Measured vy(7?) values are non-
zero for all centrality bins. Two assumed functions
are fitted to this data to understand the trend at high
pr. One is linear function (f(vy) = a - pr + b) and
the other is constant value (f(ve) = c¢), where a, b
and c are free parameters. At centrality bin range of
0-20 %, values of x?/NDF for constant and linear func-
tion are 4.45/5 and 4.34/4, respectively. At centrality
bin range of 20-40 %, values of x2/NDF for constant
and linear function are 4.39/5 and 1.49/4, respectively.

*1 Center for Nuclear Study, Graduate School of Science, Uni-
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At centrality bin range of 40-60 %, values of x?/NDF
for constant and linear function are 2.23/5 and 2.21/4,
respectively. These results indicate that the values of
v2(7%) at most central and peripheral collisions tend
to be constant while in mid-central collisions tend to
decrease.

With the new data we will be able to measure the
dependence of Rq4 on azimuthal angle up to higher
transverse momenta than ever before. We can also es-
timate the path length by measuring the azimuthal an-
gle 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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Fig. 1. Raa(5<pr<8 GeV/c) as a function of azimuthal
angle at centrality 20-30% and blue dashed line is ASW
model curve at pr = 15 GeV/c.
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Fig. 2. v2(n°) as a function of pr for each 20 % centrality
bin. Red solid and blue dashed lines show constant and
linear function, respectively. Red and blue lines are
fitted to data from 6 GeV/c.

References

1) M. Gyulassy et al.: Phys. Lett. B538, 282 (2002).
2) T. Renk et al.: Phys. Rev. C75 031902 (2007).

3) A. Majumder et al.: Phys. Rev. C76 041902 (2007).
4) G-Y. Qin et al.: Phys. Rev. C76 064907 (2007).

5) S.A. Bass et al.: J. Phys. G35 104064 (2008).

-71 -



RIKEN Accel. Prog. Rep. 42 (2009)

A study of w meson production
in \/syny=200GeV A+A collisions at PHENIX

M.Ouchida*! for the PHENIX Collaboration

The measurement of hadrons under extreme con-
ditions created by relativistic heavy-ion collisions is
an intriguing study being carried out as part of the
quest to observe the QCD phase transition, quark
gluon plasma (QGP). PHENIX has provided system-
atic measurement of hadrons in Au+4Au collisions sug-
gesting that all meson production is suppressed due
to jet quenching which is considered to be an effect of
QGPY (Fig. 1 shows the nuclear modification factor
of various particles; if there is no nuclear matter effect,
the factor should be 1). Here, we contribute a measure-
ment of w mesons (782GeV/c?) via the radiative decay
mode (w — 0%, 1% — 2v) in /sy y=200GeV Au+Au
collisions. It has been found that nuclear modification
of w and ¢ may be showing interesting behaviors, and
this may be the onset of a dependence of quark energy
loss on flavor and/or spin.

To support the study of w mesons in heavy-ion col-
lisions, we have conducted an analysis of Cu+Cu colli-
sions in /s y=200GeV. Since Cu+Cu collisions have
lower multiplicity than Au+Au collisions and have dif-
ferent initial conditions, systematic measurement in
this collision mode provide an important reference.

In addition to miminum bias (MB) trigger data, we
used photon/electron trigger (ERT) data fulfilling high
trigger condition of EMCal and RHIC, which are en-
riched with high-momentum photons to achieve bet-
ter statistics for high momentum. The main challenge
of this analysis is to handle the huge combinatorial
background necessary for reconstructing particles from
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the three-body decay mode. We introduce the same
kinematical cuts such as momentum and energy range
that are used for Au+Au analysis to establish the high
S/v/B. Fig. 2 shows an example of an invariant spec-
trum reconstructed by 3 gammas after subtracting two
types of background: one is the combinatorial back-
ground reconstructed by the mixed event method and
the other is from a resonance such as K?(K? — 270).
Even though the statistics are limited, we can see the
peak of w — 3~ decays.

50 —

count

CuCu (ERT)

0-94% centrality

W (782 Gev/cH

14
[GeV/c ]

Fig. 2. Invariant Mass Spectra of 3y (after subtracting
backgrounds) at 6.5 < pr(w) < 7.5 [GeV/c] in ERT
data set.

To evaluate the reconstructed efficiency, we per-
formed a single w event simulation using event gen-
erators based on Monte Carlo codes. The PHENIX
implementation of the GEANT-based simulation and
the event particle tracking software system, PISA were
used to consider the detector response. Trigger effi-
ciency of ERT is estimated from a comparison of single
v energy spectra between the MB and ERT data set.

The analysis of w meson invariant yield in Cu+Cu is
reaching the final stage. The behavior in R 44, which
is yet to be shown, is of great interest. We plan to
publish the results of inclusive w meson measurement
including the Cu+Cu results together with the Au+Au
results shown in Fig.1. Although considerable statisti-
cal errors are unavoidable, a comparison between these
analyses is quite meaningful for seeing the effect of
different initial conditions provided by different beam
species.
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Fig. 1. Nuclear modification factor, R4, of various parti-
cles in central Au+Au collisions;Q) if there is no nuclear
matter effect, the factor should be 1.
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High pr Charged Pion Cross Section, Using PHENIX Central Arms'

A. Morreale,*!

[Nuclear structure, charged pions, cross sections, proton proton collisions]

1 Introduction
Inclusive 7+ cross sections at high transverse mo-
mentum (pr) are of interest as these can be used
to confirm that pQCD is an applicable framework to
study spin assymetries. Charged pion double helicity
asymetries from the 2006 run have been reported and
compared with the latest theoretical predictions[3],
which make use of fragmentation functions for charged
separated species[2]. These asymmetry data will be
useful in solving the puzzle of the origin of the pro-
ton’s spin. In this report, we summarize the on-going
effort to extract the charged separated pion cross sec-
tions for 5 < pr < 10 GeV/c.

2 PHENIX Detection of high pT =+

High pr ©* which are to be used for a cross section
measurement, are selected from the reconstructed high
quality charged tracks in the drift chamber(DC). Min-
imum bias triggered data is used. The 7% selection
starts with applying an initial Cerenkov light emision
threshold for the pions in the ring imaging Cerenkov
detector (RICH)[1]. The reconstructed DC tracks are
projected to the pad chambers (PC) and to the electro-
magnetic calorimeter (EMCal). The obtained hits in
these detectors are compared to the actual associated
hits. The standard deviations of the projected to the
actual positions are evaluated as a function of momen-
tum and incident angle; application of further cuts on
these variables is known as pion track matching.

The main background for this analysis comes from
secondary e* from ~ conversions, which occur far from
the collision vertex. These particles will produce light
in the RICH with high efficiency and will mimic high
pT 7%, albeit with very low energy. The primary e*
to T, ratios are 1073, thus e* coming from the vertex
pose small contamination.

3 Montecarlo Studies Compared to Data

The light emitting thresholds in the RICH are as
follows: e* 17MeV/c, 7 4.7GeV/c, K* 16 Gev/c,
p,P 30 GeV/c. Within a pr of 5-10 GeV/c, only e
and 7F will emit Cerenkov light. The RICH has dif-
ferent efficiencies for e* and 7* as the opening angle
is different for each species. e* with their larger open-
ing angle, will have recognizable ring or corona shaped
light emission, while 7% will emit light over a disk.

*1 " Department of Physics, University of California at Riverside
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Fig. 1 shows the typical turn on threshold behaviour
for a 7. Several monte carlo studies have been initi-
ated, some which are omitted in this report due to page
limitations. One such study shows that most e pro-
ceeding from -y conversions can be removed by applying
a matching cut of 2.5 ¢: from roughly 8,000 simulated
conversion e* that mimic a high pT 7%, only about 72
will survive 7%, matching cuts. Zed, the z-coordinate
at which the charged track crosses the drift chamber
detector’s reference radius (220 cm) is also studied.
Conversion background has a strong zed dependance.
7%, have a flat zed ditribution, while conversion e*,
will typically show high tails at high zed. [Fig. 2] A
cut on this z coordinate, is also an effective way of
removing background.
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4 Conclusions

The studies reported represent a small sample of the
ongoing effort to measure charged pion cross sections
at high pr in the PHENIX detector. RHIC p+p data
from the year 2006 is used in this analysis.
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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]

Quantum Chromodynamics (QCD) predicts the
color glass condensate (CGC) which is the consequence
of the self interaction of the gluonV?. The hot and
dense matter made at the Relativistic Heavy Ion Col-
lider (RHIC) has the large elliptic flow in non-central
Au+Au collision®, and the values of vs, anisotropy for
the azimuthal angle distribution of generated particles,
agree with the results in the calculation of the hydro-
dynamics of the ideal fluid, but not with the model
including the effect of CGC®. In order to research
for the hydrodynamical property of the high energy
matter, the investigation of the effect of the CGC is
needed.

The parton saturation as a consequence of CGC will
be more conspicuous in the LHC than the RHIC. In
the first collision of proton-proton at the LHC, which
will be done at 2009, the effect of CGC will be found in
the multiplicity measurement® . In this report, the sta-
tus of the preparation for the measurement of dN/dn
distribution of the charged multiplicity is described.

As the first step for the measurement of dN/dn,
the estimation of the acceptance of the TPC for the
charged particles was begun. These values are deter-
mined by the comparison of the input data from the
event generator (MC event) to the event summary data
(ESD) of the detector simulation and reconstruction.
Data used to this analysis is Physics Data Challenge
2008 (PDC_08), which simulates the p+p collisions at
Vs = 10 TeV generated with Pythia 6 as the first
physics for the LHC. The acceptance is assumed to be
the function of pseudo-rapidity, vertex z position for
the each track, and transverse momentum. dN/dn is
calculated as

dN Vza ppr2 ,
b= [ [ Stz
n P

Vi Tl cvent track

dN
dzdordn d d vzZ cu ! ]_
(ddeTdn)ESD prdz x Cpn, «(n) (1)

where the summation is executed for the measured
tracks and used events, the integration is executed for
the region passed the vertex and pr cutoff. C(7/, z, pr)
is the correction factor obtained from the simulation as
follows.

Nacc(77>z7pT> (2)

C =
(777Z7pT) Ngen(TI)ZapT)

Nace(n, z,pr) and Ngee(n, z,pr) are the number of
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charged particles accepted and generated, respectively.
Chprwzeut(n') is the correction factor for the limited in-
tegration for pr and the vertex z position. It is under
development.

Calibration of the TPC using laser is also under de-
velopment. The aim of the laser calibration is to mea-
sure the response of the TPC to the straight tracks at
the known position. The distortion of the electric field
at the edge of chambers, misalignment of the each sec-
tor, and the distortion of the drift velocity were mea-
sured. Figure 1 shows the distortion of the gain as a
function of the distance from the edge of chambers of
the TPC. The fit function shown in Fig 1 is used to
the calibration code.
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Fig. 1. The gain as a function of the distance from the edge
of chambers of the TPC.

Estimation of the correction factor for the measure-
ment of the charged multiplicity and the calibration of
TPC will be developed until the first p+p collision at
LHC scheduled on the September at 2009.
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Recent progress in precision pionic atom spectroscopy at RIBFT

K. Itahashi,*! S. Itoh,*!*2 N. Fukunishi,*! H. Outa,*! H. Geissel,*> M. Winkler,*3 H. Weick,*3 and
R.S. Hayano*?
for the pionic atom factory collaboration.

[hadron in medium, pionic atom, beam optics, spectroscopy]

1 Introduction

Spectroscopy of pionic atoms has been contribut-
ing to understanding of the origin of hadron masses!.
According to theories, the hadron masses dynamically
grow as chiral symmetry of the surrounding media, the
vacuum, is partially broken?. The order of the sym-
metry breaking depends on the energy density of the
vacuum and is parametrized by the magnitude of the
quark condensate < Gg >%%. At higher temperature
or at higher density the quark condensate decreases
and it becomes zero beyond certain limits.

The objective of the present experiment® and those
to follow is evaluation of the magnitude of the quark
condensate at the normal nuclear density through
precise experimental determination of the in-medium
isovector interaction strengths between the pion and
the nucleus®®. Previous results of pionic atom spec-
troscopy yielded first quantitative estimation of its re-
duction at the normal nuclear density to be about 33
% compared to that in the vacuum®7 9. This esti-
mation is consistent with the theoretical prediction of
about 30 %, and is supporting the theories. However,
the value of 33 % definitely needs more careful and
precise evaluation.

In the present experiment, we are going to mea-
sure missing mass of the '?2Sn(d, *He) reaction near
the pion emission threshold using the BigRIPS'") in
the RIBF'? as a spectropmeter and to determine the
binding energies and widths of the 1s and 2s pionic
1218n.  Accomplishment of this experiment will be a
start point for systematic study of pionic atoms.

Here, we will briefly summarize the recent progress.

2 Beam optics

To achieve better precision, one of the most ciriti-
cal issues is the beam optics of the spectrometer Bi-
gRIPS. Since the momentum spread of the incident
beam (Ap/p) is as large as 0.1 %, its contribution to
the experimental resolution is huge and is estimated to
be about ~ 1 MeV (FWHM), which is about 5 times
larger than target value of 200 keV. Thus, to compen-
sate for the momentum spread, we need to develop
a dispersion matching beam optics between two sec-
tions; the beamline SRC—target and the spectrometer

*1 RIKEN Nishina Center, RIKEN
*2 Department of Physics, University of Tokyo
*3  GSI, Darmstadt
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target—F5 focal plane.
The dispersion matching condition in our experi-
ment is described as

bigs11 + bassi2 + s16tes = 0 (1)

with the transfer matrices

Zf o
ar | =STB| ao |, (2)
5y do
where
S11 S12 S16 bir bz b
S = S21 S22 S26 ,B = bor  baz  bog
0 0 1 0 0 1

and T denotes (d,3He) reaction at the target with
tes ~ 1.31, which is attributed to the relation between
incident and outgoing momenta in the kinematics.

The largest difficulty to build above dispersion
matching beam optics resides in the fact that the SRC
is sitting in the most upstream of the system as a large
optical element. Therefore, we need to study in detail
the optics of the SRC first.

Fig. 1. Beam trajectories in the SRC.

We have performed a detailed calculation of the
beam trajectries inside the SRC from EDC to EBM
as shown in Fig. 1. At the EDC, the SRC is tuned
to make an upright ellipsoid. Figure 1 shows the cal-
culated beam trajectories in the SRC. Calculating the



derivatives of the trajectories, we have obtained the
first order transfer matrix from EDC to EBM. Thus
calculated matrix is

a11 Q12 Qai1e —1.00 —-0.34 7.69
a21 Q22 A6 = 2.97 —-0.01 —-254
a1 Q62  A66 0 0 1

The beamline optics between EBM and the target
is calculated so as to decouple the optics near the in-
termediate focal plane after QDT11 to leave room for
flexibility to adjust to the properties of the incident
beam since we have little knowledge on them. The
first quadrupole quartet is used for this purpose, and
the quality of the adjustment is measured at the focus
after the QDT11. The obtained matrix is

bi1 b2 big —0.39 0 4.60
bo1  bag  bag = —-2.90 —-2.58 21.0
be1 be2 bes 0 0 1

The calculated beam optics for the beamline is
shown in Fig. 2
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Fig. 2. Beam line optics from the SRC to the target.

The above obtained matrix is used for the optics
calculation in the BigRIPS to fulfull Eq. 1

We are going to make a detailed test of the calcu-
lated beam optics in May, 2009.

3 Expected resolution

Based on the calculated beam optics, we have esti-
mated the expected experimental resolution in FWHM
depending on the emittance of the incident beam as
shown in Fig. 3. The estimation is assuming the tar-
get thickness of 15 mg/cm?, which contributes about
140 keV [FWHM].

As shown in Fig. 3, the emittance of the incident
beam is crucial in the present spectroscopy and we
need to optimize the horizontal beam size at EBM.
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Glueball Decay in Holographic QCD'

K. Hashimoto,*! C.-I. Tan,*? and S. Terashima*3

[Glueballs, Hadron physics, Superstring theory]

Glueballs, as excitations of gauge-invariant compos-
ite operators in Yang-Mills theories, remain illusive.
Although the existence of the glueballs (of various
types, such as scalar glueballs and tensor glueballs)
is expected, their experimental identification in the
hadron spectra remains difficult. This difficulty is
largely due to the inability to compute reliably cou-
plings of glueballs to ordinary mesons in strongly cou-
pled QCD. Lattice QCD predicts for the mass of the
lightest scalar glueball to be around 1600-1700 MeV,
but it doesn’t yet provide information on the glueball
couplings and decay products/widths, which are indis-
pensable for their identification. The Large Hadron
Collider (LHC) will likely yield a huge amount of
hadronic data, which can lead to progress in reveal-
ing the mystery of glueballs.

In this paper, using holographic QCD based on D4-
branes and D8-anti-D8-branes,!) we have computed
couplings of glueballs to light mesons. We describe
glueball decay by explicitly calculating its decay widths
and branching ratios. Interestingly, while glueballs re-
main less well understood both theoretically and ex-
perimentally, our results are found to be consistent
with the experimental data for the scalar glueball can-
didate fp(1500). More generally, holographic QCD
predicts that decay of any glueball to 47 is surpressed,
and that mixing of the lightest glueball with ¢qg mesons
is small.

The AdS/CFT (gauge/gravity) correspondence (du-
ality) is one of the most important developments in
string theory, and, holographic QCD refers to the ap-
plication of AdS/CFT to QCD studies. The basic
claim of the AdS/CFT correspondence is that corre-
lation functions of gauge-invariant composite opera-
tors in large N, gauge theories at strong 't Hooft cou-
pling correspond to classical gravitational computa-
tions in higher dimensional gravity theories in curved
backgrounds. The correspondence has been applied
to (i) computation of glueball spectrum in large N,
pure Yang-Mills theory and to (ii) ¢§ meson spec-
tra/dynamics in large N, QCD, which we review briefly
below. These efforts have been quite successful in re-
producing lattice and experimental data of hadrons,
even though the real QCD is recovered in the “CFT”
side only when one incorporates various corrections in
the large N, and large ’t Hooft coupling expansion.

f Condensed from the article in Phys. Rev. D 77, 080061
(2008)
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Here we combine these two efforts, (i) and (ii), in or-
der to calculate couplings between the glueballs and
the gq mesons, in the large N, QCD.

The key merit of using holographic QCD is the fact
that one not only can calculate the hadron spectra,
but also can compute explicitly their couplings. It pro-
vides a more powerful method for constraining these
couplings than the chiral perturbation technique. In
particular, since glueballs are expected to be heavier
than 1 GeV, derivative expansion in chiral perturba-
tion becomes unreliable. Furthermore, current lattice
calculations are not well suited for computing dynam-
ical quantities such as decays and couplings. Our pa-
per represents a first principle calculation for glueball
decays, though in the approximation where the holo-
graphic duality is valid.

We compute the couplings between the glueballs and
the ¢q mesons in this setting. In the dual descrip-
tion through the AdS/CFT, they correspond to the
supergravity fluctuations and the Yang-Mills fluctua-
tions on the D8-branes, respectively. These two sectors
are coupled in the combined system of supergravity
plus D8-branes. We substitute the fluctuations (wave
functions) of the supergravity fields (corresponding to
the glueball) and the D8-brane massless fields (mesons)
into the D8-brane action and integrate over the extra
dimensions, to obtain the desired couplings. Combin-
ing sectors (i) and (ii) is important not only due to its
phenomenological impact but also because this repre-
sents the first computation in holographic QCD of the
couplings between the supergravity fluctuations and
the fields on the probe D-branes.

Once the couplings are obtained, we can compute
the decay widths for various decay channels of a glue-
ball, and study its possible mixings. Because the whole
qq meson sector is combined into the D8-brane action,
which is a higher-dimensional Yang-Mills lagrangian,
several interesting mesonic features follow. For ex-
ample, at the leading order (in the expansion of the
large 't Hooft coupling), glueball decay to 4 is pro-
hibited. There is no direct 47y coupling to the glue-
ball, and, furthermore, glueball - p meson coupling
also does not allow the 47y decay mode. As for the
mixing, we can show that the lightest glueball has no
mixing with ¢¢ mesons at the leading order of our ex-
pansion. These are our main predictions based on the
holographic QCD.
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Quark Mass Deformation of Holographic Massless QCD'
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[Quark mass, Hadron physics, Superstring theory]

AdS/CFT correspondence, gauge/gravity duality,
has provided us with a new avenue to compute observ-
ables in strongly interacting gauge theories via weakly
coupled gravitational descriptions. Recently in su-
perstring theory, using particular kinds of D-branes,
there proposed a holographic model of QCD by Sakai
and Sugimoto!), where the non-Abelian chiral sym-
metry and its spontaneous breaking is geometrically
realized via a D4/D8/D8 configuration. The model
predictions for the meson spectrum and the couplings
between them compare well with experiments with a
good accuracy. Baryons in this model were also in-
vestigated. Moreover, this holographic model has an
ability of predicting possible glue-ball interactions to
mesons. There are many other QCD observables that
have been analyzed in this model, which show that the
model is a good approximation to real QCD at least
in low energy, large N_.-limit.

Despite its success in many aspects, this model has
an apparent shortcoming that the pions are mass-
less. This is because the quarks are massless from
the construction. In our work, we propose deforma-
tions of the Sakai-Sugimoto model which correspond
to the introduction of the quark mass. Our deforma-
tions have additional D-branes away from the origi-
nal confining N, D4-branes, which still have a reason-
able field theory interpretation. The original Sakai-
Sugimoto model is restored once these additional D-
branes are moved to spatial infinity in the bulk. In
the field theory view-point, our idea is rather simi-
lar to the extended technicolor model, where we have
an additional sector to the original QCD, which con-
tains new techni-quarks interacting via new techni-
color interactions. The quarks/techni-quarks are mass-
less at UV, but the chiral symmetry (the electroweak
symmetry in this case) is spontaneously broken by a
techni-quark condensate driven by the strong techni-
color gauge interactions. QCD quarks get explicit bare
mass term from the techni-quark condensate, through
quark-techniquark interaction.

To realize this idea in our set-up, we introduce addi-
tional N’ D4-branes (we call them D4’-branes) which
are parallel to, but separated from the original N,
D4-branes of QCD gauge symmetry. The total gauge
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symmetry is SU(N. + N’) when the D4’-branes are
on top of the original D4-branes, and it is broken
to SU(N.) x SU(N’) by a Higgs mechanism via sep-
arating the D4’ from the D4. Massive off-diagonal
gauge bosons appear as strings suspended between
the D4 and the D4’. We add N; D8/D8-branes as
in Sakai-Sugimoto model to introduce massless quarks
and techni-quarks, which are charged under the chiral
symmetry U(N;) xU(Ny). By assuming a strong tech-
nicolor SU(N’) dynamics on the D4’-branes, which re-
places the D4’-branes with the Witten’s geometry, the
chiral symmetry is spontaneously broken by adjoin-
ing the D8/D8-branes there, as in the Sakai-Sugimoto
model but with the technicolor instead of the QCD
gauge group. This breaking will be mediated to the
QCD sector of the N, D4-branes by, for example, the
massive gauge bosons coming from the open strings
stretched between the D4 and the D4’-branes. This
induces the bare masses for the QCD quarks.

