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PREFACE

The RIKEN Accelerator Progress
Report is the annual report of all the
research activities conducted at the
RIKEN  Nishina  Center  for
Accelerator-Based Science (RNC).
This volume (No. 56) covers the
activities conducted during the
Japanese fiscal year 2022 (i.e., April
2022 to March 2023).

With restrictions on  social
activity due to the coronavirus
pandemic being gradually eased last
year, we have been able to reconnect
with friends and families in person
for the first time since the spring of
2020. The same was true research-
wise, with many researchers from
abroad visiting to RIKEN to
participate in the experiments
scheduled at the end of the year. At
the end of October 2022, “The
Yoshio Nishina Memorial Event” was successfully held in person as well. With the attendance of guests related to or
have connection with Dr. Nishina who came all the way to Wako, the event turned out to be a great opportunity to spark
interest not just among the participants but to a wider community about Dr. Nishina’s achievements and the Nishina
Center’s latest initiatives and research activities.

One of the messages that we wanted to communicate through “The Nishina Yoshio Memorial Laboratory” is the
“Copenhagen Spirit” that took hold in the research field pioneered by Dr. Nishina. The Spirit is still very much alive in
Japan, and [ think the main reason is because it matches the philosophy of “Yaoyorozu no kami (eight million gods),” a
traditional Japanese belief that says god exists in everything. Because individual’s ideas and curiosity are the base of
science and technology, each one can be called a Creator. Every social activity should acknowledge and embrace
differences in one’s sensibility and heighten each other’s originality. It is my wish that we will contribute to realizing a
peaceful society where individuals can shine, an endeavor to be achieved when the essence and role of science and
technology are fully incorporated into society while not repeating the mistakes made about 80 years ago.

95 years later, since the first cyclotron built by Dr. Yoshio Nishina, the superconducting ring cyclotron (SRC) was
registered in the Guinness World Records in April 2022, as the highest energy beam cyclotron which achieves 82,400
MeV of a uranium beam. The SRC was constructed with advanced technology from Japanese industries and completed
in 2006. Since then, the uranium beam has been utilized in more than 100 publications. The other beams also have made
a significant contribution to the development of the low energy nuclear physics.

Yasuki Akiba has been appointed as the Director of RHIC Physics Research Group to conduct the sPHENIX
program at RHIC as of April 2022. Tetsuya Ohnishi has succeeded, as the Director of Instrumentation Development
Group as of October 2022. Yoshihide Higurashi has been appointed as the Team Leader of RILAC Team as of October
2022.

In March 2023, an event celebrating three decades of collaboration between RAL and RIKEN was organized. The
RIKEN-RAL Muon Facility was concluded at the end of March. The muon programs have produced over 500
publications, including muon-catalyzed fusion, condensed matter physics and chemistry and battery materials, and have
made new departures in international collaborations, involving South-East Asian countries such as Indonesia, Malaysia,
and Thailand. A new partnership between ISIS RNC has been established since April 2023 to encourage collaboration
in areas of accelerator-based sciences.

Many outstanding research results were obtained at RNC last year. Twelve press releases were disseminated in
FY2022. Selected strides made in 2022 have been compiled in the “Highlights of the Year” section in this volume,
which show successful multi-disciplinary activities of RNC for science, technology, and innovation. One of the
highlights was the successful observation of four neutron states by using a different method to observe the phenomenon
already observed few years ago. This research achievement has been chosen by the Institute of Physics as one of the
“Top 10 Breakthroughs of the Year for 2022.” The discovery of 3*Na was featured by the YouTube program of
“Periodic Table of Videos.” The first mass measurement with Rare-RI Ring was published to give an impact to the r-




process path. Reduction of chiral condensate was found through precise observation of pionic atomic states.

Members of RNC received various awards. Kimiko Sekiguchi received the “42"¢ Saruhashi Prize” and Pieter
Doornenbal received the “Friedrich Wilhelm Bessel Research Award.” The members of the Beam Mutagenesis Group
were also awarded. Tomoko Abe received the “10" Wada Memorial Award,” Tomoko Abe, Yusuke Kazama, and
Tomoya Hirano received the “Japanese Society of Breeding Award,” and Tomoko Abe, Hiroyuki Ichida, and Ryohei
Morita received the “Japanese Society of Crop Science Best Paper Award.” The “Young Presentation Award by the
Beam Physics Study Group” was presented to Yasuyuki Morita. Yusuke Kazawa was awarded the “Atomic Energy
Society of Japan Data Division Encouragement Award.” Kai Kikuchi and Rurie Mizuno were presented the “29™
International Conference on Low Temperature Physics Poster Award” and “Outstanding Presentation Award,”
respectively. The “2022 RIKEN Awards” included the “EIHO Award” presented to Hiromitsu Haba, “BAIHO Award”
presented to Takashi Abe and Takaharu Otsuka, Yoshitaka Yamaguchi and Makiko Nio, and “OHBU Award” presented
to Yudai Shigekawa and Yasushi Abe.

I ();‘(-\/ —
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Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science
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Nuclear masses weigh heavily with us

As a self-organizing quantum system, the nucleus
makes every effort to reduce its mass. As a natural
consequence, the nuclear mass contains all the informa-
tion on mechanisms that stabilize the nucleus. These
mechanisms can be traced back using the nuclear mass
data.

In 1919, Francis William Aston performed the first
successful mass measurement and discovered many iso-
topes using his mass spectrograph. At that time, the
mass resolution was approximately 1%. The subse-
quent century has witnessed incredible developments
in techniques used for measuring nuclear masses. The
most established and famous techniques of precision
mass measurements are the Penning trap method and
the Schottky method using a storage ring.

Unfortunately, neither of the methods can be ap-
plied to mass measurements of rare nuclei produced at
the RI Beam Factory (RIBF). This is solely because
of their short lifetimes of >>1 s. In the long measure-
ment time (>1 s) of the Penning trap and the Schottky
methods, the short-lived nuclei decay to their daugh-
ters, which prevents us from measuring their masses.
The main physics cases in nuclear mass measurements
at RIBF involve the magicity and the r-process nucle-
osynthesis, both of which require a mass precision of
100 keV, or ém/m ~107%. Since the statics expected
for rare nuclei are as small as ~102, a mass resolving
power of 10° or better is mandatory in their studies.

The unprecedentedly fast mass-measurement tech-
nique with a mass resolving power as high as m/Am >
10° has been highly desired, but accomplishing it is a
big challenge for nuclear physicists.

Scientists at RIKEN, KEK, and CNS have tackled
this problem and have recently succeeded in measur-
ing masses of rare nuclei: The first one is the TOF-
Bp mass measurement using the long OEDO beamline
coupled with the SHARAQ spectrometer. The mea-
surement combining a flight length of 105 m (one path)
and the high-resolution magnetic system with a con-
trolled correction of higher-order aberrations enables
an extremely short measurement time of 0.0005 ms
with a reasonable resolving power of >10* and a high
efficiency of ~100%.

The second is an isochronous mass measurement us-
ing the Rare RI Ring (R3). R3 is the world’s first
cyclotron-type storage ring with an individual injection
capability. The setup leads to a 0.7-ms measurement
time with a resolving power > 3 x 10°.

The third is the multireflection time-of-flight
(MRTOF) mass spectrograph combined with a gas
catcher system. This versatile and “portable” device
can be placed at any beamline to accept a wide variety
of nuclei, whose masses are measured in several tens of

-S1-

ms (including the time needed to stop the ions) with
a high resolving power of 10°.

The combined use of the abovementioned three tech-
niques with different characteristics, shown in Fig. 1,
opens a broad spectrum of research opportunities at
RIBF.
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Fig. 1. Mass precision and nuclear half-life regions covered
by the three mass measurement methods.

TOF-Bp mass measurement using OEDO-
SHARAQ

The OEDO-SHARAQ system, initiated collabora-
tively by CNS, the University, of Tokyo and RIKEN
Nishina Center is promoting the program of direct
mass measurements of radioactive nuclei far from the g
stability line. In 2009, the OEDO-SHARAQ program
started with the installation of the SHARAQ spec-
trometer’) and a dispersion-matched High-Resolution
beamline? (renamed by OEDO beamline in 2017) into
the downstream of the BigRIPS separator® at the
RIBF facility.

Atomic masses of very short-lived nuclei have been
determined so far by various time-of-flight (TOF)
methods. In our system, the TOF magnetic-rigidity
(TOF-Bp) method, developed at GANIL,* has been
adopted, and further sophistication in its ion optics
and detector performance has been implemented for
the measurements. The principle of mass determi-
nation using the TOF-Bp method can be simply ex-
pressed by the following relation:

m  Bp ct\?
T (E) W

where m, q, ¢, t, and L are the nuclear mass, atomic
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charge, speed of light in vacuum, TOF, and the flight-
path length, respectively. This relation corresponds
to the Lorentz force in a magnetic field, and indicates
that the mass-to-charge ratio (m/q) is determined by
TOF as long as the flight-path length and the mag-
net field of the beamline are fixed. However, because
the flight-path length is indeed dependent on the inci-
dent condition of the short-lived nuclei, we perform an
event-by-event correction of the flight-path length us-
ing the trajectory information obtained at the starting
and final foci of the beamline. The essential point that
has led to the success of our direct mass measurement
program has been the high-resolution performance of
the system.

The detector setup for the mass measurements is
shown in Fig. 2. The CVD diamond detectors were
installed at F3 and S2 to measure the TOF. The CVD
diamond detector was developed at CNS to achieve
high-resolution timing and high-rate capability.?) The
low-pressure multiwire drift chambers (LP-MWDCs)%)
were used for beam tracking at F3 and S2, and pro-
vided beam-trajectory information that is mandatory
for accurate corrections of the flight-path lengths. A
delay-line parallel-plate avalanche counter (DL-PPAC)
installed at SO measured the Bp values of the beam
particles. The m/q values of the individual short-lived
nuclei were determined based on the combination of
these measured quantities on an event-by-event basis.
Additionally, a silicon solid-state detector (SSD) was
used to identify the atomic numbers. The delayed
~v-ray detection system was placed at the end of the
beamline to search for the unknown isomeric states in
the radioactive nuclei.

FO
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Fig. 2. Experimental detector setup in the OEDO-SHARAQ
system for the direct mass measurements.