From the Feynman graphs that would induce quark
masses from a techni-quark condensate, we can easily
identify the corresponding string worldsheets that me-
diate this phenomenon in our D-brane configuration
in flat space. We consider a circle following D4-D8-
D4/-D8-branes and a disk worldsheet instanton whose
boundary is ending on this circle. It is responsible
for the extended technicolor interactions coupling the
quarks to the techni-quarks. Then we consider the
strongly coupled field theory, or equivalently a weakly
coupled gravity description, where we can identify the
worldsheet instanton which has been responsible for
the quark mass term. In the gravity description, where
both D4 and D4’-branes are replaced by a near horizon
geometry of a multi-center gravity solution, we have a
closed loop on the surface of the probe D8-branes only,
since the D8- and the D8-branes are smoothly con-
nected at two throats created by the D4- and the D4'-
brane geometry. The previous worldsheet instanton in
the weak coupling picture is now ending on this closed
loop. The worldsheet instanton is a leading order con-
tribution to the effective action of the D8-branes, since
it is a planar diagram with a single boundary in the
large N gauge theory. We show that this worldsheet
instanton amplitude indeed induces the lowest mass
perturbation for pions that is expected in the stan-
dard low energy chiral Lagrangian. We also show that
the GOR relation is satisfied.
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Phenomenology of small & physics.

A. M. Stasto*1*2:*3

Unitarity in Hadron collisions®

The LHC machine will open a new kinematical
regime for studying strong interactions in the hadronic
collisions. Of particular interest is the contribution to
the cross section from semihard jets. The perturbative
QCD formula for minijet production consitutes an im-
portant ingredient in models describing the total cross
section and multiparticle production in hadron-hadron
scattering at high energies. Using arguments based
on s-channel unitarity we set bounds on the minimum
value of pr for which the leading twist minijet formula
can be used. For large impact parameters where cor-
relations between partons appear to be small we found
that the minimum value of pr should be greater than
2.5 GeV for LHC energies and greater than 3.5 GeV
for cosmic ray energies of about 50 TeV. We also ar-
gued that for collisions with values of impact param-
eters typical for heavy particle production the values
of minimum pr are likely to be considerably larger.
We also analyzed and quantified the potential role of
saturation effects in the gluon density. We found that
although saturation effects alone are not sufficient to
restore unitarity, they are likely to play an important
role at LHC energies.

Resummation at low z and strong coupling®

In recent years there has been large theoretical activ-
ity related to the duality between the string model in
the anti de Sitter space and the conformal field the-
ories. This duality offers a unique insight into the
regime of the strong coupling constant in the gauge
theory where standard perturbative methods fail. In
particular case of the high energy scattering between
the two hadrons the leading exchange is that of the
Pomeron, a Regge trajectory with the quantum num-
bers corresponding to the vacuum. It was demon-
strated that on the gravity side this scattering process
is dominated by the exchange of the spin-two graviton.
It is also known that the Pomeron in the perturbative
theory can be computed using Feynman diagram tech-
nique, and it corresponds to the composite state of two
reggeized gluons. It can be obtained as a solution to
the evolution equation for the gluon Greens function
at small values of Bjorken x. We have demonstrated
that a particular resummation model for this evolu-
tion kernel for the gluon density at small = creates a
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bridge between the weak and strong couplings. The re-
summation model embodies both DGLAP and BFKL
anomalous dimensions at leading logarithmic orders,
as well as a kinematical constraint on the real emission
part of the kernel. In the case of pure gluodynamics
the strong coupling limit of the Pomeron intercept is
consistent with the exchange of the spin-two, colorless
particle.

Exact kinematics in the gluon cascades ©

It is well known that the kinematic effects consti-
tute a large portion of the higher order corrections to
the kernels in the small z evolution equations for the
parton densities. They are also present in the compu-
tation of the higher order anomalous dimensions of the
standard renormalization group approach. The prob-
lem of kinematic effects in the gluon and color dipole
cascades has been addressed in the large N, limit of
SU(N,) Yang-Mills theory. We investigated the tree
level multi-gluon components of the gluon light cone
wave functions in the light cone gauge keeping the
exact kinematics of the gluon emissions. We focused
on the components with all helicities identical to the
helicity of the incoming gluon. The recurrence rela-
tions for the gluon wave functions were derived. In
the case when the virtuality of the incoming gluon is
neglected the exact form of the multi-gluon wave func-
tion has been obtained. Furthermore, we proposed an
approximate scheme to treat the kinematic effects in
the color dipole evolution kernel. The new kernel en-
tangles longitudinal and transverse degrees of freedom
and leads to a reduced diffusion in the impact parame-
ter. When evaluated in the next-to-leading logarithmic
(NLL) accuracy, the kernel reproduces the correct form
of the double logarithmic terms of the dipole size ratios
present in the exact NLL dipole kernel. Finally, we an-
alyzed the scattering of the incoming gluon light cone
components off a gluon target and the fragmentation
of the scattered state into the final state. The equiv-
alence of the resulting amplitudes and the maximally-
helicity-violating amplitudes has been demonstrated in
the special case when the target gluon is far in rapidity
from the evolved gluon wave function.
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An explanation of the NuTeV anomaly'

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

NUCLEAR PARTON DISTRIBUTIONS, Flavor dependence, Neutrino deep inelastic

scattering

The Paschos-Wolfenstein (PW) ratio is defined by")

vA vA

R— ONCc —9NC
- O.VA o O.FA ’

cc cc

where A represents the nuclear target, and NC (CC)
indicates weak neutral current (charged current) in-
teractions. This ratio was determined by the NuTeV
collaboration in 20022 by using an iron target, where
the measured inclusive deep inelastic (anti-) neutrino
cross sections are integrated over the Bjorken scaling
variable (z4) and the energy transfer (y). The ratio
can be expressed in terms of nuclear valence quark dis-
tributions ga— = qa — G4 by
gy (waua_) — gi{rada-)

R = =Ryo+6R
3<{,CAdA,> - <;CA’U,A,> 0

1
Ry = 2 — sin? O

7 .92 <:,CA’U,A, —xAdA,>
1— =
( 3> ®W> (xaua_ +xads_)’

0R

12

where Oy is the Weinberg angle, and for the quark
weak vector charges (g4) we follow the conventions of
Ref.?). (...) implies integration over x4, therefore the
quantities in angle brackets are the fractions of the tar-
get momentum carried by the valence u and d quarks.
Ry is the PW ratio for isospin symmetric matter, and
is given solely in terms of the Weinberg angle.

If one can determine the correction term SR aris-
ing from the neutron excess, the PW ratio provides a
unique way to measure the Weinberg angle. In the
NuTeV analysis, this correction was determined by
assuming that the target is composed of free nucle-
ons. The result was? R — 6;R = 0.2723, which implies
sin? Oy = 0.2277. The deviation from the Standard
Model value (world average®)) sin? Oy = 0.2227 is a
three-sigma discrepancy ), and was often considered
as an indication of physics beyond the Standard Model.

In our previous work®, we used the quark-diquark
description of the nucleon in the Nambu-Jona-Lasinio
model combined with the mean field approximation for
infinite nuclear matter, to evaluate the valence quark
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distributions in isospin asymmetric nuclear environ-
ment. In this approach, which successfully describes
the EMC effect® | we found that the additional bind-
ing (symmetry energy) of u quarks in N > Z matter
leads to an enhancement of medium modifications of
the u quark distributions, and as a result the EMC ef-
fect increases as Z/N decreases from 1 to 0.6. Here we
use our in-medium quark distributions for the same
neutron excess as in the NuTeV experiment (5.74%)
to investigate the influence of these isovector medium
modifications on the PW ratio.

We use the Standard Model value of sin? Oy, and
split the correction into three pieces: 6R = 6¢R +
Omed R+ dcsh R. The naive (“free”) and medium correc-
tions are evaluated in our model, while the correction
arising from charge symmetry breaking (mgq > my,)
is taken from Ref.”). Our results for R — §;R =
Ry + 0mea R 4 0csp R are shown in Table 1 in compar-
ison to the NuTeV result quoted above. The medium

NuTeV
0.2723

Ro + med
0.2773 0.2741

+ csb
0.2724

Table 1. Results for the PW ratio after naive isoscalarity
corrections.

correction peqR = —0.0032 comes mainly from the
vector-isovector nuclear mean field (p°), and only a
small part from the Fermi motion of the nucleons. The
final theoretical value, including medium modifications
and charge symmetry breaking, is 0.2724, which ex-
plains the NuTeV result of 0.2723. Our conclusion is
that the NuTeV measurement provides strong evidence
that the nucleon is modified by the nuclear medium,
and should not be interpreted as an indication for
physics beyond the Standard Model.

References

1) E.A. Paschos and L. Wolfenstein, Phys. Rev. D 7 (1973)
91.

2) G.P. Zeller et al., Phys. Rev. Lett. 88 (2002) 091802.

3) C. Amsler et al., Phys. Lett. B 667 (2008) 1.

4) D. Abbaneo et al., arXiv:hep-ex/0112021.

5) W. Bentz, I.C. Cloét and A.W. Thomas, RIKEN Accel.
Prog. Rep. 41 (2008) 66.

6) 1.C. Cloét, W. Bentz and A.W. Thomas, Phys. Lett. B
642 (2006) 210.

7) J.T. Londergan and A.W. Thomas, Phys. Lett. B 558
(2003) 132.



RIKEN Accel. Prog. Rep. 42 (2009)

EMC effect for parity-violating DIST

W. Bentz,*! T. Ito,*! I. C. Cloét,*? and A. W. Thomas*3

NUCLEAR PARTON DISTRIBUTIONS, Flavor dependence, Parity violating deep inelastic

electron scattering

In the deep inelastic scattering (DIS) of longitudinal
polarized electrons on unpolarized nuclear targets (A),
parity violating (PV) effects due to the interference
between the photon exchange and Z° boson exchange

. OR — 0L
lead to a non-zero spin asymmetry Apy = ——.
oRr+or
Here o 1, denote the double differential cross sections

for DIS of right and left-hand polarized electrons. In
the Bjorken limit, we have®)

A _ GFQ2 a 1_(1_y)2
VT tran2 | 1+ (1—y)?

Here x4 is the Bjorken variable of the nucleus multi-
plied by the mass number A, G is the Fermi coupling
constant, and y = v/E is the energy transfer divided
by the incident electron energy. The term as comes
from the product of the electron weak axial current
and the quark weak vector current, and is given by

Fi(wa) _ 25, cqg8aas(@a)
Fy(xa) > €aqa+(za)

Here gat(z4) = qa(ra) +74(z4) are the nuclear par-
ton distributions, and for the definitions of the nu-
clear structure functions (Fj, and FJ7) and the quark
weak vector couplings (g4) we follow the conventions
of Ref.?). The term a3, which comes from the product
of the electron weak vector current and the quark weak
axial vector current, makes only a small contribution
to the asymmetry, and will not be discussed here.

Because the structure functions FyZ and Fj, have
different flavor dependences, they will receive different
medium modifications in isospin asymmetric nuclear
systems (N # Z). This is clearly seen if we consider
the isovector correction to first oder:

(xa)+ az(za)

az(xa) =

- 12wy (za) —day(za)

az(xa) >~ (% — 4sin? @W)

where Oy is the Weinberg angle. It follows that a
measurement of as would give information on the fla-
vor dependence of nuclear parton distributions. Con-
versely, if one can make reliable estimates of the isovec-
tor correction term, the spin asymmetry provides an
independent method to determine the Weinberg angle.

Here we use the quark distributions in isospin asym-
metric nuclear matter, calculated in our previous
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25 ’U,A+(IEA) + dA+(fEA) ’

work in the Nambu-Jona-Lasinio model®), to show the
isospin dependent medium modifications of the spin
asymmetry term ap. In Figs. 1 and 2, a3®V¢ is the
result without medium modifications (obtained by as-
suming that the target nucleus is composed of free nu-
cleons), and az is our full model result. The Standard
Model value sin? Oy = 0.223 is used. The results,
which refer to the NJL model associated with a low
energy scale, do not change much under Q2 evolution
in the valence quark region. We see that the medium
modifications enhance the spin asymmetry for large
z 4. The reason for this is that the isovector-vector
mean field (p°) leads to an additional binding of u
quarks, which results in a softening of u4 compared
to d4 in the valence quark region®.
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Fig. 1. Spin asymmetry a1 for Z/N = 26/30.
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Fig. 2. Spin asymmetry for Z/N = 82/126.
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The study of multiquark states based on 1/Nc classifications

Toru Kojo *!

[Multiquark, 1/N, expansion]

The hadron spectroscopy have provided a lot of
clues to understand the dynamics of strong interac-
tion, QCD. Nowadays, with concepts of color confine-
ment and chiral symmetry breaking, the tendency of
most hadrons, (conventional) mesons (¢q¢) and baryons
(qqq), are well-classified by constituent quark picture.
On the other hand, there exist exceptional hadrons as
candidates of exotica, such as multiquark states with
large number of quarks beyond two or three, meson-
meson (baryon) molecules, and so on. Obviously we
need new kinds of explanations, which would even-
tually unveil unexpected aspects of the theory. For-
tunately recent experimental investigations provide an
increasing number of data for exotica, e.g., pentaquark
©1(1530), exotic charmonia (X,Y,Z), A(1405) as a
candidate of meson-baryon molecule. Thus in the
present situation, it may be possible to categorize ex-
otica toward the construction of useful concepts for
them in a similar way to using constituent quarks for
conventional hadrons.

Among several candidates for exotica, in this work,
we concentrate on the discussion of multiquark com-
ponents, employing the o meson (I =0, JF¢ = 0*t+)
as an example. The o has almost all important ingre-
dients as the exotica: not only usual ¢¢ (2q) compo-
nent but hadronic states beyond the simple constituent
quark picture such as glueball, 77 molecule, and qqqq
(4q) states. In this respect, the question always arising
in theoretical studies of multiquark components is how
to distinguish them from other hadronic states. To the
best of our knowledge, there has been no simple and
clearcut scheme to characterize the difference between
them.

We try to solve this problem by introducing the clas-
sification scheme based on 1/N,. (N, is number of color)
expansion?) for the hadronic states in the correlators
made of quark gluon fields,

M(g?) = i / A2 (T T4 ()]}, (0)) (1)

where II calculated in terms of quarks and gluons in-
cludes all possible hadronic states generated by 4q op-
erator. In quark-gluon side, IT can be classified by 1/N,
as II = 11O 4 TIM 4 . and they are related to the
properties of hadronic states order by order in terms of
1/N,.. For instance, we can show that some hadronic
states can appear at the leading order of 1/N,, while
other states can not?).

In this scheme, even if we consider hadronic states
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Fig. 1. The masses of 2q states in vector and scalar channel

and 4q state as functions of quark condensate.

with the same quantum number, they can be distin-
guished by the choice of interpolating fields and by
the order of 1/N, in such correlation functions. Then
we can identify whose contributions in quark-gluon
dynamics are responsible to those from the hadronic
states of our interest. After such an identification, we
can verify that the mixing diagrams of these states are
suppressed by higher order of 1/N., and concentrate
on the hadronic states without mixing effects.

We apply this scheme to the case of the o meson. It
turns out that the obstacles to extract 4q components
from 4q correlators, i.e., the contributions of instanton,
glueball, and, in particular, 77 scattering states can be
identified and separated in terms of 1/N,, then we can
concentrate on the remaining 2q and 4q contributions.
The most remarkable point is that 1/N, classification
defines 4q states as the states which appear in 4q cor-
relator but can not be obtained from the 77 scattering
processes and 2q correlation functions. In this way, we
can assign the hadronic states for proper quark-gluon
diagrams in the computation®.

After identification of quark-gluon graphs responsi-
ble to the 4q state, the actual computations of corre-
lation functions in this work was done using QCD sum
rule method. We calculate the masses of 2q states in
the vector and scalar channels, and 4q state as func-
tion of quark condensate. The results in Fig.1 indicate
that although 4q component can not explain the small
empirical mass (~ 500 MeV) enough, still 4q configu-
ration has smaller mass than 2q case by 150~200 MeV
despite the larger number of quarks participating in
the dynamics. This explicitly indicates the existence
of the nontrivial correlation for the mass reduction of
the 4q system.
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Non-Fermi-liquid magnetic susceptibility of quark matter’

K. Sato*! and T. Tatsumi*!

[Magnetic susceptibility, Non-Fermi-liquid effect, QCD phase diagram|

Nowadays the phase diagram of QCD has been exten-
sively studied theoretically and experimentally. In partic-
ular, magnetic properties of QCD or its magnetic insta-
blity is quite interesting, since it is related to the physics
of compact stars, especially magnetars or primordial mag-
netic fields in the early universe. At high density but not
high temperature, as expected in compact stars, the Fermi
surface is a helpful concept. In recent papers, we have dis-
cussed the magnetic properties of quark matter by evaluat-
ing the magnetic susceptibility within Fermi-liquid theory.
We have taken into account the anomalous self-energy for
quarks due to the dynamic screening effect for the trans-
verse gluons as well as the static screening effect given by
the Debye mass for the longitudinal gluons.

In ref.1), we have studied the magnetic susceptibility at
T = 0. We have seen that the transverse mode only receives
the dynamic screening due to Landau damping, so that it
still gives logarithmic singularities for the I.andau-Migdal
parameters, but that they cancel each other in the magnetic
susceptibility to give a finite result. In refs. 2) and 3), we
have also studied the magnetic susceptibility at finite tem-
perature. The magnetic susceptibility at finite temperature
is given by

(XM/XPauli) !

Y [ (2Ep+m)— ~ (B2 +4Epm—2mY)icn >
= l——m ; m)— — ; ‘M — Zm n—
1212Epky F 2 \F F K

2 4
+ 2 (22 my T

6k§< g E%)

Cf82 (2ki + kgm? +m*) A 272

2In( 2 ) +0(2T?). (1

where Ypaui 1s the Pauli paramagnetism, Xpaui =
ghgNkpp/An?, Cp = (N7 —1)/2N,, and K is defined by
K= M,%/Zk}zE with the Debye mass Mj;. A is a cut-off pa-
rameter and should be of O(Mp).

The magnetic susceptibility at 7 = 0 is given by the first
and second terms in Eq. (1). The xInk term originates
from the effective cut off of the longitudinal mode due to
static screening. One can see that the magnetic suscep-
tibility has T?InT dependence besides the usual 72 de-
pendence. This anomalous temperature dependence comes
from the dynamic screening effect for the transverse gluons
and is an interesting non-Fermi-liquid effect in the magnetic
susceptibility. Tt corresponds to the well-known 7'InT de-
pendence in the specific heat®. The divergence of s sig-
nals the magnetic instability of quark matter to the ferro-
magnetic phase. At low temperature, In(A/T) > 0 so that
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the T?InT term gives positive contribution to x&l. There-
fore, both T-dependent terms in Eq. (1) work against the
magnetic instability. It may be interesting to note that the
static screening gives the term proportional to M3 In M,;l,
while the dynamic screening gives the T?InT~! term; the
Debye mass Mp works as an infrared (IR) cutoff to remove
the infrared singularity in the quasi-particle interaction ex-
changing the longitudinal gluons, whereas, at finite temper-
ature, temperature itself plays a role of the IR cutoff through
the dynamic screening for the quasi-particle interaction.
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Fig. 1. Magnetic phase diagram in the density-temperature plane.
The solid, dashed, dash-dotted, dotted curves show the results
for the full expression Eq. (1), the one without the 72InT
term, without the kIn k term, and without both of the T2InT
and xlnk terms in Eq. (1).

We show a magnetic phase diagram of QCD on the
density-temperature plane for &g = 2.2 and m = 300MeV
in Fig. 1. The four curves corresponds to the critical curves
given by Eq. (1) under four different assumptions. The
magnetic phase transition occurs on the critical curves: be-
low the critical curves quark matter is in the ferromagnetic
phase, while it is in the paramagnetic phase above them.
One can see that static screening can enlarge the ferro-
magnetic region. As discussed in ref.1), it depends on the
number of flavors whether the static screening works for
ferromagnetism or not, which is peculiar to QCD. It also
turns out that dynamic screening works against the mag-
netic instability and can reduce the ferromagnetic region in
the phase diagram up to a point but this effect is not so large.
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Temperature dependence of quarkonium correlators

P. Petreczky,*!

Quarkonium properties at finite temperature re-
ceived considerable interest since the famous conjec-
ture by Matsui and Satz that color screening will lead
to quarknonium dissociation, which in turn can signal
the onset of deconfinement in heavy ion collisions®.
This problem has been studied using potential mod-
els with screened temperature dependent potential?).
In-medium quarkonium properties are encoded in the
corresponding spectral functions which in turn are re-
lated to meson (current-current) correlation functions
in Euclidean time. Euclidean correlation functions can
be calculated on the lattice. Therefore one can hope to
learn something about in-medium quarkonium proper-
ties by studying the temperature dependence of meson
correlators on the lattice. In particular, attempts to
reconstruct quarkonium spectral functions using the
Maximum Entropy Method (MEM) were presented
in Refs.>®. The study of the spectral functions us-
ing MEM indicated that 1S charmonia may survive
in the deconfined phase till temperatures as high as
(1.6 — 2.2)T.>%. This result is closely related to the
small temperature dependence of the Euclidean corre-
lator in the pseudo-scalar channel*®). On the other
hand the large temperature dependence of the scalar
and axial-vector correlators has been interpreted as ev-
idence for the expected dissolution of the P-state char-
monium. However, it has been pointed out that zero
mode contribution, i.e. the contribution from the spec-
tral functions at very small frequencies could lead to
large temperature dependence of the Euclidean corre-
lators® ™). Therefore in order to understand quarko-
nium properties at finite temperature and their rela-
tion to collective effects, e.g. screening it is important
to get a detailed understanding of the temperature de-
pendence of the Euclidean correlators, including the
role of the zero mode contribution. Here I discuss
the temperature dependence of quarkonium correlators
calculated in quenched approximation on isotropic lat-
tices.

Since the width of the transport peak is very small®),
the zero mode contribution is independent of the Eu-
clidean time 7 to a good approximation. Therefore the
zero mode contribution will not show up in the deriva-
tive of the correlation functions. To check this I calcu-
lated the ratio of the derivatives G*(7,T)/G". (1, T),
where the reference correlator (the so-called recon-
structed correlator) is defined as

cosh(w(r —1/2T))

Gl (1, T) = / dwo'(w, T)
0

Here T* is some reference temperature well below the

*1 Physics Department and RIKEN-BNL Research Center,
Brookhaven National Laboratory, Upton, NY, USA
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Fig. 1. The ratio of the derivatives G'(7,T)/Grcc(7,T) in
axial-vector channel. The results from anisotropic lat-
tice calculations® are also shown (open symbols).

transition temperature 7,.. Furthermore, the index i
denotes different channel (e.g. vector, pseudo-scalar
etc.). The numerical results for this ratio in the axial-
vector channel are shown in Figure 1. As one can see
from the figure the ratio is temperature independent to
a very approximation and is close to unity. This means
that almost the entire temperature dependence of the
axial-vector correlator in the Euclidean time is given
by the zero mode contribution and the expected dis-
solution of P states is not reflected in the correlators.
The figure also shows that similar temperature depen-
dence is found in calculation with anisotropic lattices.
The temperature dependence of the scalar correlator
follows the same pattern as the axial-vector correlator.
A closer analysis of the zero mode contribution shows
that it can be well described by a quasi-particle model,
where the heavy quark masses receive a small thermal
correction®. The details of the analysis are presented
in a recent publication®.
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Heavy-quark bound states in an anisotropic hot QCD plasma’

A. Dumitru,*!

[Quarkonium, QCD, Plasma, Viscosity]

In Quantum Chromodynamics (QCD) with small
t” Hooft coupling at short distances non-relativistic
quarkonium states exist. At high temperatures, the
deconfined phase of QCD exhibits screening of static
color-electric fields which may lead to dissociation of
quarkonium states. Inspired by the success at zero
temperature, potential models have also been applied
to understand quarkonium properties at finite temper-
aturel).