An advantage of the SHARAQ mass measurements
is its accessibility to very short-lived isotopes, whose
lifetimes are less than 1 ms, with its high transmission
efficiency, because the TOF of the system is as short as
~500 ns. With this capability, the system is expected
to enable the measurement of nuclear masses on the
dripline.

-S2-
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We have successfully measured the atomic masses
of very neutron-rich Ca and Ti isotopes towards the
dripline by a single setting of the BigRIPS separator
and the SHARAQ spectrometer. These new masses are
covered with the region connecting the emergence of
magicities at N = 32 and 34 and the island-of-inversion
at N = 40. The work has clearly exhibited the sud-
den emergence of magicity in >*Ca.”) Moreover, the re-
sults for T1i isotopes reveal an onset of the Jahn-Teller
stability around 2Ti,%) indicating shell quenching at
N = 40 based on the comparison with the theoretical
mass predictions.?)

These experiments have demonstrated that our ex-
perimental technique has capabilities to efficiently pin
down the mass irregularities and provide essential in-
formation on its onset mechanism based on mass evolu-
tion. Recently, the first TOF-Bp mass measurements
after the construction of the OEDO system were per-
formed to access the mass region of two-proton ra-
dioactivity.'?) The TOF-Bp method excels in extend-
ing the mass data toward the nuclear drip lines. We
will extend our challenge toward the "®Ni and '°°Sn
regions in the near future.

Isochronous mass measurement with the rare
RI ring

In the decade after the R3 was built, we have suc-
cessfully conducted its commissioning using a primary
beam, validation of the mass measurement method us-
ing unstable nuclei with known masses, and precise
mass measurements. Recently, the mass of 123Pd, one
of the nuclei near the second peak of the r-process,
was successfully determined.'” The impact of the mea-
sured mass on the heavy element synthesis was inves-
tigated by inputting the new mass value into the -
process network simulations from which its effect on
the probability of neutron capture and neutron emis-
sion after beta decay were evaluated. The composi-
tions observed in the solar system can be reproduced
with the new mass value.

Figure 3 illustrates the mass measurement scheme
of the R3. The mass measurements for such nuclei
have been achieved by our bold move to connect a
cyclotron and a storage ring, which have been known
to be essentially incompatible, taking the advantage
of the “long” fragment separator. The key point of
this scheme is to know, prior to injection, that the
nucleus of interest is produced in the first section of the
BigRIPS and to inject it into R3. The masses are then
determined event-by-event by performing isochronous
mass spectrometry (IMS).12:13)

In RIBF, various unstable nuclei are produced by
the in-flight fission of the uranium beam or the projec-
tile fragmentation of heavy-ion beams such as xenon,
krypton, etc. Their extremely low production rate
makes the timing of production completely random.
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Beamline

Fig. 3.

The species of the produced nuclei can be identified on
an event-by-event basis using the Bp-TOF-dE method
in the FO-F3 section of BigRIPS.'¥) Subsequently, the
identified isotope passes though the timing detector
placed at F3. Using the timing and energy-loss in-
formation from the detector, the signal to trigger the
R3 kicker system is generated only for the isotopes
of interest. Synchronization of the kicker excitation
to the arrival of the isotope beam is the key technol-
ogy enabling the unique combination of a cyclotron
and a storage ring. It should also be noted that the
RF signal from the accelerator is utilized to efficiently
reduce the trigger rate by filtering the signals corre-
sponding to unnecessary events. Using this setup, we
have realized the isotope-selectable self-triggered injec-
tion, called the individual injection, for the first time.

The injected isotope is circulated in R3 for certain
turns (typically ~2000) and extracted after ~1 ms.
The revolution time is obtained by dividing the flight-
time between injection and extraction by the number
of turns. Further, the extracted events are identified
once again for verification (re-PID). The ratio of the
revolution times of the nucleus of interest to a refer-
ence nucleus, whose mass is well known, is use to ac-
curately determine the mass. It should be noted here
that isochronism of R3 holds only for a single isotope,
the reference nucleus in many cases and the revolution
time of the nucleus of interest has momentum depen-
dence. Thus a small correction is introduced using the
velocity, 8, or Bp determined by the measurements
prior to injection.

The main factor crucial for the precision of the
derived mass is the degree of isochronism, including
the magnetic field fluctuation. Isochronism is de-
fined by the spread of the revolution time, dT/T, in
the acceptance of the ring. A standard deviation of
dT/T ~ 2.8 x 107° for a high degree of isochronism
has been achieved at R3 for the full momentum ac-
ceptance (dp/p ~ £0.3%). This leads to a high mass
resolving power of 3.5 x 105. We have established a
scheme that can determine masses of the order of 106
with a measurement time of less than 1 ms. Further

=0 =e =>

Conceptual design and method for measuring the mass of short-lived rare nuclei using R3.

efforts are ongoing to increase the mass resolving power
and injection efficiency by upgrading the kicker sys-
tem,®16) and by fine-tuning the ion optics. In the near
future, it is expected to be able to derive the masses of
nuclei in a region that can only be achieved with the
R3, i.e., the nuclei having half-lives of <10 ms, and
extremely rare that one can be extracted in a day.

MRTOF mass measurement

Three multi-reflection time-of-flight mass spectro-
graphs (MRTOF-MS) are in operation at RIBF. One
of them is called ZD-MRTOF, which is located be-
hind the ZeroDegree spectrometer (ZDS), combined
with an RF-carpet-type cryogenic He gas catcher
(RFGC)'™'®) in the SLOWRI project (Fig. 4). The
fast (>100 MeV /nucleon) Rls provided from BigRIPS
are stopped in the He gas and extracted as slow
(<10 eV) RI ions from the RFGC using RF ion car-
pets. They are then guided into an ion trap, accumu-
lated, cooled, and injected into the mass spectrograph
(Fig. 5).'%) The ions are reflected back and forth be-
tween the ion mirrors typically for 600 revolutions cor-
responding to ~10 ms at a maximum kinetic energy
of 2.5 keV. Currently, the maximum mass resolving
power has reached to 10°.

Since the location of the ZD-MRTOF is just in front
of the beam dump of ZDS, mass measurements have
been conducted symbiotically by re-using the RIs from
other experiments carried out upstream without extra
costs. For example, during the in-beam ~-ray experi-
ments (HICARI campaign) in winter 2020, more than
70 masses on RIs were measured with the ZD-MRTOF
system (Fig. 6). Among them, three isotope masses
have been measured for the first time and mass uncer-
tainties of 11 isotope have been significantly improved
from the previous ones.

For Ti and V isotopes, the nonexistence of the N =
34 empirical two neutron shell-gaps has been revealed
experimentally with the new precision achieved by our
equipment.2%)

-S3 -



RIKEN Accel. Prog. Rep. 56 (2023)

AR

Fig. 4. Photographs of an RF-carpet-type He gas catcher
(RFGC) behind ZDS of BigRIPS.

Fig. 6

The second MRTOF is located downstream of
the beamline at the KEK isotope separation system
(KISS), which employs a mass spectrograph and a par-
ticle identification detector for laser spectroscopy. In-
gas-cell laser resonant ionization spectroscopies for Os
and Pt isotopes have been conducted with the KISS-
MRTOF.?1:22) In addition, a new isotope of *!U has
also been discovered by a precise mass measurement
using KISS-MRTOF.23)

The third MRTOF, SHE-Mass, is located behind
GARIS-IT at E6. It has been used for mass measure-
ments of super-heavy nuclei such as 257Db.2% In addi-
tion, a 9 MBq 2°2Cf fission source has been installed
just in front of the He gas catcher. Even off-line, mass
measurements on the fission fragments have continued
and several first mass measurements have been per-
formed.25)

We have a plan to increase this versatile and
portable instrumentation at RIBF; an MRTOF-MS
is being installed behind GARIS-III, and a plan is
underway to install an MRTOF-MS with a large He
gas catcher behind SD4 at BigRIPS, which will lead
to more opportunities to study unexplored nuclear
species.
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Ton mirror (exit)
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Fig. 5. Schematic view of MRTOF-MS (top) and a photo-
graph of the ion mirrors behind ZDS of BigRIPS (bot-
tom).
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Nuclear mass measurements performed with the three MRTOF-MS.
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Discovery of 3°Naf

D. S. Ahn,*! J. Amano,*® H. Baba,*! N. Fukuda,** H. Geissel,® N. Inabe,*! S. Ishikawa,** N. Iwasa,**
T. Komatsubara,*! T. Kubo,*! K. Kusaka,*! D. J. Morrissey,*® T. Nakamura,*?> M. Ohtake,*! H. Otsu,*!
T. Sakakibara,** H. Sato,*! B. M. Sherrill,*® Y. Shimizu,*! T. Sumikama,*! H. Suzuki,*' H. Takeda,*!
O. B. Tarasov,*® H. Ueno,*! Y. Yanagisawa,*! and K. Yoshida*!

The location of the neutron dripline provides a key
benchmark for advanced nuclear models and theories.
It reflects the details of the underlying nuclear struc-
ture and interactions, which include the evolution of
the nuclear shell property and associated nuclear de-
formation. Thus, locating the neutron dripline ex-
perimentally provides a significant key to understand-
ing the nuclear structure under extremely neutron-rich
conditions.

In our previous study,”) we searched for the new iso-
topes 32 33F, 3%36Ne, and 3%39Na to investigate the
neutron dripline at fluorine (atomic number Z = 9),
neon (Z = 10), and sodium (Z = 11). No events were
recorded for 3%:33F, 3%:36Ne, and 3®*Na and only one
event was recorded for 3?Na. This enabled us to deter-
mine the neutron dripline for fluorine and neon to be
31F and 3*Ne, respectively, nearly 20 y after 2*O was
confirmed as the dripline nucleus of oxygen (Z = 8).

In this study,? we conducted a new experiment ded-
icated to searching specifically for 3°Na to establish
that it is particle-bound. The new isotope °Na has
the mass number A = 37 + 6, located beyond the pre-
viously known most neutron-rich isotope *"Na, which
was discovered 20 y ago;® see Fig. 1. It is a strong
candidate to be the dripline nucleus of sodium, and es-
tablishing its existence provides a significant extension

FeMg) oM

bsnal  FInal e

F2Nel  PNe |
27 F ' N =28
240 I
N N=20 [ Stable isotopes
N BN . H
C A=3744 Unstable isotopes
Bl "] ! - =— Known dripline
Discovered
in this work

—> Atomic number (2)

— Neutron number(N)

Fig. 1. Section of the nuclear chart indicating the location
of the 3**Na isotope discovered in this study.
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of the neutron dripline and a benchmark for nuclear
structure calculations as well as nuclear mass models.
It should be noted that >*Na has the neutron number
N = 28, which is normally a magic number.