Here, we assess the properties of quarkonium states
in a QCD plasma which exhibits an anisotropy of the

2

particle momenta, f(p) = fiso(p) — f;;—sziso(p)(l +
fiso(p)). This arises due to a locally anisotropic hy-
drodynamic expansion of a plasma with non-vanishing
shear viscosity?: ¢ = (10/T7)n/s, where ¢ is the
anisotropy parameter, T is the temperature, 7 is
proper time (and 1/7 is the Hubble expansion rate),
and 7/s is the ratio of shear viscosity to entropy den-
sity.

We model the inter-quark potential in the deconfined
phase as follows®:

V(r,T) = f% (1+mpr)e ™" +

o —mpr —mpr

2mD [1—e | —ore . (1)
Here, 0 = 0.223 GeV? is the string tension and mp(T')
is the Debye screening mass. Eq. (1) interpolates from
the Cornell potential at short distance to an expo-
nentially Debye-screened string attraction at large r.
For an anisotropic plasma the Debye mass mp(T)
is replaced by an angular dependent screening scale
w(0; &, T) which can be obtained from the “hard ther-
mal loop” resummed gluon propagator appropriate for
an anisotropic plasma®. The potential now depends
not only on the distance between the @) and the Q but
also on the angle 6 between their separation and the
direction of anisotropy.

The binding energies follow from the three-
dimensional Schrodinger equation, see Fig. 1. They
decrease with temperature T but increase with the
anisotropy £. This is due to the fact that in an
anisotropic plasma the screening scale u(6) at a given
temperature is smaller than the corresponding Debye
mass mp(T'), so screening is weaker.

Fig. 2 shows the binding energies of the 1P states
of bottomonium. The anisotropy leads to a preferred

T Condensed from the article arXiv:0901.1998, preprint
RBRC-774 (submitted to Phys. Rev. D)
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polarization of the x;, with about 50 MeV splitting
between states with angular momentum L, = 0 and
L, = £1, respectively. The experimental confirmation
of such a polarization at RHIC or LHC may provide
first evidence for a non-zero viscosity of QCD near T.
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Fig. 1. Binding energies of the 1S states of charmo-
nium and bottomonium for two values of the plasma
anisotropy parameter £. The straight line corresponds
to a binding energy equal to the temperature.
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Improved non-perturbative renormalization in lattice QCD?

Y. Aoki*! [RBC and UKQCD collaborations]

Recent algorithmic developments and increasing
power of supercomputers have made it possible to cal-
culate basic physical quantities involving strong inter-
action from the first principles using lattice QCD with
the light quark (u, d, s) degree of freedom consistently
taken into account. It often is the case that the cal-
culated quantity needs renormalization to remove the
ultraviolet divergence and/or to match to a theory with
higher energy scale such as the Weinberg-Salam the-
ory of electroweak interaction. Renormalization can
be done by perturbation theory in principle. However,
the lattice perturbation theory poorly converges, thus
should be avoided. Instead, a non-perturbative renor-
malization (NPR) on the lattice should be used.

The most practical non-perturbative renormaliza-
tion program is provided by RI/MOM scheme!), where
the renormalization condition is imposed in a regular-
ization independent way to the amputated off-shell for-
ward Green function of external quark states with the
operator insertion. The external momentum sets the
renormalization scale y? = p?. This scheme has suc-
cessfully applied to many lattice calculations, including
the recent domain wall fermion simulations?).

Although by using the RI/MOM-scheme NPR the
systematic uncertainty from the use of lattice pertur-
bation theory is eliminated, there still is a problem,
which has only been revealed by the use of state-of-
the-art chiral fermion (domain wall fermion) calcula-
tions. It is an unwanted contamination of the non-
perturbative effect, and becomes another source of the
systematic error. The mechanism of how this contami-
nation occurs is associated with the momentum config-
uration. Possible small momentum flow in the internal
loop, for the particular momentum configuration con-
ventionally employed, triggers the contamination. We
have come up with a solution of this problem by chang-
ing the kinematics of the external momentum to the
ones that do not involve exceptional momenta (which
have zero partial sum), thus, reduces the small mo-
mentum flow.

The quark mass renormalization Z,,, calculated
through bilinear operator renormalization of scalar or
pseudoscalar, is one of the worst cases that suffer from
the contamination. In the calculation using domain
wall fermions the reported strange quark mass renor-
malized in MS scheme at p = 2 GeV read?,

my'® =107.3(4.4)gtat (4.9)syst (9-T)renMeV. (1)

The largest error is the third, which arises from the
renormalization, where there are two dominant con-
tributions: (i) aforementioned contamination of un-

*1 RIKEN-BNL Research Center
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Fig. 1. Difference of axialvector and vector vertex function
for the MOM and SMOM schemes. Chiral extrapola-
tions with linear and quadratic in quark mass are shown
for the SMOM scheme.

wanted non-perturbative effect. We estimate the corre-
sponding uncertainty to be about 7%. (ii) The match-
ing from the RI/MOM to the MS scheme. The per-
turbative series in continuum theory for this matching
is known to 3-loops but converges very poorly. The
uncertainty is estimated to be about 6%.

We have constructed a new scheme called RI/SMOM
scheme®® which makes use of non-exceptional mo-
menta, thus is expected to reduce the systematic er-
ror from the contamination (i). We have performed a
numerical test® and the result is promising. Figure
1 shows the difference of the vector and axial vector
vertex amplitude as a function of the squared renor-
malization scale. The original MOM scheme shows
difference due to spontaneous chiral symmetry break-
ing, sizable at low energy region. The same quantity
in the new SMOM scheme is very small: the non-
perturbative contamination got reduced as expected.
After all the systematic error of Z,, from the contami-
nation is get reduced to the level less than 3%. It also
appears from the perturbative calculation® that the
error (ii) shrinks a lot from the original scheme due to
almost a factor 10 smaller one-loop correction. Thus,
the new scheme is preferable by the two good reasons.

The concept of the new MOM scheme with non-
exceptional momenta is quite general. It can be ap-
plied to other composite operators such as four quark
operators for K — K9 mixing and K — 7 decays.
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(2+1)-lavor DWF QCD and chiral perturbation’

C. Allton*! D.J. Antonio*? Y. Aoki*® T. Blum*3** P.A. Boyle*? N.H. Christ*> S.D. Cohen*® M.A. Clark*”
C. Dawson*® M.A. Donnellan*® J.M. Flynn*® A. Hart*? T. Izubuchi*3*1%*!' A Jiittner*'? C. Jung*!°
A.D. Kennedy*? R.D. Kenway*? M. Li*® S. Li*> M.F. Lin*'? R.D. Mawhinney*® C.M. Maynard*?

S. Ohta*!4*15%3 B_J. Pendleton*? C.T. Sachrajda*? S. Sasaki*3*!6 E.E. Scholz*' A. Soni*!° R.J. Tweedie*?
J. Wennekers*? T. Yamazaki*!” and J.M. Zanotti*? for RBC and UKQCD Collaborations

[Quantum Chromodynamics, Hadron Physics]

Using QCDOC computers at RIKEN BNL Research
Center, University of Edinburgh and Brookhaven Na-
tional Laboratory, we performed a series of lattice
quantum chromodynamics (QCD) calculations with
two degenerate up and down quarks and one heav-
ier strange quark fully dynamically represented by the
domain-wall fermions (DWF) scheme®. The strange
quark mass used turned out to be about 12 % heavier
than the physical. The degenerate up and down mass
were set to about 3/4, 1/2, 1/3 and 1/5 of the strange
mass. The lattice cut off turned out to be about 1.7
GeV, and correspondingly the lattice spatial volume is
about (2.7fm)?. These consist the most realistic set of
lattice QCD numerical calculations ever performed.

The realistic strange mass and sufficiently light up
and down mass aided by sufficiently large spatial vol-
ume allow detailed theoretical study of the role of fla-
vor and chiral symmetries in hadron physics. We found
the conventional SU(3) next-to-leading order (NLO)
chiral perturbation theory (ChPT) that treats as if all
three light quark flavors, strange, down, and up, have
small mass compared to the chiral scale, fails. In other
words we found the physical strange mass too heavy to
be considered degenerate with the light up and down.
This is an important discovery that calls into ques-
tion many conventional analyses of hadronic phenom-
ena that assumed the degeneracy of three light flavors.
In contrast the SU(2) ChPT, that treat only the two
lightest flavors of down and up degenerate, works.

In addition this work so far has resulted in three
Phys. Rev. Letters publications: 1) a very accurate
estimation of the kaon bag parameter?), By, of the in-
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Fig. 1. SU(3) next-to-leading order (NLO) chiral perturba-
tion theory (ChPT) fails, while SU(2) works: read ref.")
for details, especially its Fig. 18. Physical strange quark
mass is too heavy for NLO ChPT to work.

direct CP-violating mixing of neutral kaon, 2) another
very accurate estimation of the Kj3 form factor®), and
3) an unexpectedly large finite-size effect on nucleon
isovector axial charge®®), ga. The first two results im-
pact accurate quantitative determination of the CKM
quark mixing matrix and thus the human endeavor
in search of physics beyond the standard model. The
third points out a difficulty that still stands in our way
toward full understanding of hadronic physics. We are
working on a series of lattice QCD ensembles at higher
cutoff of about 2.4 GeV to improve on our understand-
ing of this rich physics.

We thank RIKEN, Brookhaven National Labora-
tory and US DOE, University of Edinburgh and UK
PPARC for providing the facilities essential for the
completion of this work.
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Nucleon form factors in (2+1)-flavor dynamical DWF QCDf

Y. Aoki,*! T. Blum,*?*! H-W. Lin,*® S. Ohta,*****! S. Sasaki,*® R.J. Tweedie,*” T. Yamazaki,*® and J.M.
Zanotti*” for RBC and UKQCD Collaborations

[Quantum Chromodynamics, Hadron Physics, Nucleon Structure]

The isovector form factors of nucleon are associated
with the vector, V.5 = %y,d, and axialvector, A} =
uy,vsd, currents with up- and down-quark spinors u
and d. Four form factors arise in matrix elements of
these currents between proton and neutron states: the
vector-current matrix element (p|V,F(2)|n) gives rise to
the vector, Fy, and induced tensor, Frr, form factors,

Up [1uFv (@) + opaarFr(g*)] une'™®
Fy is equivalent to Fy and Fr to F»/(2My) in
the isovector electromagnetic form factors.  The
axialvector-current matrix element, (p|A;f (x)|n), gives
rise to the axialvector, F4, and induced pseudoscalar,
Fp, form factors,

Uy [Vu¥sFa(d®) + iquysFp(q?)] une'™.
Here ¢ denotes four-momentum transfer between the
proton and neutron states. While the vector charge,
gv = Fy(0), is not affected by the strong interac-
tion because the vector current is conserved, the axial
charge, ga = F4(0), is affected: the ratio ga/gy devi-
ates from unity, 1.2695(29)"). Calculation of this ratio
and the other form factors requires adequate treatise of
flavor and chiral symmetries of quarks. Conventional
lattice fermion schemes, however, have difficulty with
them. In contrast the domain-wall fermions (DWF)
method that we, RIKEN-BNL-Columbia (RBC) col-
laboration, pioneered works very well?. The RBC
and UKQCD collaborations jointly generated state-of-
the-art lattice QCD ensembles with “(2+1) flavors” of
quarks. The strange mass is fixed at a realistic value
about 12% heavier than the physical and degenerate
up- and down-quark mass varies down to about 1/5
of this strange mass®. Using these we reported unex-
pectedly large finite-size effect on the g4 /gy ratio®).

In the present work we study the momentum-
transfer dependence of all the four isovector form fac-
tors®). We found these form factors allow conventional
dipole fitting and so extracting quantities such as
anomalous magnetic moment or mean-squared charge
radii. The signals and the dipole fits to them for con-
served vector-current, Fy and Fp, are of very good
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Fig. 1. Calculated isovector part of the nucleon anomalous
magnetic moment compares well with the experiment.

quality: the extracted value of the anomalous mag-
netic moment, F5(0), as is shown in Figure 1, compares
well with the experiment. The Dirac and Pauli mean-
squared charge radii, however, significantly underesti-
mate the corresponding experimental values. This can
be explained by still too heavy up and down quark
mass. Correspondingly we do not observe any logarith-
mic divergence toward the chiral limit that some mod-
els motivated by chiral perturbation predicts. The axi-
alvector form factors, F'4 and Fp, are of lesser statisti-
cal quality but provide us evidence that they suffer the
same finite-size effect we observed in the axial charge,
ga®). Nevertheless we obtained good description of the
Goldberger-Treiman relation. The extracted values
for pion-nucleon coupling, g.nn, and muon-capture
coupling, gp, also compare favorably with the experi-
ments.

We thank the members of the RBC and UKQCD
Collaborations. We also thank RIKEN, Brookhaven
National Laboratory and the US DOE, Edinburgh Uni-
versity and the UK PPARC for providing the facilities
essential for the completion of this work.
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Eta meson from two flavor dynamical domain wall fermions'

T. Izubuchi*!*2*3 and K. Hashimoto*?** for RBC and UKQCD Collaborations

[Quantum Chromodynamics, Hadron Physics]

We explore the spectrum of the flavor singlet pseu-
doscalar meson, 7', in two-flavor (N; = 2) lattice
Quantum Chromo Dynamics (QCD). The continuum-
like relation between the topology of the QCD vacuum
and the U(1) 4 anomaly, which prevents the " meson
from being a Nambu-Goldstone boson, is expected to
hold in the domain wall fermions (DWF) used as a
lattice quark field in this calculation.

We employ the ensemble of Ny =2 QCD vacuum?
generated with DWF quark actions. The lattice size is
163 x 32, the lattice scale is a=! ~ 1.5 GeV (a ~ 0.13
fm), and the residual chiral breaking m,.s = 0.00137(4)
which is about an order of magnitude smaller than
the up/down quark masses used in the simulations,
my = 0.02—0.04, which correspond to m,/m, ~ 0.51-
0.64. The number of vacuum samples are about 500-
1,000.

To reduce the large statistical uncertainties of the n’
meson propagator, we introduce a smeared quark op-
erator, ¢g, which is a superposition of the local quark
operator g at neighboring space-time in a gauge-
covariant manner. The shape of ¢g in terms of qr,
is Gaussian with its width being set to enhance the
overlap to the quark wavefunction in the ground state
hadrons.

The 7’ propagator, projected to the zero spacial mo-
mentum, consists of the connected, C,,(t), and the

disconnected quark loop, D, , contributions:

[ ol 1 (@.0)) = sy () = Ny Do (1)

Here the Hermitian operator of the 7’ meson, is con-
structed by the quark operators, gry and gjy as,
nh(E ) = ﬁ SN @1, (., )insar  (T,t), where f =
1,..., Ny is the flavor index, and I denotes whether we
use the local quark field (L) or the smeared field (5),
which controls the ground-state overlap. Both of the
correlation functions, C., (t) and D, (t), are calculated
using the complex random Z5 source.

The 7’ mass is extracted by fitting the propagator
in following two ways, and the results are compared
with each other to estimate systematic uncertainties:
(A) Standard method: the propagator is fit to a single
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mpy My to tmin tmax method
0.02  0.477(40) 2 5 A)
0473(50) 2 to+1 6 (B)
0.03 0.571(60) 3 5 A)
0.600(44) 2 to+1 6 (B)
0.04  0.497(17) 2 5 (A)
0.492(15) 2 to+1 5 (B)

Table 1. am,, for each simulation points.

exponential dumping function in time distance from
the source, C cosh[m,,(t — Nr/2)], by assuming only
the ground state propagates. (B) Variational method:
the mass of the first excited state m,,- is also taken into
account. Both the local (I,J = L) and the smeared
(I,J = S) interpolation fields are used to construct
2x2 correlation functions X7y = (0;0;) (I,J =S, L).
Eigenvalues of the normalized correlation matrix are
then fit as a function of t: A(t;tg) = %
to obtain the masses of the states. #j is fixed to the
point for the normalization.

The numerical values of m, and time ranges used in
their fits are given in Table 1 for both method (A) and
(B). We did not use a propagator from longer distance,
where the statistics are too poor and the standard error
analysis would not be reliable, although the inclusion
of a few more data points does not change the fitted
results for most of the masses. Method (B) produces
flatter plateaux than that in method (A).

Then the masses are extrapolated using either of

My = By + B1(my + myes) (linear type), (1)
mf], =Co+ Ci(my + myes) (AWTI type), (2)

to estimate the mass of i’ at the physical quark mass
point. Our main estimation for the mass of 1’ at the
physical quark mass point is obtained from the varia-
tional method (B) and chiral extrapolation using the
lowest order of ChPT (2):

mPyY® = 819(127) MeV | (3)

which is close to the experimental value. One of the
most obvious direction to remove various sources of the
systematic errors in this first calculation using chiral

quarks is to include the dynamical strange quark effect
3)
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O(a,sa) matching in static heavy and DW light quark system

Tomomi Ishikawa*! for RBC and UKQCD Collaborations

In the lattice QCD simulation, the Heavy Quark Ef-
fective Theory (HQET)Y is widely used for treatment
of the b quark. However, it has the following difficul-
ties (and solutions).

i The static propagator is too noisy. — This is ba-
sically because the static self-energy contains 1/a
power divergence. ALPHA collaboration introduced
a static action with link smearing which improves
the signal to noise ratio.?)

ii Non-perturbative matching with the continuum is
needed. — If we include O(1/m;) correction in the
HQET formulation, the continuum limit cannot be
reached by perturbative matching factor because of
power divergence.?)

As a first step in this project, the static approxima-
tion (lowest order of the HQET) is a valuable and im-
portant approach to the complete HQET. In the static
limit, the perturbative matching procedure is justified.
In this report we mainly focus on the O(a) improve-
ment of operators, and then treat the matching fac-
tor between continuum HQET (CHQET) and lattice
HQET (LHQET).

We use the Iwasaki gluonic action and the domain-
wall (DW) fermion with light quark mass m, for the
light quark (¢) sector. In calculation of the matching
factor, it is assumed that the extension of the 5th di-
mension is infinity, which means the light quarks have
exact chiral symmetry. For the heavy quark (h) sec-
tor, we use the static approximation with link smear-
ing. The choices of the smearing are APE, HYP1 and
HYP2.

Here we consider the static heavy-light quark bi-
linear and AB = 2 four-quark operator. The on-
shell O(a) improved LHQET operators matched with
CHQET have following form:

Quark bilinear operator

Or = Z (1 +bGmya) Olgo) + CGaol(ﬂl) ) (1)

with Olgo) = hI'q and 01(“1) = hI'¥ - Dq with T' =
{1, %4, V5, V5, 0w }-  Z is the overall matching fac-
tor; ¢ and b are the O(pa) and O(mgya) improvement

coeflicient, respectively; and they are all independent
on I'. G is defined by Iy = GT.

Four-quark operator (AB = 2)

01 = 21 [0 + 2§ aOxp + 2" maaOn], (2)

with

T Condensed from the article in PoS (LATTICE 2008) 277.
*1 RIKEN BNL Research Center
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0 = 2l yLq[h Ty kq), (3)
Onp = 2[h (7, D) q| [T~k q] (4)
+4[h ) Pr(~:Dy)q)[h ) Prgl + {(+) «— (—)},
On = 2[R )] (5)

+4[RD Prql[h ) Prgl + {(+) — (=)},

where h(t)(h(=)) is the particle (anti-particle) of the
static quark, 'yﬁ = v,Pr and 'yf = YPr. Zr is an

overall matching factor, and ZS) and ngm) are the
O(pa) and O(mga) improvement coefficient, respec-
tively.

The matching factor and the O(a) improvement co-
efficients are calculated using one-loop perturbation
theory. The calculation is performed by comparing the
transition amplitude for the CHEQT and the LHQET.
In order to extract the on-shell O(a) improvement co-
efficients, the amplitude is expanded in the external
quark momenta around zero momentum and the light
quark mass m, around zero mass. The UV divergences
in the continuum calculation are regulated by dimen-
sional regularization and we use the MS scheme for the
renormalization. The IR divergences are regulated by
introducing the gluon mass A.

Now we roughly estimate these O(asa) effects for
physical quantities using the actual simulation data
from the 241 flavor dynamical DW QCD project
by RBC and UKQCD Collaborations (8 = 2.13,
L3 x T x Ly = 163 x 32 x 16, M5 = 1.80, myqa =
{0.01,0.02,0.03}, msa = 0.0359) which appeared in
Ref. 4). For this estimate the MF-improvement is
taken into account. The coupling constant has the
conservative range a5 ~ 0.15 — 0.35. The conclu-
sion is that the O(asa) effect of the B meson decay
constant fp is 3 — 8%(APE) and 5 — 12%(HYP2);
the effect of B® — BY mixing matrix element Mg is
9 — 24%(APE) and 15 — 36%(HYP2); and the effect
of the SU(3) breaking ratio £ is less than 2%. Then,
the O(a) improvement gives a non-negligible effect at
one-loop perturbation. While perturbative matching
has large ambiguities and its own limitations, we de-
duce that this conclusions is not largely changed even
in non-perturbative matching.
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Thermal Noise in AdS/CFT

Derek Teaney

The AdS/CFT Correspondence is a useful tool
to study the physics of strong coupling. In the
field of heavy ion phenomenology, interest in the
AdS/CFT correspondence began when Policastro, Son
and Starinets!) and Kovtun, Son and Starinets? de-

termined the shear viscosity (1) to entropy (s) ratio of
the N’ =4 SYM plasma

n 1

s An’ (1)
This ratio is of order the ratio extracted from the RHIC
results. The link between the correspondence and the
experiments is tantalizing but circumstantial. Many
more phenomenologically interesting observables may
be computed within this framework and will clarify
whether the predictions of A/ = 4 are qualitatively
correct.

Recently, former Stony Brook student Jorge
Casalderrey and I determined the diffusion coefficient
of a heavy quark using the AdS/CFT correspondence®

2

b VarT @)
This transport property may be relevant to the inter-
pretation of the heavy flavor data at RHIC.

It is interesting that a diffusion coefficient can be
predicted from the classical AdS/CFT correspondence.
How can a stable linearized classical theory be the dual
of a stochastic Brownian particle?

Indeed one of the most troubling aspects of the
AdS/CFT correspondence is the apparent absence
of the thermal noise. This seems at odds with
the fluctuation-dissipation theorem and leads to some
seemingly incorrect results from the correspondence.
For instance, it predicts the absence of long-time hy-
drodynamic tails zero drag on mesons and the lack of
Brownian motion of a quark string in AdSs. In many
cases, the effect of thermal noise is suppressed either
by large N or large A, and therefore these inconsisten-
cies with field theory intuition were rationalized as an
artifact of these restrictive limits. In Ref.?) we over-
came these difficulties by working through the simplest
possible system which should exhibit drag and noise in
AdS/CFT. This system is the Brownian motion of a
heavy quark placed in the N’ =4 SYM plasma.