The search was conducted at the RIKEN RIBF us-
ing projectile fragmentation of an intense **Ca beam
at 345 MeV /nucleon on a 20-mm-thick beryllium tar-
get. The projectile fragments including 3°Na were sep-
arated and identified in flight by the large-acceptance
two-stage fragment separator BigRIPS.%®) The inten-
sity of the “3Ca beam was as high as ~540 particle nA.

The particle identification was made at the second
stage of the BigRIPS separator, relying on the combi-
nation of time of flight (TOF), magnetic rigidity (Bp),
and energy loss (AF) measurements, from which the Z
and A/Z values were deduced for each fragment. The
TOF was measured between two thin plastic scintilla-
tors installed at the intermediate and final foci of the
second stage. The value of AF was measured using
a stack of six identical silicon semiconductor detectors
installed at the final focus. The value of Bp was de-
termined from a position measurement at the inter-
mediate focus using the plastic scintillator that also
measured the TOF. The separator setting was tuned
for the optimal transmission of 3?Na. The production
of 36Ne was also revisited with another separator set-
ting tuned for that of 3*Ne to improve the confidence
level that 3#Ne is the dripline nucleus of neon.

After extensive running, we observed nine events for
39Na and clearly established that the 3°Na nucleus is
particle-bound. Furthermore, no events were observed
for 35 36Ne, which is consistent with their particle in-
stability established in our previous work. The mea-
surement enabled us to significantly improve the con-
fidence level and hence firmly determine that 3*Ne is
the dripline nucleus.

The particle stability of 3?Na, established by the
present discovery, suggests the occurrence of nuclear
deformation in 3°Na, as it induces more stability to
the nuclear binding. 3°Na could be particle-bound as
its ground state is deformed, suggesting the loss of the
N = 28 magicity at sodium. This interpretation is sup-
ported by the recent state-of-the-art large-scale shell
model calculation with ab initio effective NN interac-
tions,®) which reproduces the stability of 3°Na as well
as the neutron dripline at fluorine and neon. The cal-
culation reveals that the quadrupole deformation plays
a key role in nuclear binding in this region and thus in
determining the location of the neutron dripline.
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Study of the N = 32 and N = 34 shell gap for Ti and V
by the first high-precision multireflection time-of-flight
mass measurements at BigRIPS-SLOWRI{

S. Iimura,*1*2*3*4 M. Rosenbusch,*® A. Takamine,*! Y. Tsunoda,*> M. Wada,*? S. Chen,*® D. S. Hou,*”
W. Xian,*¢ H. Ishiyama,*! S. Yan,*® P. Schury,*® H. Crawford,*® P. Doornenbal,*! Y. Hirayama,*? Y. Ito,*!°
S. Kimura,*! T. Koiwai,*!"*! T. M. Kojima,*! H. Koura,*'? J. Lee,*6 J. Liu,*6*7 S. Michimasa,*'2 H. Miyatake,*3
J. Y. Moon,*!® S. Naimi,*! S. Nishimura,*! T. Niwase,*>*1*14 A Odahara,*? T. Otsuka,*!1*1»*10 § Paschalis,*!®
M. Petri,**® N. Shimizu,*® T. Sonoda,*! D. Suzuki,*! Y. X. Watanabe,*3> K. Wimmer,*!**16:*1 and H. Wollnik*!”

Masses of neutron-rich isotopes with N > 32 between
Ca and Ni have recently been studied intensely as valu-
able probes of the complex nuclear structure. For Ca
isotopes, a pronounced reduction of tensor-interaction
effects’) due to the decrease of proton valence parti-
cles occupying the f7/5 orbits has been confirmed by
the discovery of two new magic neutron numbers, i.e.,
N = 32 and N = 34. In the Ti isotope chain, a shell
gap at N = 32 had been confirmed, and the collective
behavior due to a vgg/, level intrusion was found in the
region close to N = 40 in several studies.2 %) As for the
N = 34 shell gap, previous mass measurements have
suggested the existence of a pronounced shell gap with
moderate uncertainties.>®) However, a new study has
revealed the vanishing of the magicity.

The experiment was performed at RIKEN RI Beam
Factory (RIBF), which is operated by an international
collaboration team primarily from RIKEN Nishina
Center and KEK Wako Nuclear Science Center. Ra-
dioactive isotopes (RIs) have been produced by the frag-
mentation of a 345 MeV /nucleon Zn beam with a Be
target and delivered to the ZD MRTOF system” for
the first time as part of the SLOWRI project. The new
setup has been located downstream of the ZeroDegree
spectrometer following the BigRIPS separator.

During the first commission, the masses of 15
neutron-rich nuclei have been measured with high pre-
cision and accuracy. Among the results, the mass pre-
cisions of ®°Sc, °658Ti, and °659V have been signifi-
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cantly improved to the order of 10keV or below. The
newly determined masses of *®Ti and *°V were found
to deviate from previously measured values, where—
especially for 58Ti—an increased binding energy has
been measured. Figure 1 shows the newly determined
two-neutron shell gap of N = 34 isotones (red line) de-
duced directly from masses. Literature values suggested
an enhancement of the gap with Ti and V, whereas
there is no gap found in this study, indicating that the
N = 34 shell gap is a unique feature of Ca.

w

N = 34 isotones

[\
P
————+

1 1 O literature values
1 @ Miit. (N — 2) = 2Mep. (N) + muse. (N + 2)
T O mmA(N — 2) — ZmeXpA(N) + mexp,(N + 2)

s4Cgq 5SS SOTi

Two-neutron shell gap [MeV]

STV S8Cr Mn Fe
Proton number

Fig. 1. Two-neutron shell gaps for N = 34 isotones includ-
ing the new mass data. Data are from AME2020 with
recent measurements (black open circles) and our exper-
imental values (partly filled red circles).

In order to understand the observed results, we per-
formed new Monte Carlo shell model calculations using
the A3DA-m Hamiltonian® and compared the results
with conventional shell model calculations, which ex-
clude the higher (vgg /2, vds/2) orbits. The comparison
indicates that the reduction of the shell gap in Ti is
related to partial occupation of the higher orbitals for
the outer two valence neutrons at N = 34.
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Charge-changing cross sections for 42 51Ca and effect of
charged-particle evaporation induced by neutron removal reactions’

M. Tanaka,*'*2 M. Takechi,*® A. Homma,*? A. Prochazka,** M. Fukuda,*?> D. Nishimura,*>*! T. Suzuki,*®
T. Moriguchi,*”*! D. S. Ahn,*! A. Aimaganbetov,*®*? M. Amano,*” H. Arakawa,*¢ S. Bagchi,*4*10-+11,%12

K. H. Behr,** N. Burtebayev,*®*13 K. Chikaato,*® H. Du,*? T. Fujii,*® N. Fukuda,*! H. Geissel,** T. Hori,*?
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The point-proton radius r, of an atomic nucleus
is generally determined by optical isotope shift and
muonic X-ray measurements. However, these experi-
mental methods are limited to certain elements. Alter-
natively, “alternative methods, particularly for unstable
nuclei, have been proposed to overcome this limitation,
such as electron scattering using SCRIT at RIBF.” 1) A
charge-changing cross-section occ is one of the possi-
ble quantities to extract the 7, of unstable nuclei. Re-
cently, the occ measurement has been utilized to ex-
tract the r}, of light-mass nuclei.??) However, some occ
data for medium-mass nuclides around Ca deviate from
the Glauber-like models adopted in previous studies.?)

To clarify the relationship between occ and rp, occ
on 12C for #27%1Ca at around 280 MeV /nucleon was
measured at RIBF. The present data are shown in
Fig. 1. For comparison, the Glauber-like calculation
adopted in previous studies® % was performed using the
existing r, value?) as an input. The calculated values
(6ce: black dashed line), which reflect the trend of ex-
perimental rp,5) show a significant discrepancy from the
experimental values of stable nuclei around 42Ca.

This discrepancy was found to correlate with the
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Fig. 1. Mass number (A) dependence of occ for Ca isotopes
on '2C at 280 MeV /nucleon.

proton separation energy. From this figure, the cross-
section of the charged-particle evaporation induced by
the neutron removal, Oevap, was introduced based on
the abrasion-ablation scheme in addition to 6cc. The
calculated values of Gcc + Tevap (s0lid red line) repro-
duced well in the experimental data. This calculation
also systematically explained the existing occ data for
other isotopic chains from C to Fe with a standard de-
viation of 1.6%.

Figure 1 also shows that the effect of 0cvap becomes
negligibly small in the neutron-rich region. It was found
that a 1% accuracy of occ has the potential to deter-
mine r, with 0.9% accuracy in neutron-rich Ca isotopes
(A >51).
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Probing optimal reaction energy for synthesis of element 119 from
51V +248Cm reaction with quasielastic barrier distribution
measurement?

M. Tanaka,*!*2*3 P, Brionnet,*> M. Du,** J. Ezold,** K. Felker,** B. J. P. Gall,*® S. Go,*1*2*3
R. K. Grzywacz,***6 H. Haba,*> K. Hagino,*” S. Hogle,** S. Ishizawa,*>*® D. Kaji,**> S. Kimura,*® T. T. King,*¢
Y. Komori,*® R. K. Lemon,*3*® M. G. Leonard,*3>*° K. Morimoto,*? K. Morita,*!*2*3 D. Nagae,*!*2*3
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H. Sakai,* Y. Shigekawa,*3 D. W. Stracener,** S. VanCleve,** Y. Wang,*? K. Washiyama,*? and T. Yokokita*3

At RIKEN, there is a search for element 119 using
a 1V 4+ 248Cm hot fusion reaction. The optimal re-
action energy of this reaction system is unknown ow-
ing to wide variations in theoretical predictions. A
method has been developed to estimate the optimal en-
ergy from the quasielastic (QE) barrier distribution.!)
In this study, the QE barrier distribution of the ?'V +
248Cm reaction was measured using the gas-filled re-
coil ion separator GARIS-III at the recently upgraded
facility, SRILAC,? and the optimal reaction energy
for synthesizing element 119 from the %'V + 248Cm
reaction was estimated.