In particular we worked out a bulk picture of fluc-
tuations experienced by a heavy quark string in AdSs.
A thermalized quark string in AdSs experiences drag
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and noise. The physical picture that emerges when
observing the quark is the following: In the long time
limit, the motion can be regarded as stochastic. Then
at each time step t1,ts,ts..., the quark string fluc-
tuates to a new configuration which is perceived as a
random force on the boundary. The average string is
perceived as a drag and corresponds to the “trailing
string” solution of Ref.57).

Now work is in progress to compute the statistical
fluctuations and diffusion of charmonium and other
mesonic states in D-brane constructions. Although
transport of these states is generally suppressed by
1/N., the diffusion coeflicient of a heavy meson was
computed this year by appealing to the boundary fluc-
tuation dissipation theorem®. Given the bulk picture
of fluctuations developed in Ref.?) a new understand-
ing of this calculation is the following: The gravita-
tional fields and dilatonic fields are continually fluctu-
ating. Since these fluctuating gravitational and dila-
tonic fields shift the spectrum of the D7 brane excita-
tions, gradients in these fields give rise to a net force on
a mesonic normal modes of the D7 brane. This force
jostles the heavy meson causing it to diffuse.

The work also suggest new direction for the study of
fast quarks with AdS/CFT. For instance, it should be
possible to compute the fluctuations of the average en-
ergy within a cone of a jet. Currently, the experimen-
talists are studying three particle correlations which
probe this sort of physics. Many additional observ-
ables can be proposed and ultimately measured. There
is much work to establish a good set fluctuation mea-
sures and to calculate these measures with kinetic the-
ory and the AdS/CFT. Ultimately this analysis should
establish the relevance or irrelevance of the AdS/CFT
correspondence to the heavy ion reaction.
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Extended MQCD and SUSY /non-SUSY duality'

K. Ohta*! and T. -S. Tai*?

[Geometric engineering, Calabi-Yau geometry, N=1 gauge theory]

Recently, Aganagic et al. proposed a SUSY /non-
SUSY duality") in Type IIB string compactification.
In contrast to previous works where anti-branes are
introduced by hand, the breakthrough was to turn on
a holomorphic varying background NS-flux H through
the non-compact Calabi-Yau (CY) three-fold. This
soon suggests a way to realize various kinds of SUSY or
non-SUSY vacua via adjusting parameters the NS-flux
contains.

Let us briefly review their ideas. Because of the flux
Hy = dBy, four-dimensional gauge theory, realized by
wrapping D5-branes on vanishing two-cycles of a CY,
acquires different gauge couplings at each P! locus:
a=L+ gzlz;r; = [p1 Bo(v), Bo = Brr + ;- Bns,
where v parameterizes a CY bearing, say, the A;-type
singularity as X : uz + w? — W’'(v)2 = 0. Note that
W(v) = S04 ago®, providing a non-trivial 4, fibra-
tion over v, corresponds to the tree-level superpotential
breaking N' = 2 down to N = 1.

The proposed SUSY /non-SUSY duality is achieved
by tuning coefficients of the v-dependent background
B-field, which has the following expression Bg(v) =

noly For generic t;, SUSY is spontaneously

ke kvk.
brokeon at UV. This is accounted for by the fact that
PYs may develop relatively different orientations at
critical points W'(v) = [\, (v — v;) = 0 for [ Byg ~
Kihler moduli of P'. On the other hand, some spe-
cific choice of t; can still make four supercharges pre-
served, i.e. all orientations of P'’s are kept aligned.
Trough geometric transition to dual CY manifolds,
SUSY breaking effects can as well be captured qualita-
tively by studying strongly-coupled IR physics. Mini-
mizing the effective superpotential there, one can fur-
ther determine t; from a;®.

Like the brane realization of meta-stable SUSY
breaking vacua, our purpose in this paper is to trans-
late things considered above into Type IIA /M-theory
language. It is well-known that via a T-duality acting
on X one instead obtains two NS5-branes in flat space-
time with D4-branes in between them. From the tree-
level F-term [ d?60 F[j,,(®)W WV + W(®), one can
choose a vacuum @ = diag(vy, -, Vo, ,  ,Up,--*)
such that the gauge group U(N) is broken to
[T;=, U(N;). Then, it is seen that D4-branes, com-
ing from IIB fractional D3-branes, remain at v;’s. The
size and orientation of P’s are translated, respec-

tively, to the length along the T-dual direction (bare
gauge coupling) and sign of RR charge of i-th stack
of D4-branes. Based on this Type IIA tree-level de-
scription®, Byg(v) < 0 which naively means negative
gauge couplings can be understood as two crossing
NS5-branes that result in anti-branes. How sponta-
neously SUSY breaking vacua occur can therefore be
visualized clearly in the presence of both D4- and D4-
branes as a consequence of the extended prepotential.
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a)  This fact can be interpreted from M-theory perspective.
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b)  As usual, we notice that tree-level field theory results match

with classical brane pictures at the lowest order in £s under
gs — 0, i.e. brane bending and string interaction are not
taken into account.
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Kerr/CFT correspondence and five-dimensional BMPV black holes’

H. Isono,*! T. -S. Tai*? and W. -Y. Wen*!

[AdS/CFT correspondence, 5D rotating Black holes]

Considerable progress in deriving black hole entropy
statistically has been made by resorting to state count-
ing approaches. Among them, while Cardy’s formula
in conformal field theory (CFT) plays an indispensable
role, this can be better understood in the context of
AdS/CFT correspondence via string compactification
and wrapped branes!). For example, a 2D N = (0,4)
CFT living on an M5-brane wrapping spatially S x P,
(P4 C CY3) was shown to be dual to a 5D black hole
formed by M-lifting a Type ITA D0-D4 system which
has an attractor geometry near the horizon?). The en-
tropy in terms of Cardy’s formula 2m+/cr,Lo/6 agrees
with Bekenstein-Hawking area law. Here ¢y denotes
the central charge and Lg is the eigenvalue of the left-
moving Virasoro zero mode.

On the other hand, an alternative pioneered much
earlier by Brown and Henneaux® is to take into
account the asymptotic symmetry preserved at the
boundary. They dealt with a 3D BTZ black
hole, which asymptotically approaches AdS3; with
SL(2,R)r, ® SL(2, R)r isometry. There, two copies
of Virasoro algebra emerge as a result of infinitely
many Fourier modes of the boundary diffeomorphism
&*(x)0,. The central term arising from commutators
of Virasoro generators was thereby used to reproduce

the entropy Sprz = 2m+\/crLo/6 +2m\/crLo/6. Note
that no dynamical detail about this dual non-chiral
CFT was given though.

In much the same spirit of Brown-Henneaux, chi-
ral auxiliary 2D CFTs dual to 4D extremal Kerr black
holes have recently been proposed by Strominger et
al.®). On the near-horizon geometry a crucial bound-
ary condition is imposed such that the asymptotic sym-
metry group (ASG) includes ultimately two kinds of
generators, K¢ and K.

Quite remarkably, by further introducing Frolov-
Thorne temperature Tpp”), Cardy’s formula S =
%QCTFT reproduces the macroscopic entropy perfectly.
This aspect seems rather puzzling because it departs
from our usual understanding instructed by BTZ black
holes. There, neither their stringy derivation nor
Brown-Henneaux method involves the underlying tem-
perature Tpp.

In this article, we apply the above procedure to a
well-known five-dimensional extremal supersymmetric
charged spinning black hole constructed by Brecken-

T arXiv:0812.4440v2 [hep-th]
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ridge, Myers, Peet and Vafa (BMPV)?. Unlike Kerr-
Newman black holes, this solution still exhibits unbro-
ken supersymmetry even extremality is satisfied. As
BTZ black holes mentioned above, the microscopic ori-
gin of BMPYV entropy first roots in its D-brane realiza-
tion. Nevertheless, the degeneracy counting that we
will derive below will rely thoroughly on Virasoro al-
gebra from ASG and Frolov-Thorne temperature. We
remark that BMPV solutions have finite horizons and
are asymptotically flat. Therefore, they are distin-
guished from another kind of 5D black holes formed
by a M-theory lift of DO-D2-D6 systems.

References

1) A. Strominger and C. Vafa, Phys. Lett. B 379 99
(1996).

2) J. M. Maldacena, A. Strominger and E. Witten: JHEP
9712, 002 (1997) .

3) J. D. Brown and M. Henneaux: Commun. Math. Phys.
104 207 (1986).

4) G. Barnich and F. Brandt: Nucl. Phys. B 633 3 (2002).

5) G. Barnich and G. Compere: J. Math. Phys. 49 042901
(2008).

6) M. Guica, T. Hartman, W. Song and A. Strominger:
arXiv:0809.4266 [hep-th].

7) V.P.Frolov and K. S. Thorne: Phys. Rev. D 39 (1989)
2125.

8) A. Strominger: JHEP 9802 009 (1998).

9) J. C. Breckenridge, R. C. Myers, A. W. Peet and
C. Vafa: Phys. Lett. B 391 (1997) 93.



RIKEN Accel. Prog. Rep. 42 (2009)

Toward a Proof of Montonen-Olive Duality via Multiple M2-branes’

K. Hashimoto,*! T. -S. Tai*! and S. Terashima*?

4D super Yang-Mills theory, 3D super-conformal Chern-Simons theory, Montonen-Olive

duality

Among recent developments on effective actions of
multiple M2-branes, one of the surprising outputs is
the non-abelian duality. In 3 dimensions, it has been
known for more than a decade that the action of a
single M2-brane can be dualized classically to that of
a D2-brane: an abelian duality between scalar field
theory and 3d electromagnetism. Based on Bugger-
Lambert-Gustavsson model®3) of multiple M2-brane,
Mukhi and Papageorgakis have obtained a quite in-
triguing non-abelian duality?), a relation between field
theories on multiple M2-branes and D2-branes. In this
paper, we generalize their result and find a novel mech-
anism to prove the renowned Montonen-Olive (MO)
duality conjectured® for 4d N = 4 U(N) super Yang-
Mills (SYM) theory.

The method of Mukhi et al. is as follows. First,
one of the eight transverse fields is given a vacuum
expectation value (vev) v, which turns out to pro-
vide mass terms for a non-dynamical part of gauge
fields in Chern-Simons (CS) terms. Integrating mas-
sive modes out, one gets rightly a YM kinetic term of
D2-branes. As pioneered by Aharony, Bergman, Jaf-
feris and Maldacena (ABJM)®), following the renor-
malization group, certain N' = 3 3d CSYM theories
flow to N = 6 superconformal field theories (SCFTSs)
at IR fixed point, which precisely describe M2-branes
probing C*/Z; (k > 2) where k is the CS level.
Equipped with these, the need for a vev then gets clar-
ified geometrically, i.e. the M-theory circle is created
in the above limit and D2-branes appear thereof. It
is highly non-trivial that this mechanism requires CS
terms which in turn give an orbifold moduli space.

Let us extend the step further to 4-dimensional theo-
ries. Let us summarize how N = 4 SYM, 3d SCFT and
MO duality are related to each other. As is well known,
the axio-dilaton 7 of Type IIB supergravity coincides
with the gauge coupling of N/ = 4 SYM, realized on
N coincident D3-branes at low energy. MO duality is
then regarded as S-duality of Type IIB string theory.
In terms of M-theory, 7 is interpreted as the complex
structure of a two-torus formed by (2, x'1) such that
the S-duality gets readily identified with the SL(2,Z)
modular transformation. Also, via duality chains, M2-
branes transverse to the above two-torus with shrink-
ing size and fixed 7 guarantee that D3-branes they are
dual to are non-compact.

To get a torus, it is insufficient to just dwell in the

T JHEP 0904 (2009) 025
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present ABJM model. We make use of a generalized
version where the gauge group is H?L U(N);. As
shown in%, it is possible to prepare a IIB brane setup
which flows to the theory we want at IR fixed point.
Viewed from M-theory, this describes N M2-branes
probing an abelian orbifold C*/T" where I = Z,, X Zy,.

We turn on vevs (v,0) of two scalars and make a
torus using a crucial scaling limit which carries out
the shrinking size with fixed 7. Our field theory re-
sult shows that a 4d SCFT (SYM theory) emerges
from a 3d SCFT (generalized ABJM model) as de-
sired. Methods for uplifting dimensions are basically
Taylor’s T-duality”) and deconstruction of extra di-
mensions®). With the SYM obtained, we go further
to analyze MO duality. It is found that there are in-
finitely many equivalent SYMs derived from the same
generalized ABJM action. But eventually they differ
merely up to SL(2, Z) redefinition of 7. This completes
our proof of MO duality.
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D-brane States and Annulus Amplitudes in OSp Invariant Closed
String Field Theory!

Y. Baba, N. Ishibashi,*! and K. Murakami

[String field theory, D-branes, BRST symmetry]

D-branes have been studied for many years and used
to reveal nonperturbative aspects of string theory. As
Sen argued,! D-branes can be realized as soliton so-
lutions to the equation of motion in open string field
theory. Now some of his conjectures have been proved
analytically?) in Witten’s open string field theory.

In previous works,®) we studied how D-branes can
be realized in closed string field theory. A fairly clear
answer to this question is given for noncritical strings.
Fukuma and Yahikozawa® showed that D-branes can
be realized as solitonic operators which commute with
the Virasoro and the W constraints for noncritical
string theories. Hanada et al.”) showed how such soli-
tonic operators can be realized in the string field the-
ory for noncritical strings presented in Ref. 6). We
showed® that a similar construction is possible in the
case of critical strings, using the OSp invariant string
field theory. We constructed states with an arbitrary
number of coincident D-branes in this theory. Impos-
ing the condition that the states should be BRST in-
variant, we can determine the form of the states. In
particular, the tension of the D-branes is fixed to be
the correct value. We can calculate disk amplitudes us-
ing these states, and the results indeed coincide with
those of first quantized string theory. A key to the
proof of the BRST invariance of the above-mentioned
D-brane states is the idempotency relation satisfied by
the boundary state.”

The purpose of this work is to extend our construc-
tion into the case where the parallel D-branes are lo-
cated at different points from each other in space-time.
Using such states with the D-branes, we would like to
evaluate scattering amplitudes involving strings whose
worldsheet have boundaries attached to D-branes con-
tained in these states. In this report, we compute an-
nulus amplitudes with closed string external lines, in
the situation where the annulus is suspended between
two parallel D-branes. We show that they coincide
with the usual annulus amplitudes including the nor-
malizations. This fact yields further evidence for our
construction.

The BRST invariant state corresponding to one flat
Dp-brane sitting at X* =Y* (i =p+1,...,25) takes
the form®

D)) = [ dOn(E )0}, O

f Condensed from the article in JHEP 0807 (2008) 046
*1 TInstitute of Physics, University of Tsukuba
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On(c.¥) = exp [4 [ OOO da

19+p o pt1
A=t T (8r2)ll-p | B = 27 e (__241“) ’
2\ 256 =2

where |B€(Y)) = e~“#|B(Y)) is a regularization (with
an infinitesimal regularization parameter ¢) of the
boundary state |B(Y)) for the Dp-brane located at
X? =Y, H is the tree-level hamiltonian, g is the string
coupling constant, and |¢) is the creation operator of
a string. We find that the state corresponding to N
such Dp-branes located at X* = Y(lI) (I=1,...,N)is
given simply as

N
[Dn;Y)) = A dCrOp(Cr, Yiny) ) [0) , (2)
N Y(1) NE(/ 19p(Cr (1))

if (Yi)—Y)? # 0 for I # J. In contrast to the
case of coincident D-branes,?) we just have to consider
the product of [ d¢ Op’s. The idempotency relation”
is again a key to the proof of the BRST invariance of
this state.

Following the prescription given in Ref. 8) to evalu-
ate the S-matrix elements in the OSp invariant string
field theory, we compute the annulus amplitudes men-
tioned above, by using the D-brane state (2). We find
that the results in the first quantized string theory are
reproduced with the correct normalization. The an-
nulus amplitude is expressed as an integral over the
moduli space of string worldsheet for the process. We
notice that in this integral, the moduli space is covered
completely and only once with the correct measure.
This verifies the validity of our construction.
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Gauge invariant overlaps for classical solutions
in open string field theory'

T. Kawano,*! I. Kishimoto and T. Takahashi*?

[Nonperturbative techniques, string field theory, D branes, conformal field theory]

After the advent of Schnabl’s analytic solution®) for
tachyon condensation in Witten’s cubic bosonic open
string field theory, there have been a number of new
developments in this field. A prominent feature is the
potential height at the solution, which is equal to the
tension of D25-brane as is consistent with Sen’s conjec-
ture. Here, we calculate other gauge invariant observ-
ables,? % which will be called gauge invariant overlaps,
for Schnabl’s solution with an analytic method and
with level truncation approximation. We also compute
these for the numerical solution®% initially obtained
by Sen and Zwiebach in the level truncation approxi-
mation to compare with those for Schnabl’s solution.
The results are consistent with the expectation that
these solutions may be gauge equivalent.

Gauge invariant overlap Oy (¥) for an open string
field ¥ is defined by

o) =g, )

where the CFT correlator is defined on the upper half
plane and the operator V(i) inserted at the midpoint
of the string field corresponds to an on-shell closed
string state. Oy (¥) is left invariant under the gauge
transformation of the open string field theory:

OV =QpA+T*xA—AxT (2)

Ov (V) = (V(i) fz[¥]),

with a gauge parameter string field A. Note that (1)
vanishes for pure gauge solutions.
Schnabl’s analytic solution') can be expressed as

A0y

\IJ)\ = mwrh‘:O (3)

with one parameter A, where 1, is a particular string
field based on the wedge state |r + 2). We have com-
puted Oy (¢,) analytically and found that it is inde-
pendent of 7. Therefore, we conclude®

_[ 55 (=1
OV(‘I’,\)—{ % A#£1) (4)

(Cvy is determined by the normalization of V (i) in (1).)
That is, the gauge invariant overlap for ¥, becomes
nontrivial only in the case A = 1. Our result is con-
sistent with the previous evaluation of the potential
height and suggests that ¥_; represents a nonpertur-
bative vacuum and Wy gives pure gauge solutions.

t Condensed from the article in Nucl. Phys. B 803, 135 (2008)
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a)  This result was also given by Ellwood.”)

-97 -

We have also numerically computed O, (¥,) for
[A] < 1 with the conventional Lg-level truncation ap-
proximation. Here V(i) in (1) corresponds to the dila-
ton state with zero momentum, which gives Cyy =i in
(4). For the interval —1 < A < 1, O, (¥,,1) approaches
zero as the level L is increased. For A =1, O, (¥x=1,1.)
approaches 1/(27) =~ 0.159155 as in Table 1. This is
consistent with our analytic result in (4).

On(¥a=1,1)
0.138366
0.149284
0.156857
0.157395
0.158795
0.158765
0.159220
0.159159

Table 1.

= =] =
TR B o] | o] of

We also computed the gauge invariant overlap for
the numerical solution ¥y in the Siegel gauge, which
is obtained by (L,2L) and (L,3L) truncation. The
result is given in Table 2. The best approximation
((10,30) truncation) gives 97% of 1/(2m). Therefore,
0,(¥Un) ~ O,(¥r=1). In addition to the matching
of potential height, this gives further evidence for the
gauge equivalence of ¥y with Wy_1, which implies that
these two solutions give the same nonperturbative vac-
uum in the bosonic open string field theory.

L | 0y(¥xn,r,21)) | On(¥n,z.310))
0 0.114044 0.114044
2 0.139790 0.141626
4 0.147931 0.148325
6 0.151225 0.151369
8 0.152887 0.152976
10 0.154029 0.154080
Table 2.
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Schnabl’s solution and boundary states in open string field theory T

T. Kawano,*!' I. Kishimoto and T. Takahashi*?

[Nonperturbative techniques, string field theory, D branes, conformal field theory]

We discuss the fact that Schnabl’s solution?) is an
off-shell extension of the boundary state describing a
D-brane in the closed string sector. This gives the
physical meaning of the gauge invariant overlaps for
the solution in our previous paper? and supports Ell-
wood’s recent proposal®) in the operator formalism.

The Schnabl solution for tachyon condensation Wy_;
can be rewritten as

l:[l)\zl = 1/)0 + Z(wn—&-l - wn - arwr‘r:n)

n=0
= o+ Xx. (1)

Since it has been shown??) that Oy (1) does not de-
pend on r, it is evident that

Ov (¥x=1) = Ov (o). (2)

This suggests that only the first term 1y contributes
to the gauge invariant overlaps Oy (¥x—1).

Recently, Ellwood has made the interesting proposal
that the gauge invariant overlaps are related to the
closed string tadpoles as follows®)

Oy (¥) = Ag(V) — Ao(V), (3)

where Ay (V) is the disk amplitude for a closed string
vertex operator V' with the boundary condition of the
CFT given by the open string field solution ¥, and
Ao(V) is the usual disk amplitude in the perturba-
tive vacuum. In fact, he has shown this to be the
case for some analytic solutions. Since there are no
D-branes after tachyon condensation, no closed tad-
poles are available, and thus Ay (V) = 0. Therefore,
the gauge invariant overlap for the tachyon vacuum
solution gives the usual disk amplitude of the oppo-
site sign with one closed string emitted. This suggests
that, as expected, the analytic solution given by Schn-
abl is closely related to the boundary state describing
a D-brane in the closed string perturbation theory.

Here, we will explicitly demonstrate this in the op-
erator formalism of string field theory by using the
Shapiro-Thorn vertex (¥(1c,2)|, which maps an open
string state to the corresponding closed string state.
By using the open-closed string vertex (§(1¢, 2)|, as dis-
cussed in detail in our previous paper? we can rewrite
a gauge invariant overlap as

Ov (@) = (3(1c, 2)|pe)1. [¥)2, (4)
where |¢c)1

T Condensed from the article in Phys. Lett. B 669, 357 (2008)
*1 Department of Physics, University of Tokyo
*2 Department of Physics, Nara Women’s University

is an on-shell state corresponding to the

c

-08 -

vertex operator V of the closed string 1., and [¢)s is
a state of the open string 2. For the analytic solution
Uy—1 (1), we have

Ov(¥r=1) = (71, 2)|c)1. [ Tar=1)2
= (7(1c, 2)|de) 1. [Y0)2 + (Y(1e, 2) @)1 X)2 (5)

and, as mentioned above (2), the second term on the
right hand side is zero for the on-shell closed string
state |¢c)1.. For the first term on the right hand side,
(A(1c,2)|de)1,|%0)2, we can see that the open string
tachyon state |¢g) = (2/m)c1|0) is transformed via the
vertex (¥(1c,2)| into the boundary state (B|. In fact,
we can obtain the relation

(Y(1e, 2)|90)2P1, = %<

with the level matching projection P;, for the closed
string 1., where the boundary state is the usual one:

Bley (6)

<B‘ = <O‘C_15_1CS_67 Zj:l[%a"'d"+6”6"+5"b"] (7)

in the closed string perturbation theory. We thus find
that

Ov(Wact) = 5- (Bl [62), 0

which is in precise agreement with Ellwood’s result.