The experimental excitation function of the QE
backscattering cross section oqg relative to the
Rutherford cross section oryutn., denoted as R(E), for
the 51V + 248Cm reaction is shown in Fig. 1(a) with the
single- and coupled-channel calculations. Figure 1(b)
shows the barrier distribution, D(E), derived from the
energy derivative of Fig. 1. Both the experimental
trends of R(E) and D(FE) are explained by the coupled-
channel calculation, indicating a significant effect of
the rotational excitation of the deformed 248Cm.

Aiming to estimate the optimal energy for element-
119 synthesis, the average Coulomb barrier height,
By, for the °'V + 248Cm reaction was derived from
the present data to be 225.6(2) MeV (closed arrow in
Fig. 1). The side-collision energy, Bside, which is con-
sidered to be favorable for forming a compound nu-
cleus, was also determined to be 233.0(2) MeV (open
arrow) by considering the deformation of **Cm. By
evaluating the relation between Bgqe and the optimal
energy for maximizing the evaporation-residue cross

T Condensed from the article in J. Phys. Soc. Jpn. 91, 084201
(2022)

Department of Physics, Kyushu University

Research Center for Superheavy Elements, Kyushu Univer-
sity

*3  RIKEN Nishina Center

*4  Oak Ridge National Laboratory

*5  JPHC, CNRS, Université de Strasbourg

*6  Department of Physics and Astronomy, University of Ten-
nessee

Department of Physics, Kyoto University

Graduate School of Science and Engineering, Yamagata Uni-
versity

Department of Nuclear Physics and Accelerator Applica-
tions, Australian National University

*10° Graduate School for Science, Kyushu University

*1
*2

*7
*8

*9

-SI1 -

T [ T I T I
o0’ i
1.0 o (a)
. 08 .
£
\8 0.6 -
% SIV I 248Cm
I 04 Exo.d
Xxp. data
§ [ daQE [ dogy.
0.2F © Upper limit
0.0
0.20 ——+—f—+—F—+—
------- Single-channel calc. “
—— Coupled-channel calc. i} (b)
0.15F H =
T.—|
> 010} s
Z
S ]
3 0.05
0.00

Fig. 1. (a) R(E) and (b) D(FE) as a function of the center-
of-mass energy Ec.,.. The dashed and solid lines rep-
resent the single- and coupled-channel calculations, re-
spectively.

section in the 48Ca + 248Cm system, the optimal en-
ergy for the 2#¥Cm(°!V, 3;4n)?96:295119 reaction was
estimated to be 234.8 + 1.8 MeV. Using this deduced
reaction energy, an experiment for the synthesis of el-
ement 119 at RIKEN is currently underway.
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B-delayed one and two neutron emission probabilities south-east of
13281 and the odd-even distribution of the r-process abundances’
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The nucleosynthesis of elements around the second r-
process abundance peak has attracted considerable in-
terest recently, with metal-poor star observations of el-
emental and isotopic abundances’? providing impor-
tant clues on the sensitivity of the peak to the r-process
environments. To connect such observations to the as-
trophysical models and ultimately derive the r-process
conditions, knowledge of the nuclear properties of the
second r-process peak radioactive progenitors is essen-
tial.

After r-process freezeout, final r-process abundances
of the second peak originate from a network of compet-
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ing reactions including the neutron capture, photodis-
integration, fission contribution and [-delayed neutron
emission. The latter has been the main focus of our
experiment carried out within the BRIKEN project®)
at RIBF, where p-delayed one and two neutron emis-
sion probabilities (P, and P,) of neutron-rich nu-
clei south-east of '32Sn have been measured. The sys-
tematic of the measured Py, and P, values, shown
in Fig. 1, highlighted the nuclear shell effects around
doubly-magic '32Sn. Our results also provided impor-
tant benchmarks for the recent macroscopic-microscopic
and self-consistent global model, including the statistical
treatment of neutron and v emission.»® Direct impacts
of the measured Py, and P,, on the odd-even stagger-
ing of the final r-process abundance around the second
r-process peak were demonstrated. The observed odd-
mass isotopic fractions of Ba in metal-poor stars®) were
found to be better reproduced by using our data.
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Fig. 1. Systematics of measured Pi, (top panels) and P,

compared with theoretical calculations.*?)
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Various nuclear structures in 4°Xe studied by 3 decay

of ground and isomeric states in

1407+

A. Yagi,*"*2 A. Odahara,*! H. Nishibata,*!"*2>3 R. Lozeva,***> C. -B. Moon,*%*" S. Nishimura,*?
K. Yoshida,*® and N. Yoshinaga*® for the EURICA Collaboration

Nuclear-shape transition with the increase of neu-
tron and/or proton numbers is one of the most im-
portant subjects to disentangle competition between
single-particle and collective structures in the finite
quantum many-body system. The neutron-rich N =
86 isotope 1%9Xe, located northeast of a doubly-magic
nucleus '32Sn, was investigated by B-v spectroscopy,
as one of experiments in the Euroball RIKEN Cluster
Array (EURICA) project.’?)