Since the second term on the right hand side of (5)
does not necessarily vanish for off-shell closed string
states, we may conclude that the transform of the
analytic solution Wy_; via the Shapiro-Thorn ver-
tex is an off-shell extension of the boundary state
|B). Although it seems more complicated to calcu-
late (3(1c, 2)|¢c)1.1x)2, it would be interesting to find
the relation of the off-shell boundary state with the
equation of motion in closed string field theory®®) or
open-closed string field theory?). We believe that our
observation above may serve as an encouraging step in
this investigation.
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Comments on gauge invariant overlaps for marginal solutions
in open string field theory T

I. Kishimoto

[Nonperturbative techniques, string field theory, D branes, conformal field theory]

We calculate the gauge invariant overlap® for the
marginal solution with nonsingular current given by
Schnabl? and Kiermaier-Okawa-Rastelli-Zwiebach®)
(S/KORZ). The obtained formula is the same as
that for the Fuchs-Kroyter-Potting/Kiermaier-Okawa
(FKP/KO) marginal solution,*® which has already
been computed by Ellwood.” Our result is consistent
with the expectation that these two types of solutions
may be gauge equivalent. We also comment on a gauge
invariant overlap for rolling tachyon solutions in cubic
bosonic open string field theory.

The gauge invariant overlap Oy (¥) is written as

Ov(¥) = {ZIV()|P), (1)

where (Z| is the identity state and V() corresponds to
an on-shell closed string state. Next, we can prove the
following relations:

ZIV(H)K, =0, K,=L,—(-1)"L_,, (2)
(ZIV(@)(bn — (=1)"b—n) =0, (3)
(ZIV(i)(en + (=) "c_y) = 0. (4)
Noting the above we can rewrite the S/KORZ marginal

. S/KORZ
solution ¥ )\/ as

1 B 27 ol
gS/Korz _ 1, r, (e A [27 0T () 1) 110)

Am 7T
+O(K1, Lo — L, Bo — Bl co + (=1)"c_y,).  (5)

Here, J,, is a matter primary operator with dimension
one on the unit disk |w| < 1, which has nonsingular
OPE, and A\, is a parameter which corresponds to a
marginal deformation of the boundary CFT. The sec-
ond term O(K7, Ly — E(T),BO — BS, en + (—1)"c_,,) de-
notes some linear combination of terms comprising K7,
Lo — EIN By — BS and ¢, + (—=1)"c_,, where at least
one of them is multiplied on the conformal vacuum
|0). By is the b-ghost zero mode on the sliver frame
and Lo = {Qp,By}. Using this decomposition (5)
and relations (2), (3) and (4), we can easily evaluate
the gauge invariant overlap (1):

T Condensed from the article in Prog. Theor. Phys. 120, 875
(2008)

a)  See, our previous paperl) for technical details.

Similar decompositions are possible for the FKP/KO

FKP/KO

Am,L

tachyon condensation®) \I/§ They give another approach to

computing the gauge invariant overlap (1) for the solutions

1,7,8)

marginal solution W and Schnabl’s solution for

evaluated in earlier papers.
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Ov(qji/KORZ)

m

1
- _2m<0“’5wwa,m(070) ©)
27 2
x (1) (e/\m Jo a0l 1)>

The result is the same as the formula” for the

FKP/KO marginal solution \Iliifi/ KO,

disk

S/KORZ FKP/KO
OV(‘I’,\,/n ) = OV(‘I’AH,,L/ ), (7)

for the same A,,J. This is consistent with the expecta-
tion that \I//S\< ‘KORZ and \Ilifi/ KO are gauge equivalent.

Let us consider the gauge invariant overlap Oy, (V)
with Vi, = (,,0X*0X" (VY = V#(, = 0) for
Hellerman-Schnabl’s solution®) ‘Ilg\lf, which is given by

\IJ/S\Q KORZ with the light-like rolling tachyon operator

J=ePX" (8=1/(a/VT)), on the linear dilaton back-
ground ®(z) = V2, (V' > 0,26 = D+6a'V,VF, u =
0,1,---,D—1). Applying our formula (6) for \I/I;Iﬁ and
using the formula of the CFT correlator,”!?) we can
evaluate Oy, (U39) explicitly. On the other hand, for

the tachyon vacuum solution \Ilﬁzl, we have

o v —Vx
Oy (¥5_,) = *ECW??“ /dee Vi (8)
on this background. Then, we obtain the relation
R 13300 Ov, (U315) = Oy, (W5_)). 9)

This is consistent with the late time limit of the light-
like rolling tachyon solution:?)

lim O = lim 0SS =vd_ . (10)
zt—+4o00 " Am——+00 m
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Electroweak symmetry breaking in SO(5) x U(1) gauge-Higgs
unification with top and bottom quarks’

Y. Hosotani,*! K. Oda,*! T. Ohnuma,*! and Y. Sakamura

[Extra dimension, gauge symmetry breaking]

The origin of electroweak symmetry breaking is still
a mystery of elementary particle physics. In the stan-
dard model, it is broken by the vacuum expectation
value of the Higgs field. However the Higgs boson has
not been discovered yet, and searching to it is one of
the main purposes of the Large Hadron Collider (LHC)
experiment at CERN. Another aim of LHC is to dis-
cover evidence of new physics beyond the standard
model. It is well known that the standard model has
some theoretical problems, such as the gauge hierarchy
problem. TeV-scale supersymmetry is one promising
candidate for new physics that solves the gauge hierar-
chy problem. The supersymmetric models generically
predict a relatively light Higgs boson. In the mini-
mal supersymmetric standard model, for example, the
Higgs mass is bounded below around 130 GeV, which is
close to the experimental lower bound of 114 GeV. Un-
der these circumstances, it is important to investigate
candidates for new physics other than supersymmetry.

One important class of such candidates is extra di-
mensions. They are based on the idea that there
are extra spatial dimensions other than the four-
dimensional world we observe. Although these extra
dimensions were originally introduced to explain the
weakness of gravity compared to the other forces, they
can also play an important role in solving other prob-
lems of the standard model. For instance, they can
naturally realize the large hierarchy among the fermion
masses, and can break gauge symmetries or supersym-
metry by the boundary conditions along the extra di-
mensions. They also serve as a candidate for dark mat-
ter. For these reasons, models with extra dimensions
have been studied extensively during the past decade.

Gauge-Higgs unification is an attractive idea for the
origin of electroweak symmetry breaking in the con-
text of extra dimensions. The basic idea is to identify
the extra-dimensional components of the gauge field
as the four-dimensional Higgs fields that break elec-
troweak symmetry. This class of models has a the-
oretical advantage for the gauge hierarchy problem.
The Higgs mass is protected against radiative correc-
tion by the higher dimensional gauge symmetry, and
thus is insensitive to the ultra-violet cut-off scale of the
models. Furthermore, these models provide interesting
predictions for some masses and coupling constants in
the four-dimensional effective theory because various
quantities are related to each other due to the higher

T Condensed from the article in Phys. Rev. D78, 096002 (2008)
*1 Department of Physics, Osaka University

dimensional gauge symmetry.

In spite of these virtues, the gauge-Higgs unifica-
tion scenario on a flat geometry has some phenomeno-
logical problems. It predicts a Higgs particle which
is too light, typically one order of magnitude lighter
than the W boson, and the WWZ coupling may de-
viate significantly from that in the standard model.
One way out of these problems is to consider this sce-
nario in the Randall-Sundrum spacetime,") which is
a solution of the five-dimensional Einstein equation®
and is regarded as a slice of the five-dimensional anti-
de Sitter space. Due to the warping geometry along
the fifth dimension, it can explain the exponentially
large hierarchy between the Planck and electroweak
scales. Furthermore, the hierarchical pattern of the
fermion masses can easily be realized in this space-
time by varying five-dimensional masses for fermions
in an order one range compared to the five-dimensional
Planck scale, which is the fundamental scale of the
model. In our previous work,?) we have studied var-
ious coupling constants in the gauge-Higgs sector and
pointed out that they can be deviated from the coun-
terparts in the standard model.

In the present work, we construct an explicit model
based on an SO(5) x U(1) gauge theory in the Randall-
Sundrum spacetime, focusing on the matter sector.
The presence of fermions is vital to have electroweak
symmetry breaking. The fermion content triggers elec-
troweak symmetry breaking by quantum effects. Our
model realizes observed matter content without any ex-
otic light particles, and thus is a realistic model. One
important prediction of this model is that the WW H-
and the ZZH-couplings (H stands for the Higgs bo-
son) vanish at the vacuum, which significantly affects
Higgs production in collider experiments. This work
leads to better understanding of the structure of gauge-
Higgs unification models consistent with current exper-
imental results.
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Vacuum energy of two-dimensional N' = (2, 2) super Yang-Mills
theory

I. Kanamori

[supersymmetry, spontaneous breaking, lattice simulation]

Numerical simulation on the basis of lattice formula-
tion provides a very powerful tool for non-perturbative
study of field theory. On the other hand, lattice for-
mulation of supersymmetric systems is essentially dif-
ficult and thus its numerical simulation was regarded
difficult as well. In a recent work), however, we
successfully realized numerical simulation of a two-
dimensional supersymmetric gauge theory, N' = (2,2)
super Yang-Mills theory. This report is based on one
of its applications?). Among non-perturbative phe-
nomena in supersymmetric systems, one of the most
important things is the spontaneous supersymmetry
(SUSY) breaking. SUSY is not realized in the current
universe and must be spontaneously broken if it is a
relevant symmetry in nature. However, it is known
that spontaneous SUSY breakings occur only non-
perturbatively unless broken in a tree level. There-
fore, non-perturbative analysis by simulation can be a
powerful tool for spontaneous SUSY breaking.

In this report, we measure the vacuum energy den-
sity &, which is an order parameter for SUSY break-
ing. We use the expectation value of the Hamiltonian
density H to measure £>%. There are two important
points in this procedure. The first one is that we must
correctly choose the origin of H. As a result of SUSY
algebra, & is zero if and only if SUSY is unbroken so we
use the algebra to define H as well. The second point is
that we use the thermal boundary condition and take
a zero temperature limit afterwards. The temperature
can be regarded as an external field conjugate to H.

The simulation was performed on RIKEN Super
Combined Cluster (RSCC). We use Rational Hybrid
Monte Carlo (RHMC) algorithm to generate the con-
figurations®. The complex phase of the Pfaffian of
the lattice Dirac operator, which is neglected in the
RHMC, is included as a reweighting factor in the mea-
surement.

As shown in the previous work!), we need to add a
scalar mass term to the original lattice action in order
to suppress fluctuations along the flat direction of the
potential. We thus define the system by an extrapola-
tion of u? — 0 after taking the continuum limit, where
p is the scalar mass. In the extrapolation of y? — 0 we
use a linear function of p2, which fits very well to the
data (Fig. 1). Although we use a lattice action with
the scalar mass term to generate the configurations,
we do not include the mass term to H. In taking the
continuum limit, we use 3—6 different lattice spacings.
Since the gauge coupling ¢ is dimensionful, we define
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Fig. 1. Example of massless extrapolation.
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Fig. 2. Energy density as a function of the inverse temper-
ature 3.

the continuum limit as the bare dimensionless coupling
ag goes to 0, where a is the lattice spacing. The lattice
is isotropic and the temperature is controlled through
changing temporal lattice size.

In Fig. 2, we plot the temperature dependence of the
energy density, after extrapolating the scalar mass to
zero. By fitting by a power function of 3, we obtain
& = 0.091‘;092 as a value at 8 — oo, where errors de-
note statistical ones only. The obtained value is small
compared with the typical scale of the system, and con-
sistent with zero within the error. Although we cannot
exclude a possibility of small non-zero vacuum energy,
it seems to be consistent with no spontaneous SUSY
breaking in this system. The full details including an
analysis of the systematic errors will be presented in a
forthcoming paper?.
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Restoration of supersymmetry on the lattice:
Two-dimensional N/ = (2, 2) supersymmetric Yang-Mills theory’

I. Kanamori and H. Suzuki

[supersymmetry, lattice gauge theory, Monte Carlo simulation]

It is widely believed that supersymmetry (SUSY)
is an essential ingredient in particle physics beyond
the Standard Model. Nonperturbative study of SUSY
gauge theories from first principles is thus of great in-
terest but it has always been elusive because the lat-
tice formulation—only nonperturbative framework of
gauge theories available to date—is irreconcilable with
SUSY. Lattice structure explicitly breaks SUSY and
one must generally fine-tune coeflicients of relevant and
marginal operators so that SUSY is recovered in the
continuum limit. Such an intricate program is difficult
to carry out practically within limited computational
resources.

Given this situation, recently, for two- and three-
dimensional extended SUSY gauge theories, lattice for-
mulations that require no or a little fine tuning have
been proposed. See Ref. 1) for a review. In these for-
mulations, at least one fermionic symmetry that is a
part of the full SUSY is manifested. This exact symme-
try, combined with other lattice symmetries, (almost)
prohibits relevant and marginal operators which break
SUSY and other continuum symmetries. SUSY is then
expected to automatically restored without or with a
little fine tuning.

In the present study, we succeeded in numerically
observing the restoration of SUSY in lattice formula-
tion of the two-dimensional N' = (2,2) SU(2) SUSY
Yang-Mills theory (SYM), proposed by Sugino.?) To
our knowledge, this is the first demonstration of the
SUSY restoration in lattice gauge theory.

As elucidated in the original paper, for some techni-
cal reasons, we need to introduce mass for the scalar
fields that explicitly breaks SUSY. We also needed to
adopt the thermal boundary condition that also ex-
plicitly breaks SUSY. With the present lattice setting,
therefore, there are four possible sources for the SUSY
breaking. That is, i) the scalar mass, ii) the thermal
boundary condition, iii) the spontaneous SUSY break-
ing and iv) the lattice regularization itself. Among
these, first three possesses physical meaning but the
last effect is unphysical and should be eliminated. In
this paper, we will discuss if the last unphysical ef-
fect disappear in the continuum limit or not upon the
restoration of SUSY.

Generic correlation functions are affected by the four
breaking effects in a mixed manner. Can we then iso-
late or separate the last effect? For this, we should
observe the SUSY Ward-Takahashi identities in the

T Condensed from the article in Nucl. Phys. B 811, 420 (2009)

Fig. 1. The left-hand side of Eq. (1) as a function of the
scalar mass squared u®/g?. Symbols: + for i = 1, x
for 1 =2, [ for : = 3 and M for 7 = 4.

form of the partial conservation of the supercurrent
(“PCSC” relation):

O (5)i(@)(fo)iO)) _ >
D@0y~ g2 orz#0 )

In this expression, s, is the supercurrent and f is a
certain fermionic operator associated with the SUSY
breaking scalar mass term. fy is an arbitrary gauge
invariant fermionic operator and we used a lowest di-
mensional one. p?/g? is the scalar mass squared. The
spinor index ¢ runs over 1, 2, 3 and 4. This relation ex-
plicitly incorporates the effect on the scalar mass, and
holds independently of the boundary condition and the
spontaneous SUSY breaking. This relation, however,
does not hold if the regularization breaks SUSY and
thus isolates the unphysical effect.

The plot in Fig. 1, that was obtained by the extrap-
olation of Monte Carlo data to continuum, beautifully
shows that relation (1) certainly holds in the contin-
uum limit. This result strongly indicates that the full
SUSY is restored in the continuum limit and the target
continuum theory (i.e., the two-dimensional N' = (2, 2)
SU(2) SYM with a soft SUSY breaking mass term) is
realized as the continuum limit of the present lattice
model.
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Some physics of the two-dimensional N’ = (2, 2) supersymmetric
Yang-Mills theory:
A lattice Monte Carlo study’

I. Kanamori and H. Suzuki

[supersymmetry, lattice gauge theory, Monte Carlo simulation]

As reported elsewhere,)) we have obtained affir-
mative numerical evidence that the two-dimensional
N = (2,2) SU(2) supersymmetric Yang-Mills theory
with a scalar mass term is realized as the continuum
limit of a lattice model of Ref. 2). This result sug-
gests the completely new possibility that the physical
properties of a supersymmetric gauge theory (with a
soft supersymmetry (SUSY) breaking mass) can nu-
merically be studied. The aim of the present study is
to illustrate this possibility.

As explored in Ref. 4), the correlation function be-
tween the U(1)y current and the U(1)4 current in
the present target theory in R? is expected to exhibit
power-like behavior. This implies that there exists a
massless bosonic state and that there is no mass gap.
As Fig. 1 shows, our Monte Carlo results reproduce
this power-like behavior fairly well for x99 < 1. (The
blow-up at xgg 2 1 is a reflection of the fact that our
lattice is an approximation of a finite torus and not of
R2.)

When the SUSY breaking scalar mass is small, we
should have an approximately massless fermionic state
corresponding to the above massless bosonic state, as-
suming that the spontaneous SUSY breaking does not

occur. A SUSY Ward-Takahashi identity shows in
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Fig. 1. Correlation function between U(1)y current and
U(1)a current along the line 27 = 0 as a function of
the coordinate xq. For parameters in each configuration
set, see Ref. 3). Broken line is the theoretical prediction
for R2.3)

' Condensed from Phys. Lett. B 672, 307 (2009).
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Fig. 2. Static potential energy V(R)/g between probe
charges in the fundamental representation of SU(2).
For parameters in each configuration set, see Ref. 3.

which correlation function such a fermionic state ap-
pears in as an intermediate state. Our Monte Carlo
results confirmed this reasoning on the basis of (ap-
proximate) SUSY fairly well.

Armoni, Frishman and Sonnenschein® theoretically
conjectured that a probe charge in the fundamental
representation is screened in two-dimensional gauge
theories containing a massless adjoint fermion. Our
present target theory fulfills this criterion and thus
it is of interest to observe the static potential be-
tween probe charges in the fundamental representa-
tion. Fig. 2 shows our result, obtained by a linear fit
In{W(R,T)} = V(R)T +c(R) of the expectation value
of the Wilson loop W(T, R) of size T x R. Our result
indicates that at least for Rg < 1 the static potential
increases almost linearly. This confining behavior ap-
pears distinct from the above conjecture, according to
which the static potential asymptotically approaches a
constant. We have to systematically explore, however,
the static potential for Rg 2 1 to determine the real
asymptotic behavior.
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Acceleration Tests of >**U and *Ca in RIBF

Nobuhisa Fukunishi, Masaki Fujimaki, Akira Goto, Hiroo Hasebe, Yoshihide Higurashi, Eiji Ikezawa,
Tadashi Kageyama, Masayuki Kase, Masanori Kidera, Misaki Komiyama, Makoto Nagase, Hironori Kuboki,
Keiko Kumagai, Takeshi Maie, Takahide Nakagawa, Jun-ichi Ohnishi, Hiroki Okuno, Naruhiko Sakamoto,
Kenji Suda, Hiroshi Watanabe, Tamaki Watanabe, Kazunari Yamada, Shigeru Yokouchi and Osamu Kamigaito

Beam acceleration tests performed in the period from April
2008 to December 2008 are summarized in Table 1. The
major purpose of the tests in the stand-alone mode of the
RIKEN heavy-ion linac (RILAC)" is to investigate the
lifetime of carbon foil strippers placed below RILAC. The
tests indicate that the carbon foil lifetime is long enough for
*#Ca with the maximum beam intensity extracted from the
18-GHz ECR ion source”, which corresponds to 500 pnA
after extraction from the Superconducting Ring Cyclotron
(SRC)?. On the other hand, the lifetime is less than 6 hours
for Kr and heavier ions with the maximum intensity of the
ion source. Details of the carbon foil tests are summarized
by Hasebe et al.” in this report. The **Ca test started on May
27™ aiming to evaluate the beam intensity of the “*Ca beam.
We successfully extracted 270 pnA of **Ca beam from the
Intermediate-stage Ring Cyclotron (IRC)¥ under the use of
a beam attenuator which reduces the beam intensity by a
factor of 1.8. According to the result, a beam service time of
*C beam was scheduled in December 2008.

Table 1 Summary of beam acceleration tests. The periods
shown with the asterisk include beam service times, 18 days
for 2*U and 11 days for **C, respectively.

Period Particle Accelerator used
4/08 — 5/02 By RILAC to IRC
5/17 -5/23 Kr RILAC only
5/27 — 6/09 BCa RILAC to IRC
6/26 —7/10 =y RILAC to IRC
7/18 = 7/28 % e RILAC only
10/25 — 11/26%* =y RILAC to SRC
11/27 — 12/22% BCa RILAC to SRC

The uranium acceleration tests up to the IRC were
performed to improve the transmission efficiency. The
transmission efficiency of the whole accelerator complex of
RIBF was limited to 2%, where charge stripping
efficiencies are excluded”. We investigated reasons for the
poor transmission efficiency and made various
improvements in this year. The essential points are as
follows. First, we upgraded the vacuum system of RILAC
and its low-energy beam transport system to avoid beam
losses caused by electron capture reaction with residual
gases”. Secondly, the main differential probes of the
fixed-frequency Ring Cyclotron (fRC)® and the SRC were
modified”. The main differential probes measure turn
patterns of the beams accelerated by our cyclotrons.
Utilizing the fact that the turn pattern is very sensitive to the
beam quality, we select appropriate voltages and phases of
RF fields generated by the main and flattop cavities

installed in the cyclotrons. However, the secondary
electrons emitted by uranium-ion bombardments and
leakage RF fields from flattop cavities made it difficult to
measure turn patterns precisely. These problems were
solved just before the **Ca test started on November 27",
One of the other remaining problems is that the energy
spread of the uranium beams injected into the fRC exceeds
what is acceptable. It is a result of the poor uniformities of
the stripper foils used before the fRC acceleration. We
tested various kinds of stripper foils in the tests. However,
great progress was not made in this problem.

Hereafter, we will proceed to the acceleration tests using
the whole RIBF accelerator complex. The transmission
efficiencies of 2*U and **Ca beams are summarized in Table
2 compared with that of **U in the previous year. Note that
beam intensity monitors (Faraday cups and radial probes of
the cyclotrons) include sizable errors (~20%), which is the
reason why the transmission efficiencies in some sections in
Table 2 exceed 100%. The transmission efficiency of the
uranium beam was greatly improved as a result of the
improvements mentioned above. The maximum intensity of
the uranium beam delivered to the users was 0.4 pnA. In
addition, single turn extractions from all the cyclotrons,
except for the SRC, were also established. On the other
hand, tuning of the SRC was not satisfactory and the
transmission efficiency was 66%. It is a consequence of the
low quality nature of the uranium beam and of poor tuning
of flat-topping RF fields.

Table 2. Transmission efficiencies obtained in the
acceleration tests. The RIBF accelerator complex is divided
into the sections shown in the table.

Section “Ca 3y 3y
(08/12/21) | (08/11/16) | (07/07/03)
IS - RILAC 55 40 29
RILAC - RRC 87 26
RRC 95 86
RRC - fRC 101 41
fRC Q7 88
fRC - IRC 75
RRC - IRC 106
IRC 93 86 67
IRC - SRC 88 104 72
SRC 82 66 63
Total 37 16 2

The transmission efficiency of *Ca was within the
acceptable level to deliver 200-pnA beams to users. The
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reason for the relatively low transmission efficiency of SRC
(82%) was that one of the accelerating cavities broke down
during the test and the acceleration voltage was limited to
be 75% of the design value.

Detailed analyses of the acceleration tests are in progress
for better performance of our accelerator complex. Using
the data obtained by beam profile monitors (wire monitor)
installed in the beam transport lines, we can determine
parameters of beam matrices (o-matrix) which are relevant
to estimating emittances of beams under the assumption that
ions obey Gaussian distributions with elliptical shapes.
Figure 1 is an example of the least-square fitting of beam
widths measured by the profile monitors for the **Ca beam.

M Fit B Obs.

N lilisls

MOSM'ICM 1 H12 H13 H14 H15 H16 H20 H30 H31

Vertical

ol el

MO5M10 M11 H12 H13 H14 H15 H16 H20 H30 H31

Fig. 1 Root-mean-square beam widths (cm) of the **Ca
beam (08/12/21) observed in the beam tranport line from
the second charge stripper to the IRC are shown compared
with the fitting results based on o-matrix analysis.

Similar analyses were done for other cases and the
emittances estimated are summarized in Table 3. Note that
the horizontal emittances were poorly determined compared
with the vertical ones because correlation to the longitudinal
motion under the presence of dipole magnets was not
clearly separated due to lack of information. In that sense,
the present analyses contain ambiguities, but are still useful.

Table 3 Emittances estimated by o-matrix analyses. The
emittance definition here is 40 emittance. The unit is
mm*mrad. The abbreviations H and V stand for the
horizontal and vertical direction, respectively. The
horizontal emittance of *Ca in the SRC-injection beam line
was too sensitive to errors in the measurement.

28U (08/11/07) *Ca (08/12/21)
H \4 H \4
fRC injection 5.0 2.6
IRC injection 5~6 2.1 2.3 2.2
SRC injection 4 14 1.2 ~ 1.7

For example, remarkable emittance growths in the
horizontal direction are indicated in the case of uranium
beam acceleration. The observed emittance growth of the
fRC-injected beam originates from the mixing of the large
longitudinal emittance into the horizontal one because the
rebuncher'”® between RIKEN Ring Cyclotron (RRC) and

the fRC is placed in a dispersive area. The uniformities of
carbon foil strippers just after RRC acceleration are poor,
which result in a large momentum spread. Hence, we plan
to use thinner stripper foils and accelerate 69+ ions instead
of 71+ with small modifications of the fRC. Furthermore,
the matching conditions on dispersion were not precisely
fulfilled for both the fRC and the IRC, which resulted in
additional emittance growths. The emittances of the **Ca
beam were within what is acceptable.

Another example of the analyses is on turn patterns of the
cyclotrons. Figure 2 shows a result of the **U beam
accelerated by the IRC. Close inspection of the turn pattern
helps us to reduce ambiguities in determining the horizontal
emittance that is not clearly separated from the longitudinal
one within the o-matrix analyses. The horizontal emittances
listed in Table 3 were determined with the help of the
present turn-pattern analyses.

IRC MDP2 (observed)
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I
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Fig. 2 IRC turn pattern of the **U beam (08/11/26)
compared with a numerical simulation.

As a summary, the transmission efficiency of uranium
beam acceleration was greatly improved and the “*Ca beam
with the maximum intensity of 170 pnA was successfully
extracted from the SRC. The fact that beam losses in the
beam transport lines are well suppressed enables us to carry
our detailed analyses on the beam dynamic aspect of RIBF,
which revealed several problems that need to be solved. We
plan to fix these problems in the next fiscal year.
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Construction of the MEBT (Middle-Energy Beam Transport) line
for new 28GHz Superconducting ECR Ion Source (SC- ECRIS)'

Y. Watanabe, E. Ikezawa, Y. Sato, H. Okuno, T. Nakagawa, Y. Higurashi,
J. Ohnishi, M. Fujimaki, N. Fukunishi, M. Kase, A. Goto and O. Kamigaito

The beam intensity of heavy ion must be increased for 500 kV high voltage terminal]
the RIBF project. J. Ohnishi, T. Nakagawa et al.'™? started to (2) QM; QTOllabc [from the CNS], QD012ab-022ab
construct a new superconducting ECR ion source (SC- [from the RRC- CNS line], QDN2-1,2 [existing line]
ECRIS) with an operational frequency of 28 GHz in 2007. (3) ST; SHO012/SV012, SHO13/SVO013 [used an injection
The superconducting coils were installed in the high voltage line for the old 500 kV high voltage terminal],
terminal at the end of 2008. All devices will be installed by SHO03/SV03 [existing line]
the end of March 2009. (4) Chambers; Chamber011 [from the IRC line (H12a),
A Middle-Energy Beam Transport (MEBT) line is being Aluminum], Chamber012, 014 and 022 [New,
constructed for the new 28 GHz Superconducting ECR Ion Aluminum], Chamber013 and 021 [New, for CRP,
Source (28GHz SC-ECRIS).*® Figure 1 shows the stainless steel], Chamber 031 and 032 [existing line]
schematic layout of the MEBT line for the 28 GHz SC- (5) GV; GV-011, 014 and 022 [New], GV-030, 031
ECRIS. This beam line partly shares the existing beam line [existing line]
from the 18 GHz SC-ECR ion source. These magnets and (6) Buncher; Buncher [Modified, used an injection line
the 1f-buncher/rebuncher are installed at the optimal for old 500kV high voltage terminal], Rebuncher
positions of the minimum beam spots. The bending magnets [existing line]
(BM), quadrapole magnets (QM; DQ, TQ), steering (7) Ducts; Aluminum-Duct 10 [New, from the
magnets (ST), chambers, gate valves (GV), buncher and acceleration tube to the rebuncher], Stainless steel-duct
ducts used in this plan are as follows: 1 [New, from the RFQ to the rebuncher]

(1) BM; BM1, BM2 [used an injection line for the old

C—1T1 11 | Aaoel ear ation |

= Ju) Id tube (L334, 25) HO
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Fig. 1. Schematic layout of MEBT line.
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Some new bases will be constructed for the installation of
these devices (QTOllabc, QDO12ab-022ab, QDN2-1,2,
SH//SV012, 013,03, Chamber011, 013, 021, Buncher and
Rebuncher). We are also planning some arrangement and
works before the construction of this line as follows:

(1) Reinforcement of floor around BM1

(2) Conveyance of SC-ECR ion source and its base

(3) Arrangement of existing devices (Some operation

control panels, power amplifier)

(4) Removal of the DQ from the RRC-CNS line and

installation in the MEBT line.

The following are notes and points on the design of the
MEBT line:

(1) Switching between the MEBT line and existing line is
done simply by changing BM2 for the MEBT line and
QDN2-1,2 for the existing line as shown in Figure 2.

(2) The devices, ducts and bases between the RFQ and
RILAC #1 for the existing line are used as much as possible
and this reduces construction of new devices, ducts, and
bases.

(a) Rebuncher | —
GV-031 \
—| | / Qpo31ab

L L
SHO3/5V03

The MEBT line will finally be installed as shown in
Figure 1. We are preparing for two newly constructed
chambers and bases. The main outline of the future plan is
as follows:

+ ~ Feb. 2009, Final decision on the line arrangement

+ ~ May. 2009, Some arrangement and work before

construction of the line

* April ~ June 2009, Construction of the MEBT

(Including cooling water, compressed air, cables and

power supply)
* July 2009~, Beam test and machine study
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Fig. 2. Schematic layout from the RFQ to the RILAC #1. (a) MEBT line (b) Existing line.
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New beam line for the AVF-RRC-SRC acceleration

K. Kumagai, N. Fukunishi, T. Maie, S. Fukuzawa*, Y. Watanabe, and M. Kase

Light ions accelerated in the AVF-RRC mode can be
injected to the SRC directly because the injection radius of
the SRC, 3.56 m, is the same as the extraction radius of the
RRC. On the other hand, these beams cannot be accelerated
in the IRC because the RRC needs to operate with a
harmonic of five. In this AVF-RRC-SRC mode, the ions
from deuteron to aluminum approximately can be
accelerated to the maximum energy of 400 MeV per
nucleon. In addition, the beams from the polarized ion
source at the AVF are accelerated in the SRC.

To realize the acceleration mode, a new beam line was
constructed to bypass the IRC. A schematic of this beam
line is shown in Fig. 1. The beam line is from the DMH6
dipole to the DMG2. The DMH6 dipole was installed to
diverge from the IRC injection beam line and two
quadrupoles were moved down stream from the original
positions. Part of this beam line will be used in the future to
return the beams accelerated in the IRC to the experiment
rooms in the Nishina building.

The beam line uses two horizontal and two vertical
dipoles of 2.7 meters in radius, twenty quadrupoles and six
sets of steering magnets that have both horizontal and
vertical functions. The parameters of these magnets are
listed in Table 1. Electric power cables for nine of the
twenty quadrupoles were extended from the position of the
quarupoles on the injection and extraction beam lines of the
IRC that are not used simultaneously. As a result, the power

supplies can be shared and it is economical for both
equipment and cabling. Though the original magnetic field
rigidity of the DMMI1 dipole had been small for this
operation mode, it has been increased by replacing the
power supply for the previous investigation of the charge
stripping of the uranium beam performed.

Figure 2 shows a diagram of the designed beam envelope
between the RRC-EDC and the SRC-EIC including the new
beam line. An extracted beam from the RRC is matched to
be achromatic after the DMMI1 dipole magnet. The sections
from DMH6 to DMH7 and DMHS8 to DMK9 are also
designed to be achromatic. The beam transferred into the
SRC room is strongly focused at the position of the
polarimeter installed after the quadrupole triplet QTG92.
The matching condition to the SRC injection was fulfilled
using the quadrupole quartette QSG22 — QSG25.

Ten profile monitors, three faraday cups and a
scintillation monitor were installed in the beam line as beam
diagnostic equipment. Most of these components were
transferred from injection and extraction beam lines of the
IRC.

The first acceleration test in the AVF-RRC-SRC mode
will be scheduled in February 2009. In this test, the new
beam line will be commissioned and nitrogen ions with 90
MeV per nucleon extracted from the RRC will be sent to
the SRC and accelerated to the energy of 250 MeV per
nucleon.
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Construction of the IRC-bypass beam transport linet

Y. Watanabe, K. Sekiguchi, H. Suzuki, K. Kumagai, T. Maie, K. Yamada, M. Kase and N. Fukunishi

The new acceleration mode of AVF-RRC-SRC will
provide the polarized deuteron beam with energies up to
440 MeV/u as well as light ion beams, e.g. nitrogen.
Experiments with this mode are planned for May 2009."

For these experiments an IRC bypass beam transport line
which skips the IRC was newly constructed in FY2008.
This beam line partly shares the existing line which will be
used for RIPS experiments in the RRC-IRC acceleration
mode. Figure 1 shows photographs of the IRC bypass beam
transport line after the construction. Figure 2 shows a
schematic layout of the IRC bypass beam transport line.

The followings are lists of the beam line elements; dipole
magnets (DM), quadrapole magnets (QM; DQ/SQ), steering
magnets (ST), chambers, gate valves (GV), beam line
polarimetars (Dpol, BigDpol) and ducts.

1. IRC-H zone [Fig. 1(a), (b) and Fig. 2]

(1) DMH6 [New Chamber, a modified yoke],
DMH7 [renamed DMHS; installed]

(2) QSH17-18, QDH61-63, QDH71-72
[installed]

(3) STH14-15, STH60, STH70, STH72
[installed]

(4) Chamber; H16, H60, H61, H70 [New],
H72 [from the RRC-CNS line],
H80, H81 [New]

(5) GV-H61 [New],
GV-HS80 [from the RRC-CNS line]

(6) Al-Duct; 12 [New]

2. IRC-K zone [Fig. 1(b) and Fig. 2]
(1) DMK9, DMK3 [installed]
(2) QDKO1 [installed]
(3) STH91ab [from the RRC-CNS line]
(4) Chamber; K90 [modified],
K91 [from the RRC-CNS line]
(5) GV-K91 [from the RRC-CNS line]
(6) Beam line polarimeter, BigDpol
(7) Al-Duct; 8 [New]

3. SRC-G zone [Fig. 1(c) and Fig. 2]
(1) QTG92, QDGI3 [installed]
(2) Chamber; G93 [from the RRC-CNS line]
(3) Beam line Polarimeter, Dpol
(4) GV-GI93 [from the RRC-CNS line]
(6) Al-Duct; 4 [New]

The beam line polarimeters, Dpol and BigDpol, were
installed at positions where beam size becomes small. The
Faraday cups (FC) and profile (PF) monitors have been

(b)

polarimeter
Dpol

Fig. 1. Photographs of the IRC bypass beam transport line
after arrangement. (a) IRC-H zone (b) IRC-H and K zone
(c) SRC-G zone.
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relocated from the skipped beam line in the IRC and SRC
rooms. Because the dipole magnet DMHG6 is used in both
the IRC line and the IRC bypass beam transport line, we
have made the following modifications. The upper yoke
was removed and converted, and a chamber with branched
flanges was newly constructed. Quadrapole magnets
DQ/SQ were disassembled in order to install the Al-ducts.
Alignment (Y level, pitching direction and yawing
direction) of DM, QS/QD and the chamber was performed
with precision of less than 0.1 mm in each straight line
section.

|
|
I
IRC-H zone I
I
i
I
I

o -t
. e

Fig. 2. Schematic layout of IRC bypass beam transport line.

Beam |ine polarimeter

T

Experiments using the new beam line will be performed
after acceleration tests. We plan to conduct acceleration
tests in AVF-RRC-SRC mode in Feb. 2009 and machine
studies in May 2009.
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Refinement of SRC for acceleration of high intensity beam in 2008

K. Yamada, N. Fukunishi, M. Kase, J. Ohnishi, H. Okuno, N. Sakamoto, K. Suda, S. Yokouchi,
and O. Kamigaito

The source of the problem in the SRC cryogenic sys-
tem was found to be the contamination of the lubri-
cant oil from screw compressors passing through the
cascade of oil separators.!) The oil polluted the en-
tire refrigerator. Consequently, the SRC was shutdown
until August 2008 to rinse out the impurity. During
the repair of the cryogenic system, various modifica-
tions were introduced to the SRC. The re-cooldown of
the SRC started in September and the superconduct-
ing coils were ready to operate in October. The ac-
celeration of 238U was performed immediately for the
commissioning of the Zero-Degree Spectrometer and
following new isotope search in November. Maximum
beam intensity of 0.4 pnA was achieved, which was ten
times higher than the one in 2007. Following that, the
first acceleration of 8Ca for the SRC was performed
in December. The modifications and elaborate tuning
of accelerators realized the world’s most intense “8Ca
beam that reached up to 200 pnA on the Faraday cup
located at the exit of the SRC. The details of modifi-
cation and status for the SRC in 2008 are presented as
follows.

Original
differential
electrodes I
— I |
‘*7' “‘ | |

: |

TOP VIEW /FBeam /SIDE VIEW

New differential

electrode
Integral L
electrode—
===
FRONT VIEW

Fig. 1. Head assembly of the main differential probe
mounted on SRC.

In order to improve the transmission efficiency of the
SRC, a correct adjustment of RF voltage and phase
is required, especially for flat-top acceleration cavity
(FT). The goal is to observe proper information from
the radial beam pattern by using the main differential
probe (MDP) because the information gives a criterion

for the adjustment of RF. The radial beam pattern is
measured by a differential electrode (the SRC has dif-
ferential electrodes divided by three) mounted on be-
hind an integral electrode with 0.5 mm overhang. Only
the beam reaching the “0.5 mm” is counted at each
radius. However, a lot of secondary electrons emitted
from the MDP integral electrode had a great influ-
ence on the observation and the pattern could not be
produced.?) In order to overcome the problem, a new
differential electrode of 0.3 mmx3 mm tungsten rib-
bon was attached in front of the integral electrode at
intervals of 10 mm as shown in Figure 1.

Vacuum chamber TEO1 wave
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Fig. 2. Effect to disturb the propagation of TEOl mi-

crowave.
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Fig. 3. Cross sectional view of the pantograph system for
sliding contact.

Another problem we had in the MDP was that the
beam signal was disturbed by the electromagnetic ra-
diation from the FT resonator: the rf frequency is high
enough for the electromagnetic wave to travel through
the vacuum chamber. A schematic drawing of the
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MDP in the chamber is shown in Figure 2. The driv-
ing shaft of the MDP is grounded by the metallic wheel
on the chamber in the original configuration. Since the
electromagnetic wave is TEOL1 mode, this asymmetric
configuration allows the electric field to penetrate into
the narrow gap between the shaft and the chamber,
which induces the electric charge in the head of the
probe. Therefore, we put an electric contact on the
upper side of the shaft, as shown in Figure 2, in order
to suppress the electric field around the probe head.
A pantograph structure as illustrated in Figure 3 was
adopted because the chamber face was not seamless.
An adjustment for balance of the vertically located
movable shorts in the FT is required simultaneously
in order to reduce the leakage of microwaves. These
modifications enabled us to measure the radial beam
pattern for the entire region of the MDP with using
the FT resonator as shown in Figure 4. Note that the
low-level circuits of all RFs for the SRC were adjusted
to stabilize the voltage and phase of resonators.?).

Fig. 4. Radial beam pattern of SRC for **Ca beam in De-
cember 2008.

In the most cases, the major beam loss in cyclotron
takes place on the septum of electrostatic deflector
(EDC). For the acceleration of kilowatt beams, ma-
chine protection is required in order to avoid serious
thermal damage caused by the large beam loss. For the
protection during “8Ca beam acceleration, ten Type-E
thermocouple gauges with ceramic tubes were mounted
on the EDC septum to measure the temperature and
switch off the beam if the maximum heat-up exceeded
the criterion, which was set as 5 degrees in December
2008. This EDC protection worked well for the “8Ca
beam. The temperature clearly responded to the beam
loss and the extraction efficiency could be improved via
tuning such as decreasing the temperature. Note that
the temperature of EDC septum is also useful to us for
adjusting the balance of the FT resonator because the
temperature increases depending on the amount of RF
leakage.

Additionally, several modifications were made to
make maintenance easier, described as follows. Pro-
file monitors (PF-SV1, SV2) mounted on the vacuum
chamber of valley were converted to setback, so as
not to block the detachment of EIC and EDC. Many
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scaffolds were placed round in the SRC for the access
to RF resonators when the magnetic shielding doors
were closed. The mounting direction of a gate valve
for assist-pumping TMP on the resonator no.2 was re-
touched for easy access to the maintenance hatch.

Several problems occurred on the SRC in 2008, de-
scribed as follows. The vacuum pressure was degraded
when the high RF power was fed to the resonator. It
was found that the temperature of cryopump was rose
remarkably due to the extreme heating up of the RF
shield attached in front of the pump due to RF ir-
radiation.) The problem was solved by mounting a
water-cooling thermal baffle® on the RF shield. Mag-
netic shields were covered on all cryopumps to prevent
the degradation of performance from a stray field. The
shaft of MDP emitted a loud noise and was scraped by
its plain bearing. The bearing will be replaced to a
roller type in March while the outer vacuum-duct of
MDP will be modified to bellows for quick access to
the head assembly. The angle settings of EDC, which
determine the radius of curvature for beam extraction,
were mechanically slid around the drive shaft, and we
were not able to extract the uranium beam in a whole
day until we readjusted them. The driving screw of
EDC “a”-axis was cleaned and lubricated because it
had hardened and was not able to drive. A directional
coupler on the power feeding line of the RF resonator
no.2 was burnt due to the excitation of third-harmonic
mode. The contact fingers of the coarse tuning panel
in the RF resonator no.3 burned out during the *8Ca
experiment as a result of insufficient contact pressure
because the shaft of the panel was not eccentric. The
directional coupler in the wide-band driver amp of the
FT resonator had the problem of a wire breaking.

A new beam acceleration scheme of AVF-RRC-SRC
with IRC bypass beam line® is scheduled for the spring
of 2009 to perform the commissioning of SHARAQ and
some experiments using 250 MeV /u 14N or 250 MeV /u
polarized deuteron beam. An acceleration study for
the 1N beam was performed from February 5th to 9th.
Additional beam diagnosis elements will be mounted
on the SRC at the end of March because the existing
elements cannot stop the deuteron beam.
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Completion of Superconducting Magnet for the 28 GHz ECR Ion Source

J. Ohnishi, T. Nakagawa, Y. Higurashi, H. Okuno, K. Kusaka, and A. Goto

The superconducting magnet for the 28 GHz ECR ion
source, under construction at a factory of the Mitsubishi
Corporation since October 2007, was completed in
December 2008. It consists of six solenoids SL1~SL6 and a
set of sextupole coils as shown in Fig. 1. The maximum
axial magnetic fields are 3.8 T on the RF injection side and
2.2 T on the beam extraction side. The sextupole magnetic
field is approximately 2.2 T on the inner surface of the
plasma chamber (r = 75 mm). The radius of the room
temperature bore is 86 mm. The coils use a NbTi-copper
conductor and are bath-cooled in liquid helium. The
maximum magnetic fields on the SL1 and the sextupole
coils are 7.2 T and 7.4 T, respectively. The design details of
the superconducting coils are described in Ref. 1 and 2.

The coil winding began in January 2008. The SL3 and
SL4 use a conductor with a round shape of $1.09 mm and a
copper/NbTi ratio of 6.5, while the other solenoids and the
sextupole use a conductor with a rectangular shape of 0.82
mm X 1.15 mm and a copper/NbTi ratio of 1.3. Each of
the six sextupole coils was dry-wound to work for turn

SL1 SL2SL3SL4SL5 SL6

Sextupole

VE OPERA-3d

Fig. 1. Arrangement of the superconducting solenoid and
sextupole coils.

Titanium spacer Stainless steel disk

(30 mm thick)

| =y
< PO 4
1A
Stainless steel w W] P

\CA N
R B

S

Fig. 2. Cross section of the straight part of the sextupole
coils. A 30 mm thick stainless steel disk is inserted between
the SL1 and the SL2.

transitions and was vacuum impregnated with epoxy. The
percolation of the epoxy into the inside of the windings was
inspected and found to be successful by cutting a trial
winding. On the other hand, each solenoid coil was
wet-wound with warm epoxy and cured.

The six sextupole coils need to be fixed tightly because
they are subjected to large magnetic forces from the
solenoids. Figure 2 shows a cross section of the straight part
of the sextupole between the SL1 and SL2. The six
sextupole coils are assembled using titanium spacers with a
triangular cross section and fixed with four layers of ¢0.65
mm stainless steel wires wound with very high tension of
about 580 MPa. An iron pole of 330 mm in length is
inserted in the central region of each coil to increase the
sextupole field. A stainless steel disk with outer diameter of
250 mm and a thickness of 30 mm is inserted between the
SL1 and the SL2 to fix the sextupole coils more tightly
because the magnetic force in the azimuth direction is
strongest there. The mechanical design here was carried
out? by combining 3D magnetic force calculation with
Opera3D? and mechanical calculation with ANSYS.?

The final assembly of the sextupole coils and six
solenoids is shown in Fig. 3. The ends of the sextupole coils
are fixed with a stainless steel ring to support the large
radial magnetic force acting on the current return sections.
The six solenoids were assembled with stainless steel
spacers and tightened with sixty-four long aluminum-alloy
bolts that support a maximum repulsive force of
approximately 800 kN among them.

Excitation tests of the completed coils were carried out in
a commonly used cryostat in June 2008. First, the solenoids
were tested one by one and all achieved the design currents
without a quench. Next, the sextupole was tested. Table 1
shows the currents when a quench occurred in the sextupole.

Fig. 3. Photograph of the coil assembly. (A) is a 30 mm
thick stainless steel disk inserted between the SL1 and the
SL2.
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Table 1. Coil currents (Amps) when the sextupole
quenched.

run#  sextupole SL1 SL2 SL5 SL6
design 272 162 182 155 132
1 189
2 255
3 90 136 183
4 65 136 183
5 73 136 183
6 114 136 183
7 70 136 183
8 77 136
9 109 132
10 220 92
11 204 155 132
12 230 132 112
13(NQ) 272
14 258 146 164
15 234 135 114
16 238 136 116
17 235 127 143

The sextupole also achieved the design current (271 A) after
two quenches (189 A, 255 A) when no solenoids were
excited. In all cases where the sextupole and one or two of
the solenoids were excited at the same time, the sextupole
quenched. The sextupole quenched at low currents ranging
from 65 A (24%) to 115 A (42%) when SL1 and SL2 were
excited at their design currents in advance (run #3-#7). The
sextupole also quenched in a similar way when the SL6 was
excited in advance (run #9, #11). The cause of these
quenches was presumed to be coil motion at the ends of the
sextupole, due to the voltage signals observed in some of
these runs. In run #10, the SL6 was ramped after the
sextupole was excited at 220 A. In run #12 and #14-#17, the
solenoids and the sextupole were excited simultaneously,
keeping a ratio of the currents so that the direction of the
force acting on the sextupole coils did not change during the
excitation. The quench current of the sextupole increased to
more than 85% of the design value in this way. It was,
however, difficult to reach the design current.

The results of these tests suggested that the support
structure at the ends of the sextupole coils is not strong
enough against the radial force toward the centre. Methods
of remedying this problem were investigated, and
performance was improved by increasing the thickness of
the inside wall of the helium vessel for room temperature
bore at both ends (see Fig. 2) and pressing the end parts of
the sextupole coils against those points. After four months,
we successfully achieved excitation of all the solenoids and
the sextupole at the design currents after the sextupole
quenched twice at current levels of 96% and 98%.

After this second excitation test, the cryostat for the 28
GHz ECR ion source was assembled with the
superconducting coils in a short period of time and
completed in December 2008. A photograph of the
completed whole magnet is shown in Fig. 4. The cryostat is

surrounded by yokes with thicknesses of 50 mm and 80 mm.

Three cryocoolers (Sumitomo Heavy Industries) with two
cooling stages each are installed at the top of the cryostat to

Fig. 4. Photograph of the completed superconducting
magnet for the 28 GHz ECR ion source.

Table 2. Heat leak, capacity of the cryocoolers, and
measured temperature at the stages of liquid helium and
two radiation shields.

LHe vessel Inner shield QOuter shield
Heat leak (design) 0.14W@4.2K 18W@40K 127W@70K
RDK408D2 IW@4.2K 43W@45K
RDK408S x 2 18SW@12K 86W@52K
Temperature (measured)* 4.2K** 14K 47K

*Cryocoolers operated at 60 Hz.
**Heater was powered at 1.2W to keep He pressure positive.

maintain approximately 330 liters of liquid helium. One
(type RDK408D2) is used for re-condensing the liquid
helium and cooling the outer of two radiation shields, and
the other two (type RDK408S) are used for cooling of the
inner and outer radiation shields. Nine current leads use
high Tc superconducting material between the liquid helium
vessel and the inner shield to reduce the heat leak to the
liquid helium temperature. The designed values of the heat
leak and capacity of these cryocoolers are listed in Table 2.

The magnet and cryostat were cooled down and tested. It
took 1.5 days for pre-cooling with liquid nitrogen and
pouring of liquid helium. The temperatures of the radiation
shields in the steady state with the cryocoolers operating are
listed in Table 2. The capacity of the cryocoolers was found
to have a sufficient margin because the temperatures were
lower than expected. The superconducting coils were
excited again at the design currents after the sextupole coil
had quenched once at the 96% current level.

After the operation test, the cryostat and magnet were
warmed up and carried to RIKEN on December 19, 2008.
The ion source of this magnet will start to operate in the
spring of 2009.
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Production of highly charged Na ion beams from the RIKEN 18 GHz ECRIS

Y. Higurashi, T. Nakagawa, M. Kidera, T. Aihara, M. Tamura, M. Kase , A. Goto and O. Kamigaito

In a series of experiments to search for super-heavy
elementin this case to verify the elemant with an atomic
number of 113), an intense beam of Na ions was strongly
needed at the end of 2008. The requirement was to produce
an intense beam (~4ppA) of »*Na ions as long as possible ,
with no break, in order to minimize experiment time. To
meet this requirement, we conduced a test experiment to
produce Na ions, and supplied an Na’* beam for the
experiment.

Toproduce the Na beam, we used NaF rod (4x4x35mm’).
The NaF rod was directly inserted into the ECR plasma of
RIKEN 18 GHz ECRIS and heated up to obtain sufficient
vapour pressure. The description and performance of the
RIKEN 18 GHz ECRIS are reported in Ref.1.

Figure 1 shows the charge distribution of an Na ions. The
ion source was tuned to produce Na’* ion beam. The RF
power was 300W. The gas pressure was 5x10”Torrs. The
extraction voltage was set to 11.7 kV. In this experiment, we
used He gas as an ionized gas. Figure 2 shows the beam
intensity of Na'" as a function of RF power. The beam
intensity increased as RF power was raised to 48 euA.
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Fig. 1. Charge distribution of Na ions. The ion source
was tuned for production of Na’".

Figure 3 shows the 99% x and y-emittance of the Na'"
beam under the same conditions for production of 48 epA
Na" beam. The x and y emittance were 265 and 262
mmm * mrad, respectively.

Using this method, we successfully produced an average
beam intensity of 45 euA for 30 days for the experiment
without any break. The total consumption of NaF was ~300

mg. It is estimated that the consumption rate in this
experiment was ~0.4 mg/h. The total weight of the rod is
~1.2 g. This means that, in principle, we can produce Na
ions for 3000 h without inserting an additional rod.
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Fig.3. x and y emittance of the Na'" ion beam.
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Production of a highly charged Ge beam form the RIKEN 18 GHz
ECRIS

Y. Higurashi, T. Nakagawa, M. Kidera, T. Aihara, M. Tamura, M. kase, A. Goto, and O. Kamigaito

Recently, an intense "°Ge beam was strongly needed to
search for a super-heavy element (atomic number 114) at
RIKEN after producing the element which has an atomic
number of 113." The requirement of this experiment was to
produce an intense beam (1~2 puA) of °Ge'”" ions as long
as possible without break in order to minimize breaks in the
experimental time. This is because the estimated cross
section is very small (smaller than pb( 107 cm?)).

One popular methods for producing highly charged
heavy ions from a solid material is to use the oven in the
plasma chamber of the ECR ion source”. Using this method
one can produce an intense beam of highly charged heavy
ions at a low consumption rate ( lower than 1mg/h).
However the main drawback of this technique is the limit
on the material volume (~several 100 mg) which can be
contained in the oven at present, when we install the oven in
the small plasma chamber. If we assume a consumption
rate of 1mg/h, the duration of the beam supply is several
100 h.

RIKEN 18 GHz ECR ion source

“CRzone  hexapole Magnet
Solenoid coil

Iron yoke

12 Microwaves (18GHz)
Insulator

=00 (KGau

as Feed

Bat

TMP 1501/s
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Microwave injection side

Bellows valve

(CH,),GeH bottle /

Fig. 1 Schematic drawing of the RIKEN 18 GHz.

A MIVOC method for the ECR ion source enables
production of highly charged metal ions at room

temperature.” The advantage is that one can produce
metallic ions in the same way as ion production with
gaseous elements. This means that we can produce highly
charged metallic ions for a very long period, without any
break, if we can find a proper material for the MIVOC
method.

For these reasons, we chose the MIVOC method for
production of Ge ions. For production of Ge ions, we used
trimethylgermanium ((CH;);GeH) which has a high vapor
pressure (~several 100 torr ) at room temperature.

Description and performance of the RIKEN 18 GHz ECR
ion source are described in Ref. 4. Figure 1 shows a cross
sectional view of the ion source and the microwave
injection side. The material was placed in a chamber
connected to the ECR plasma chamber by a gas-feeding
tube via a variable leak valve. The gas flow rate was
controlled by the variable leak valve. The inner wall of the
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Fig. 2. Charge state distribution of Ge ions.

Figure 2 shows the charge state distribution of the Ge
ions. The RF power was 500 W. The gas pressure was
8x10” Torr. The maximum magnetic field strength on the
microwave injection side, the minimum strength of the
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mirror magnetic field, and the maximum magnetic field
strength on the beam extraction side were 1.4, 0.49 and 1.2
T, respectively. The extraction voltage was 10 k'V. Before
producing Ge ions, we cleaned the inner wall of the
aluminum cylinder whith an oxygen plasma for 2 days.To
stabilizethe beam intensity we had to supply oxygen gas as
a support gas. When adding the oxygen gas as a support gas,
the beam intensity was very stable. Instability of beam
intensity was within few %. As shown in Fig. 2, the charge
distribution of Ge ions is very complicated, due to the
existence of many kinds of stable isotopes (70Ge, 72Ge, 73Ge,
"Ge and 76Ge). The isotope ratio of 70Ge, 72Ge, 73Ge, "Ge
and °Ge are 21, 27, 7.7, 36 and 7.6%, respectively. To
estimate the beam intensity for each charge state, we chose
the beam intensity of "*Ge, because only *Ge was present
in the one peak in the charge distribution. Based on these
results, the beam intensity of highly charged Ge ions is
estimated as shown in Fig. 3.
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Fig. 3. Beam intensity of highly charged Ge ions.

Figure 4 shows the beam intensity of "*Ge'”" and "°Ge'®"
as a function of RF power. It is estimated that 80% of the
intensity of the *Ge'”" and "°Ge'®" ion beam is "*Ge'"". The
beam intensity increases with increasing RF power. Figure
5 shows the beam intensity as a function of bias disc
voltage.
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Fig. 4. Beam intensity of “Ge Ge " ions as a
function of RF power.
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In conclusion, we successfully obtained higher than
1puA of Ge'”" with the MIVOC method. This will be used
for a super-heavy element (Z= 114) search experiment after
producing (CH3);"°GeH. In this experiment, we used a slit
width of 8 mm, which is placed in front of the faraday cup.
When using (CH3)376G€H, we can use a wider slit width
(~40mm) because we do not need such good mass
resolution. In this case, we may obtain higher intensity than
with slit a width of 8mm.
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Fig. 5. Beam intensity of "“Ge Ge " ions as a
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Improvement of rf-system for cyclotrons at RIBF

N. Sakamoto, O. Kamigaito, K. Suda, R. Koyama, A. Goto, and M. Kase,

Improvements have been made to make the rf field
much more stable and make the system itself much
reliable. Deviations of the amplitude and phase of
the acceleration voltage are required to be 1 x 107!
and +0.05°, respectively. Stability of the voltage and
the phase of acceleration field of rf cavities is one of
the most important issues for reliable operation of cy-
clotrons. An unstable rf field causes emittance growth
of the beams during acceleration because energy gain
per turn varies according to the rf field deviations, and
the radius of the beam orbit changes, resulting in beam
losses especially at the extraction device. Stable rf
means not only constant amplitude and locked phase
with reference to the rf signal from the master oscilla-
tor but also minimum interruption to providing beams
due to rf breakdown which occurs due to sparks on the
cavity surface.

The unstable of the rf field can be categorized into
modulation and drift. Modulations of voltage and
phase are caused mainly by ripple in the d.c. power
supplies of amplifiers. Power supply ripples have main
frequency components of 300 Hz and appear as an am-
plitude modulation and a phase modulation with a fre-
quency of 300 Hz. Modulation of the rf signal can be
observed as a side-band spectrum by using a spectrum
analyzer. For example, an amplitude modulation of
+5x10~* and a phase modulation of 40.1° correspond
to spectrum levels of —72 dBc and —61 dBc, respec-
tively. This modulation will be removed/minimized
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Fig. 1. Measured voltage(upper) and phase(lower) of cavi-
ties for SRC at the frequency of 27.4 MHz.

by tuning a feed-back loop (i.e., choosing a gain and
a time constant) while observing strength of the side-
band spectrum. After careful tuning of the feedback
loop the sideband of 300 Hz ripple was reduced to -76
dBec.

On the other hand, drift of the rf voltage and phase
occurs due to change in atmosphere temperature and
change power supply. The temperature control oven
system is equipped for the feed-back control. The tem-
perature of the oven is controlled within |AT| < 0.5°C.
In addition, an automatic voltage regulated power sup-
ply was introduced to the Auto Gain Control and
Phase Lock Loop.

Finally the stability shown in Fig. 1 was achieved.
Phase drift of only 0.05° of RES3 was observed over
14 hours. The others were well stabilized within 0.1%
and 0.1°. Fig. 1 plots records of the amplitude and
phase of 4 acceleration and 1 flattop cavities of the
SRC during acceleration of N with an energy of 250
MeV/u (f = 27.4 MHz). The gap voltage/rf power
of acceleration cavities (RES1~4) and flattop cavity
(FT) of the SRC were 440 kV/100 kW and 200 kV /12
kW, respectively. The measurements were made by
using a new rf-monitor system.") While the old vector
voltmeter system had resolutions of 0.1 % and 0.1°,
the voltage and phase resolutions of the new monitor
are 0.01 % and 0.02°, respectively.

In the case of rf voltage control breakdown due to a
spark, it is important to recover rf voltage as soon as
possible, otherwise it takes more than half an hour to
manually recover by adjusting tuner a few cm, due to
thermal deformation of the cavity by a cooling water.

The low level system has an automatic recovery
mode which turns the rf input to the rf amplifier into
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Fig. 2. Pre-pulse is introduced to pulse-mode to overcome
multipactor of the cavity. a) envelope of input signal to
amplifier. b),c) forward and reflected power at coaxial
feeder line, respectively. d)pickup signal of cavity.
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pulse mode. The pulse mode has very fast AV/At of a
few s, and is crucial for overcoming the multipactor of
the cavity in the recovery process. The rise-time of the
cavity voltage is defined by the cavity and amplifier re-
sponse. Therefore, in order to obtain fast pulse, large
amplitude pre-pulse with a length of 100 us is intro-
duced to the normal pulse to obtain a fast pulse. Fig.
2 shows the envelopes of the input pulse, forwarded
power, reflected power and cavity pickup signal. It
has been found that the fast AV/At pulse success-
fully overcome the multipactor with a pre-pulse and
consequently restores normal power to the safe level
for power supplies of amplifier and the cavity itself.
In automatic-recovery mode, the cavity voltage will
be recovered along the dashed line within a few ms.
Therefore no voltage down of RES4 was observed dur-
ing the stability measurements shown in Fig. 1. It may
be concluded that the pre-pulse excitation works very
well. Fine tuning of the amplitude and length of the
pre-pulse is in progress.
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Stability of RF system at RILAC in RIBF

K. Suda, R. Koyama,*! O. Kamigaito, N. Sakamoto, N. Fukunishi, M. Fujimaki, T. Watanabe, K. Yamada, and
M. Kase

The accelerating RF system of RILAC which is an
injector to RRC in RIBF, must be highly stable as well
as the four cyclotrons located downstream for a long
term such as several weeks in order for us to provide
high intensity heavy ion beams up to 1 puA. If we
maintain a deviation of beam phase before injection to
RRC within + 1° of accelerating RF of RRC, corre-
sponding to 152 ps for *¥Ca case (=2/36.5 MHz/360
deg.), it is required to achieve RF stability of + 0.1%
in voltage and £+ 0.1° in phase, since the coefficients
of beam phase against RF of RILAC before injection
to RRC are typically 0.5 — 1.0 nsec/% in voltage and
0.5 nsec/% in phase. For the purpose of determining
the degree of stability, the RF voltage and phase were
monitored as well as beam magnitude and phase us-
ing lock-in amplifiers (LIA) during the beam time of
RIBFY. Fig. 1 shows the long-term deviation of RF
pickup voltages and phases in six tanks of RILAC ob-
served during Uranium acceleration (f=18.25 MHz) in
July 2008. The voltages for the last two tanks (#5
and #6) are rather stable within 0.05%, whereas that
for the tanks #1 — #4 deviate more than 0.1%. The
main reason for this difference is that Automatic Gain
Control units (AGC) used to stabilize RF voltage for
the last two tanks are newer than that for other tanks,
and are designed well in order to provide better stabil-
ity. On the other hand, phases are nearly monotoni-
cally increasing or decreasing, which is often observed
at RILAC. The low-level circuits for phase stability
(Automatic Phase Control units) are the same for all
tanks. The corresponding beam phases monitored by
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Fig. 1. RF voltage and phase of six tanks of RILAC. The
voltage deviation (upper panel) for tank #2, #5 and
#6 are shifted by —0.3% for visibility.

*1 QHI Accelerator Service Ltd.

two phase probes (PP-ell, X51) located downstream
of RILAC are shown in Fig. 2. A beam phase (arrival
time) changes depending on deviations of RF voltage
and phase. Therefore, if we assume deviation of RF is
small enough, we can define the first order coefficient
of beam phase against RF deviation. We determined
the coefficients using following two different method.

(1) Manually change RF voltage and phase for each
tank, and measure the beam phase. (parameter change
test)

(2) Fitting beam phase data with RF voltage and
phase deviation.

For the case of (1), we changed RF voltage by 0.09-
0.3% and phase 0.21-0.53°. For (2), the function used
for fitting is

6
d)beam _ Z(ai‘/iRF + blﬁbf{F) +e
=1

where ¢peam is the beam phase, VRF and ¢RY are
deviation of RF voltage and phase, respectively, and
a;,b;, c are parameters. For comparison, data for fit-
ting is separated into two: (2-a) initial 5.7 h, (2-b)
last 6.5 h. In the fitting, a standard deviation of beam
phase was assumed to be 0.015 ns taking noise level
of PP into account. The fitting results of beam phase
are shown in Fig. 2 as well as the values calculated by
putting the parameters obtained in parameter change
test into the fitting function. The results of fitting re-
produce PP-data reasonably. Although an agreement
with parameter change test is poor, fine structure is
well reproduced. These results indicates that the fine
structure of beam phase is actually caused by RF de-
viation. Fig. 3 compares the parameters obtained by
parameter change test and by fitting. For the voltages
of the last two tanks, parameters are significantly dif-
ferent between two methods. It seems that the fitting
method can not determine these parameters because
the RF voltages are nearly constant or not linear inde-
pendent. Other than the last two tanks, the largest co-
efficient is that in the voltage of tank #2 (~ 3 [ns/%]).
An improvement of a stability of beam phase was ex-
pected if AGC of tank #2 is upgraded to the same
as that for the previous two tanks. Therefore, an up-
grade of AGC was performed in September. A control
system was also modified so that RF voltages for the
first four tanks can be controlled in higher precision:
from 1/3000 to 1/6000 for #1, #3 and #4, and #2 to
1/60000, the same as used in the previous two tanks.
Fig. 4 shows the RF voltage and phase observed during
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Uranium acceleration in November. A time dependent
fluctuation of voltage in tank #2 became similar to
that in the last two tanks as expected. However, the
voltages for these three tanks started to decrease sim-
ilarly at around 0:00 on the 17th. As a result, stabil-
ity is within 0.15%, and is worse compared with that
in July (Fig. 1). The corresponding beam phase and
parameter fitting results are shown in Fig. 5 and 3, re-
spectively. PP-data during beam test (13:15 — 13:45)
were eliminated from fitting. From the fitting results, a
fluctuation of beam phase from 8:00 to 18:00 seems to
be mainly due to the RF voltage deviation of #3. RF
pickup voltage and phase are summarized in Tables 1
and 2. Further analysis is still in progress.

2008,/7/8 19:17 — 7/9 9:00
T T

—4.4 T T T T
—4.6
4.8 [}

-5.0

Arrival time [nsec]

data
param. test
fit (0 — 5.7h) 7
fit (7.2-13.7h)
-44 | | 1 1 1 1

-56.2

Arrival time [nsec]

Elapsed time [h]

Fig. 2. Beam phase measured by two phase probes (PP-
ell, X51) located downstream of RILAC. The data is
compared with fitting results.

L -
param. test
it (0 - 57n)  Af E
fit (7.2-13.7h)

dt/dV [nsec/%]
o

dt/d¢ [nsec/deg]
o

tank # tank #

Fig. 3. Comparison of parameters obtained by parameter

change test and fitting. Parameters a,; and b; are shown
in upper and lower panels, respectively.
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Fig. 4. RF voltage and phase of six tanks of RILAC. The
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Fig. 5. Beam phase measured on 2008/11/16-17.

Table 1. RF pickup voltage and phase measured by LIA
on 2008/07/08 19:17.

Tank # 1 2 3 4 5 6

Voltage [mV] 19.28 31.08 19.32 26.72 33.73 23.60

Phase [deg] —81.72 —85.61 —80.00 —82.28 —71.16 —68.67
Phase(shifted) 0 -3.89 1.72 —-0.56 10.56 13.05

Table 2. RF pickup voltage and phase measured by LIA
on 2008/11/16 8:00.

Tank # 1 2 3 4 5 6

Voltage [mV] 18.99 30.47 19.00 25.84 33.29 23.47

Phase [deg] —22.13 —30.36 —25.11 —28.16 —24.21 —20.66
Phase(shifted) 0 —8.23 —2.98 —6.03 —2.08 147

References
1) R. Koyama et al., in this progress report.
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Open-stub filter for fRC main amplifier

O. Kamigaito, T. Chiba, Y. Chiba, N. Sakamoto, and K. Suda

The fixed-frequency ring cyclotron (fRC) in the RI-
beam factory® has two accelerating resonators oper-
ated at 54.75 MHz.?) Each resonator is fed by an rf am-
plifier based on a tetrode RS2058CJ with a grounded-
grid configuration, and a maximum output power of
100 kW in the cw mode. The resonator and amplifier
are connected by a 5 m coaxial waveguide (WX-120D).
The typical input power for the acceleration of a ura-
nium beam is 70 kW at a gap voltage of 450 kV.

There was a problem in these rf systems because
the seventh harmonic component (383.25 MHz) be-
came prominent in the resonators, as shown in Fig. 1,
when the input power exceeded 40 kW. Apparently the
harmonic component, transmitted from the amplifier,
causes resonance of one of the resonant modes in the
resonator coupled to the beam chambers. There are
so many resonant modes in the frequency region above
350 MHz. In principle, the higher harmonic compo-
nent should be as small as possible because the pickup
signal from the resonator is rectified and used as input
to the feedback loop of the amplitude.

Marker: 54.4 MHz
6.37 dBm (-53.63 dBm/Hz)
I I

10 m
dém £(54.75 MHz)

7f (383.25 MHz)

+ 379.0{-{7 —

4f

10
B/

2f f’nf

g et oo ISV I 0 oL

-90
dBrn

Start: 30MHz Stop: 430MHz

Fig. 1. Measured power spectrum of pickup signal of the
accelerating resonator before installing the filter. Gap
voltage was 440 kV. Although not shown clearly, the
peak around the seventh harmonic component consists
of two different components: 383.25 MHz and 379.0
MHz. The latter indicates self oscillations of the ampli-
fier.

We first tried to suppress the harmonic component
of the output power by re-adjusting the circuit param-
eters of the amplifier, but the improvement was quite
limited. On the other hand, it seemed impossible to
find an effective way to move the resonant modes far
from the seventh harmonic frequency. Therefore, we
decided to insert a notch filter in each waveguide, as
illustrated below.

A schematic diagram of the filter is shown in Fig. 2,

|

Sliding | Moving
contact plate
Teflon ]
\
insulator [~ Stub
] [
WX-120D|(NF)
[ e
1 ]

0 5 10 cm
T

Fig. 2. Cross sectional view of the open-stub filter.

with an open stub added to a coaxial waveguide. The
length of the open-stub is chosen to be approximately
equal to the quarter wavelength at 383.25 MHz so that
the transmission through the coaxial line is zero at this
frequency. Since the length of the stub is much smaller
than the wavelength at 54.75 MHz, insertion loss at the
fundamental frequency is very small.

The size of the transmission ports of the filter is
based on WX-120D. In order to adjust the notch center
precisely, a moving plate was added to the open end of
the stub. The length of the stub and the stroke of the
plate were optimized by using the computer program
Microwave Studio.® The thickness and position of the
Teflon insulators were carefully taken into account in
the calculation. All the components except for the
inner conductor of the stub are made of copper, and the
inner conductor is made of brass plated with copper.

The measured scattering parameter |So1 | of the filter
is shown in Fig. 3. Transmission at 383.25 MHz can be
completely suppressed by adjusting the position of the
end plate. Insertion loss at the fundamental frequency
is very small, as expected. The filter was inserted into
the waveguide close to the output port of the amplifier,
as shown in Fig. 4.

The measured power spectrum of the pickup signal
after installing the filter is shown in Fig. 5. It is clear
that the higher order components are significantly re-
duced.

The filters worked stably during the uranium accel-
eration performed in this year.
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Fig. 4. Photograph of filter installed in the amplifier.

References
1) Y. Yano: Nucl. Instrum. Methods B 261, 1009 (2007).
2) N. Sakamoto, O. Kamigaito, S. Kohara, N. Inabe, M.

-125-

Marker: 94.4 MHz
6.47 dBm (-53.53 dBm/Hz)

10 \
m
dBm £(54.75 MHz)

10
dB/

3790 MHz |
4f
2f ; I

L Mot T WWWW ppcree]

-90
dbrn

Start: 30MHz Stop: 430MHz

Fig. 5. Measured power spectrum of pickup signal of the
accelerating resonator after installing the filter. Gap
voltage was 440 kV. The resultant peak corresponds
to a frequency of 379.0 MHz. The seventh harmonic
component (383.25 MHz) disappeared completely.

Kase, A. Goto, and Y. Yano: Proc. 3rd Annual Meeting
of Particle Accelerator Society of Japan and 31st Linear
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High-power test of four-rod cw RFQ for new injector to RI-beam factory

E. Ikezawa, O. Kamigaito, H. Fujisawa, N. Sakamoto, K. Suda, K. Yamada, T. Aihara,* T. Ohki,*

H. Yamauchi,* A. Uchiyama,* K. Oyamada,* M. Tamura,* M. Kase, A. Goto, and Y. Yano

* SHI Accelerator Service Ltd.

As reported in the last volume,” an RFQ system?”
consisting of a resonator, rf power amplifier system, and
water-cooling system, has been brought to RIKEN to be
recycled as part of the new injector’ for the RI-beam
factory. High power tests of the resonator were carried out
in 2008 as described below.

In February 2008, the water-cooling system was
reassembled and new pipes were installed to supply
de-ionized water for the resonator and the amplifier. The
vacuum level in the resonator did not deteriorate in the
presence of cooling water.

The rf amplifier mainly consists of two stages as shown in
Fig. 1: the 5 kW driver stage based on a tetrode RS3021C]J,
and the 50 kW final stage based on a tetrode RS2058CJ
with a grounded grid configuration. A 500 W solid state
amplifier is included in the driver stage. The amplifier was
reassembled in the following way. First, in September 2008,
the driver stage was brought to a factory and tuned to
provide the designed power. At the same time, the program
for the control unit was re-installed. Second, the final stage
was reassembled at RIKEN and all the units including the
DC power supply were connected with cables. Finally, the
amplifier system was tested with a dummy load. We
encountered no significant problems.

High power testing of the resonator started in December at
33.8MHz. So far, about 11 kW of power has been fed into
the resonator in the cw mode. The estimated inter-vane
voltage is 40 kV, which is sufficient for the acceleration of

the designed ions with M/q=6.8 in the new injector. The
vacuum stays at of 1x10 Pa during operation, and there
seems to be no problem of heating. However, the vacuum
pressure is insufficient for beam acceleration. In order to
improve the vacuum pressure, two turbomolecular pumps of
the RFQ will be replaced with cryogenic pumps.

The resonant frequency of the RFQ should be changed to
36.5 MHz when it is used in the new injector. We are
planning to put block tuners in the resonator in this fiscal
year. The calculation of the eigenmode has just started.

References
1) O. Kamigaito et al.: RIKEN Acc. Prog. Report 41, 91
(2007)
2) H. Fujisawa: Nucl. Instrum. Methods A 345, 23 (1994).
3) O. Kamigaito et al.: in this issue.
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Design of a water-cooling device for the rf shield
of an SRC rf resonator

S. Yokouchi, M. Nishida,* K. Yadomi,* K. Yamada, N. Sakamoto, H. Okuno, M. Kase, and A. Goto

It was required to design a device to prevent a
cryogenic vacuum pump (the ”cryopump”) from being
heated by thermal radiation from the rf shield of an
SRC rf resonator.') The rf shield faces the cryopump,
and its temperature reached a maximum of about 180
°C due to wall loss during operation of the rf resonator
at the maximum voltage of 600 kV. Although installa-
tion of a cooling baffle was considered between the rf
shield and cryopump for thermal shield, direct cooling
of the rf shield was selected for reasons of gas flow con-
duction, on the condition that the device was attached
to the rf shield without welding or brazing.

The water-cooling device mainly consists of an in-
sert flange and a water-cooling pipe as shown in Fig.
1. The insert flange is made of stainless steel, and
mounted between the cryopump and the port flange.
The water-cooling pipe is a single seamless pipe made
of oxygen free copper (OFC), worked by bending. In-
ner diameter and length of the pipe are 5 mm and
about 3.8 m, respectively. Clamps made of OFC are
brazed to the straight portion of pipe at intervals of 10
mm to provide flexibility so that the water-cooling pipe
can be easily attached to the rf shield. The rf shield
is pressed tightly between the clamps and equalizing
plates with sixty-two M5 screws to ensure good ther-
mal contact (See detail ”A” of Fig. 1). Total length of
the clamps are 2.3 m, and total contact area with the
rf shield is 0.021 m?.

The two ends of the water-cooling pipe are pulled
out from the vacuum side into the atmosphere through
two holes in the insert flange. Vacuum tightness is
maintained by the shaft seal method using an O-ring
in a groove with triangular cross section (See detail
"B” of Fig. 1).

Wall loss of the rf shield is estimated to be roughly
2 kW. Under the assumption that all of this heat is
removed by water flowing in the water-cooling pipe,
various parameters were calculated so that the pipe
flow velocity of water, pressure drop, and temperature
increase were below 4 m/s, 0.15 MPa, and 10 °C, re-
spectively. Table 1 shows the typical design parameters
of the water-cooling pipe.

In heat transfer between the rf shield and water-
cooling pipe, the temperature difference is caused by
convective heat transfer at the inner wall of pipe, ther-
mal conduction in the clamps, and thermal contact
between the rf shield and clamps. Each temperature
difference is approximately estimated assuming that
the amount of heat transferred per unit time is 2 kW,
and the water inlet temperature is 20 °C.

*  SHT Accelerator Service, T.td.

Table 1. Typical design parameters of water-cooling pipe
for heat input of 2 kW. X\ is calculated using Blasius

equation.
Volume flow rate of water (L/min) 4.0
Pipe flow velocity of water (m/s) 34
Reynolds number R. 18900
Coefficient of pipe friction A 0.027
Pressure drop (MPa) 0.13
Temperature rise of water (°C) 7.2

The heat transfer coefficient is calculated to be 15
kW /m?2°C for the design volume flow rate of 4.0 L /min
using the Dittus-Boelter equation. Using this value,
the logarithmic mean temperature difference, and the
pipe wall temperature are estimated to be 7.3 °C and
31.5 °C, respectively.

The temperature difference in the clamps is calcu-
lated to be 3.6 °C. As a result the contact surface tem-
perature of clamps with the rf shield is 35.0 °C.

The thermal contact resistance can be estimated us-
ing the Tachibana® and Sanokawa® equations. Ac-
cording to those equations, the resistance is propor-
tional to solid hardness, inversely proportional to ther-
mal conductivity and contact pressure, and slightly
affected by solid surface roughness if both solids are
made of the same material. For a hardness of 112
(HB) and a contact pressure of 7.1 MPa, the thermal
contact resistance is calculated to be ahout 6.8 x 10~°
(m?°C/W). By using this result, the temperature dif-
ference is calculated to be 6.5 °C. Consequently the
temperature around the top of rf shield is expected to
be about 42 °C.

According to the manufacturer of the cryopump an
allowable thermal load for a refrigerator of cryopump
can be substituted for an allowable temperature of a
surface with an emissivity facing the cryopump, and in
the case of a surface with emissivity of 0.6 a permissible
temperature of surface is below 58 °C .4 Assuming
that emissivity of the rf shield is at the same level
as copper oxide, which is commonly considered to be
below ~0.6, the temperature of the rf shield is expected
to be appreciably lower than that permissible.

Although the cryopump has a pumping speed of 10
m? /s for nitrogen gas, the effective pumping speed at
the bottom of the rf shield should be considered from
a practical standpoint. When connecting conducting
elements (e.g. tubes, baflles, etc.) for molecular flow
in series when the cross-sectional areas are different, it
is convenient to use a transmission probability (a so-
called Clausing’s factor), and the relation is expressed
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Fig. 1. Structural drawing of the water-cooling device.

by Eq. (1)% vice for nitrogen gas at 20 °C are eventually calculated
1 1 " 11 to be 4.6 and 4.1 m3 /s, respectively.
R —( —1) Two water-cooling devices were manufactured and
AiWin L — A Wi installed at the number 2 and 4 rf resonators in 2008,
nolg oy and the SRC vacuum is performing well.
+ D G 1) bt
i—1 Ai " Aig References
Sivig1 = 1 for A <A, 1) N. Nishida et al.: RIKEN Accel. Prog. Rep. 42, xxx
2 .
(Si7i+1 =0 for Ai+12Ai, (1) ( 009)

where n is the number of of elements, W7, is the to-
tal transmission probability passing through from the
entrance of the first element to the exit of the nth
element, and W; and A; are the transmission proba-
bilities and cross-sectional areas of the individual el-
ements, respectively. A pumping probability which
denotes the ratio of the pumping speed to the con-
ductance of the pump inlet has the same meaning as
a transmission probability. Therefore, when a vacuum
pump is connected to a chamber by conducting ele-
ments in series, the effective pumping probability is
also derived from Eq. (1) by adding the vacuum pump
as the last element. Table 2 shows the transmission
probability and cross-sectional area of individual ele-
ments and the effective pumping probability without
and with the water-cooling device. The effective pump-
ing speed is obtained as the product of the conduc-
tance and effective pumping probability at the bottom
of the rf shield, and the conductance for nitrogen gas at
20 °C is determined by multiplying 118 (m?/sm?) hy
the cross-sectional area of the rf shield. The effective
pumping speed with and without the water-cooling de-
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Table 2. Transmission probability and cross-sectional area

of individual elements, and effective pumping probabil-

ity with and without the water-cooling device. Trans-

mission probability of the water-cooling pipe was cal-

culated as a rough estimate due to the labour involved.

Element Transmission  Cross-sectional
probability area (m?)

Rf shield 0.358 0.153
Water-cooling pipe 0.703 0.177
Opening of cryopump port 0.941 0.177
Insert flange 0.907 0.212
Cryopump 0.415 0.204
Effective pumping probability

without device 0.256

with device 0.229
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The heating effect of cryogenic vacuum pump of SRC rf resonator

M. Nishida,* S. Yokouchi, K. Yadomi,* K. Yamada, H. Okuno, N. Sakamoto, and M. Kase

The SRC has four rf resonators (RES1, RES2, RES3, and
RES4). Each rf resonator is evacuated by three cryopumps
(CP1, CP2, and CP3) whose nominal diameter is 500 mm
as shown in Fig. 1. A vacuum pressure inside an rf
resonator is kept as low as 10 Pa when an rf voltage of the
rf resonator is less than 500 kV. However, a vacuum
pressure inside RES4 became high above a permissible
level after its rf voltage was raised up to a design value of
600 kV. The variation of temperature inside every
cryopumps and vacuum pressure of RES4 is shown in Fig.
2. A temperature of 80K baffle (77), which was considered
to be approximately 50 K higher than that of 1st stage of
refrigerator, was also measured as well as that of 2nd stage
(T3). The T and T, of CP1 increased with time, and reached
above 40 K and 200 K at t = 4 hours, respectively. On the
other hand, the 7} of CP2 and CP3 changed little with
increase in time. The vacuum pressure increased steeply
with time just after t = 0, and at t = 2 hour fell rapidly to
around 1X 10° Pa. This drastic increase in pressure is
considered to be caused by a large amount of hydrogen gas
desorbed from an adsorption panel of CP1 due to increasing
T, above ~20 K.

Wall loss has a peak value at the centre of rf resonator,
and decreases with a distance from it. Since CP1 faces to
the centre of rf resonator, input power to rf shield at CP1
port is larger than that to others. Therefore, this rf shield
may be heated too much if it is not water-cooled
sufficiently.

A check inside RES4 was carried out. As a result about
half of screws, which fixed rf shield to copper plate (See
Fig. 1(b)), turned out to be loose. After tightening these
screws by a roughly 1/4 turn (re-tightening), 77 and 7, of

CP1 were measured. The measured result is shown in Fig. 3.

Although both T} and 7; after re-tightening were lower than
those before re-tightening, the 7} did not decrease below
130k equivalent to a permissible value of 80 K for 1st stage.

In order to decrease 7 bellow 130 K, it was concluded
that an rf shield at CP1 had to be cooled to prevent CP1
from being heated by thermal radiation from it. A
water-cooling device for an rf shield was designed.” The
device is chiefly composed of an insert flange of stainless
steel and a cooling pipe of oxygen free copper which is
built in the insert flange and clamps end face of the rf shield
(See Fig. 4). Only two pieces of device were manufactured
for RES2 and RES4, and installed at each CP1 port. Figure
5 shows Tj, T, and vacuum pressure for RES2 and RES4
after installing a water-cooling device. The T}s were kept
below a permissible temperature of 130 K, and the 75s were

* SHI Accelerator Service, Ltd.

kept as low as 15 K. The vacuum pressures were kept
approximately between 1 to 2X 10” Pa, although small
peaks were observed within t = 2 hours. The devices for
RESI and RES3 are now in manufacturing, and will be
installed in February 2009.
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Fig. 1. (a) Layout of cryopumps installed for an rf
resonator. (b) Cross-sectional view of A-A in (a) and top
view of rf shield.

- 129 -



250 1.E-03

- & T1 of CP1
[ -T2 of CPI ]
[ -+ T2 of CP2 ]
200 | = T2 of CP3
[ - Pressure
| 1 1.E-04
x ] =
E150 r 1 P_'u_s
2 ] ®
= N 3
(o] %]
g 1 6
5100 . &
1 1.E-05
50 | ]
| g=gap-3RR2RR p-R-0Q—8—t-g =" |
0 L1 L [ I T | L1l 1E_06
-1 0 1 2 3 4

Time [hours]

Fig. 2. The variation of temperature inside cryopumps,
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Fig. 4. Photograph of water-cooling device mounted at
cryopump port flange.
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Fig. 5. The variation of temperature inside cryopumps,
and vacuum pressure for RES2 and RES4 after each rf
voltage was set to 600kV at t = 0O after installing a
water-cooling device. The solid lines represent the
temperatures and pressure for RES4, and the dashed lines
denote those for RES2.
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The effect of vacuum pressure on transmission efficiency of RILAC

K. Oyamada,* S. Yokouchi, N.Fukunishi, E. Ikezawa, and M. Kase

It is strongly required to improve the transmission
efficiency of the RIKEN heavy-ion linac (RILAC) in order
to obtain a higher beam intensity of uranium beam in the RI
beam factory (RIBF)."” The transmission efficiency of **"U
beam in RILAC was as low as 31% during the
commissioning in early 2008, which is appreciably lower
than typical transmissions, e.g. ~41% for *'*Fe, and ~53%
for “1Zn.

In the case of the acceleration and transport of a
high-charge state heavy ion such as **"U in RILAC, the loss
via the charge-exchange processes of the beam with
residual gas in vacuum chambers may decrease the
transmission efficiency. In fact, vacuum pressures of
RILAC had been in the range of 10° Pa. The vacuum
required for the low energy *>'U beam transport was
estimated to be as low as 10° Pa to keep the beam loss
negligible. We investigated the effect of the vacuum
pressure along the RILAC beam line on the overall
transmission efficiency.

Figure 1 shows a layout of the RILAC. All the vacuum
pumping system are shown in the figure.  The whole
beam lines are divided into fourteen sections; RFQ,
rebuncher, six RILAC cavities and the beam lines between
them. Each section is equipped with one or two vacuum
pumping systems via an individual vacuum valve (VH). We
measured the change in the overall transmission from RFQ
to the CAVITY#6, when the vacuum pressure in section x
was intentionally increased by closing the corresponding
VH;, without changing the vacuum in neighboring sections.

The overall transmission efficiency of the RILAC that is
defined as a ratio of the beam intensity at the location of
ell to that at the location of R1 is denoted by 7, which is
obtained after sufficient beam tuning. Suppose that the
initial transmission 7, is degraded to 7, as the vacuum
pressure in section X is raised from the initial value poy to
pmy after VH, is closed,

Since 7/ 7, denotes change in transmission of the
vacuum section x, a beam loss ( A m,), which occurred
additionally in the section is 1- 77,/ 7,. A my is considered
to be approximately linear with respect to sufficiently small
defferences in the vacuum pressure, Apmy, (=pmy- poy)
assuming that both cross section and path length are
constant. Therefore, an intrinsic beam loss ( Zy) in the
section x is calculated by 2, =Am, X (poy /Apm,).

Thus the estimated values from the measurements of A ,

* SHI Accelerator Service, Ltd.

at each section are plotted in Fig. 2.  The beam loss in the
upstream of RILAC was larger than that in the downstream
expectedly. This result suggests that the vacuum effect on
transmission efficiency is larger in the upstream of RILAC
and that the improvement of the vacuum in the upstream is
therefore more important. Although the 4, in the section
VACI12 looks large in Fig. 2, it was caused by a temporary
increase in vacuum pressure during measurement and was
certified to be normally as low as that in other sections in
the downstream later.

Based on these results, the pumping systems for the three
upstream sections, RFQ, 014, and CAVITY#l were
reinforced in the summer of 2008 as follows: one of the
1500 L/s TP’s was replaced by a 2400 L/s CP in the RFQ,
one new 220 L/s TP was added at the 014, and 2400 L/s TP
was replaced to 13000 L/s CP in CAVITY#1. As for the
rebuncher (REB), its vacuum system could not be improved
under present circumstances. The estimation of effective
pumping speeds for these three sections before and after the
changes are summarized in Table 1. The changes in the
vacuum pressures of the three sections are shown in Figure
3, and have improved corresponding to the increase in
pumping speeds.

We received a transmission of ~40% during beam testing
autumn 2008. This value for the transmission was improved
by 10% from previous ones which can be explained by the
measurement results in table 2. This improvement in
transmission efficiency is thought to be mainly attributed to
the reduction in the vacuum effect.

Total pumping speed(L/s)
Improved
Section Before After
ratio
improvement improvement
RFQ 1114 1672 1.5
014 216 376 1.7
CAVITY#l 4426 10585 24

Table 1. Comparison of total effective pumping speeds of
CAVITY#1,RFQ, 014 and CAVITY#1 before and after the
improvement of vacuum pumping system. Improved ratio
represents the ratio of total effective pumping speed after
the improvement to that which previously occurred.
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Fig. 1, Layout of the RILAC. TP denotes a turbomolecular pump, and the nominal pumping speeds of TP-, TP-L2, TP-M,
TP- L1S1, and TP-S2 are 5000, 2400, 1500, 350, and 220 L/s respectively. CP- represents a cryopump, and the nominal
pumping speeds of CP-20, CP-16, and CP-10 are 13000, 5000, and 2400 L/s respectively. Names in parentheses indicate
those of the vacuum pumps replaced and name in brackets shows that of the vacuum pumps added in the improvement of the
vacuum pumping system. The transmission efficiency of the RILAC is defined as the ratio of beam currents through ell to

that through R1.
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Vacuum Section and Cavity#1. The result shows the transmission can be
improved by a total of 12%.

Fig. 2, Plot of intrinsic beam loss at each section
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Development of polymer-coated carbon stripper foils

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

Carbon foils (C-foils) are extensively used as charge
strippers for heavy-ion beams at the RIKEN RI beam
factory. As thicker C-foils became necessary, we started to
develop polymer-coated carbon foils (PCC-foils)" in 2005.

A beam test on the lifetime of C-foil with a fixed holder,
with a racetrack-shaped hole of 14 mm x 23 mm, was
performed in April 2008. The foil consisted of 5
poly-monochloro-para-xylylene (Parylene) layers and 5
carbon layers. Multi-layer PCC-foils were irradiated with a
11 MeV/u 2*U*" beam at an intensity of 0.5 epA that was
delivered from the RIKEN ring cyclotron (RRC). The beam
spot size was approximately 5 mm in diameter. The lifetime
was determined by monitoring both the beam intensity of
the stripped ions and the image of the C-foil on a TV
display. Figure 1 shows photographs of two examples of
multi-layer PCC-foils of 300 pg/cm® in carbon thickness
after irradiation. Although the both foils were made in the
same way, their lifetimes were substantially different; the

foil in Fig. 1 (a) ruptured in a very short time and that in Fig.

1 (b) did not deteriorate even after 15 hours. Multi-layer
PCC-foils are easily deformed by the heat due to beam
irradiation because of the characteristics of Parylene.

Since the lifetime would become long if the Parylene was
evaporated well or its polymer characteristics were lost, the
final layer of the five Parylene layers was not deposited and
the foils were put in an oven at 523 K (250 °C) for several
hours before release off the glass substrate. PCC-foils made
in this way stopped rupturing instantly, and all of them were
usable for 6-24 hours in a beam study performed in July
2008. The beam condition in this beam study was the same
as that of the previous test in April. These lifetimes are
almost the same as those of C-foils (XCF-300) of the
Arizona Carbon Foil Co. Inc.
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Fig. 1. Photographs of the 300 pg/cm2-thick
multi-layer PCC-foils after irradiation with a 238U35+
beam: (a) PCC-foil that ruptured in a short time and
(b) PCC-foil that was still usable after more than 15
hours.
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Fig. 2. AFM images of the surface of the substrate side of
the 300 pg/cm’-thick multi-layer PCC-foil:  (a)
non-irradiated part and (b) irradiated part.
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Fig. 3. AFM images of the surface of the evaporating source
side of the 300 pg/cm’thick multi-layer PCC-foil: (a)
non-irradiated part and (b) irradiated part.

An Atomic Force Microscope (AFM)? was introduced to
observe the surface of thin C-foils. Figures 2 and 3 show the
observed surface images of the non-irradiated part and the
irradiated part of the 300 pg/cm’-thick PCC-foils,
respectively. The imaged area size was 2 pum x 2 um. The
surface of the substrate side of the non-irradiated part, as
shown in Fig. 2 (a), was observed to be flat with a small
amount of rough area and to have crushed carbon mounds
(200 — 300 nm in diameter). On the other hand, the surface
of the evaporating source side, as shown in Fig. 3 (a), was
observed to be quite rough and to have many carbon
mounds attached. The surface of the PCC-foils after beam
irradiation changed drastically. The surfac