Neutron-rich Sb, Te, I, Xe, and Cs isotopes with
A ~ 140 were produced by in-flight fission of a 345-
MeV /nucleon 238U beam with an average intensity of
5 particle nA. These isotopes were transported based
on in-flight separation technique by using BigRIPS
separator and ZeroDegree spectrometer?) up to the
last focal plane (F11) with setting magnetic rigidity
(Bp) for 42Te®?*. The isotopes were implanted into
a position sensitive active stopper, Wide-range Active
Silicon Strip Stopper Array for Beta and Ion detec-
tion (WAS3ABI), which consists of five double-sided Si
strip detectors (DSSSDs). In addition, the WAS3ABI
was used as a [ counter. Parent [-decaying nuclei
were identified by position correlation of the implanted
fragments with information of particle identification
(PI) and the detected § rays in WAS3ABi. Gamma
rays emitted after the 8 decay were detected by a -
ray detector array, EURICA, which consists of twelve
cluster-type high-purity Ge detectors with seven crys-
tals. To study the § decay of °I in this work, two
data sets with PI of hydrogen-like '4°I°2* and fully
stripped '0Te®?t were analyzed. Namely, the parent
nucleus '°T was produced by two different reactions
of (i) direct in-flight fission at primary target and (ii)
B decay of 40Te inside WAS3ABi. Relative intensity
of ~ ray was obtained by using v-ray photo-peak effi-
ciency, which was simulated using the Geant4 code for
the EURICA Ge array with distribution of the '4°T and
10Te particles on five DSSSD detectors in WAS3ABi.

Two S-decay isomers in °I are newly found in the
study of two different 8 decays of 4°T with PI of '°I
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(1401 - 140X€) and 140Te (140Te — 1401 N 140X€).
Half-lives of the 8 decays of the ground state (g.s.),
low-spin isomer (LSI), and high-spin isomer (HSI) are
determined to be 0.38(2), 0.91(5), and 0.47(4) sec,
respectively, by the analysis of time-difference (im-
planted particle and S-decay event) spectra gated by
the v rays in '*°Xe. Decay schemes of the 3 decay of
the HST and of the mixed g decays of the g.s. and the
LSI in 19T to 49Xe are constructed using the informa-
tion on vy-ray coincidence relation and ~-ray intensity.

Nuclear structures of the low-lying states in 14°Xe
are compared between the experimental results and
two theoretical calculations based on the large-
scale shell model and the deformed Skyrme Hartree-
Fock-Bogoliubov (HFB) plus deformed quasiparticle-
random-phase approximation (QRPA), as shown in
Fig. 1. Low-lying states can be classified into (a)
g.s. band, (b) (quasi-)y-band, and (c) octupole collec-
tive states. Possible candidates for the (quasi-)7y-band
members of 2% and 47 and the octupole collective 1~
state are proposed in %Xe. This work demonstrates
that in the low-lying states of 1°Xe, coexistence of nu-
clear structures, such as vibrational nature with pro-
late collectivity, large-y collectivity (v softness), and
octupole-vibrational nature, could appear due to four
valence protons and four valence neutrons being cou-
pled to the doubly-magic nucleus '32Sn.
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Fig. 1. Experimental low-lying states are compared to
those calculated in the shell model and the deformed
Skyrme-HFB + QRPA (SkM™).
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Observation of a correlated free four-neutron systemf
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The high impact potential of multi-neutron systems
has led to many experimental searches for such isolated
systems starting in the early 60 s, with in particular, the
four-neutron system. Till date, only a few indications of
its existence have been found."

This study used the quasi-elastic knockout reaction
8He(p, pa) at maximum momentum transfer, removing
the a-core from 8He as fast as possible, to ensure a recoil-
less production of the 4n as spectators.

The experiment was conducted at SAMURAI, where
a 156 MeV /nucleon ®He beam was transported to a
liquid-hydrogen target. From the combined selection of
charged particles in the reaction, the energy spectrum
of the 4n system was reconstructed via the missing-mass
method, as shown in Fig. 1. Two components are ob-
served: a pronounced peak at low energy which experi-
mentally has a resonance-like structure, and a wide dis-
tribution at higher energies attributed to a non-resonant
continuum response.Q) As the non-resonant part cannot
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Fig. 1. Missing-mass spectrum of the 4n system.

explain the sharp low-energy peak, the energy and width
of the resonance-like structure was determined assum-
ing a Breit-Wigner shape as E; = 2.37 + 0.58 MeV and
I' = 1.75 +£ 0.40 MeV, respectively, with a striking sig-
nificance level.

From theoretical perspective there is no consensus
among the different studies. While some predict a low-
energy resonance,® others exclude this possibility?) and
even predict that a low-energy structure can appear as
a consequence of neutron’s final-state interaction, and
the reaction mechanism.?) Whether our observation is
attributed to a tetra-neutron correlation or other cor-
relations between the neutrons in the final state, needs
to be clarified by ab initio theories accounting fully for
the continuum. Next-generation experiments, foreseen
at SAMURALI, using different reaction mechanisms and
detecting the four neutrons in coincidence will shed light
on the properties of the four-neutron system and the ori-
gin of the low-energy peak.
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Isoscaling in central Sn + Sn collisions at 270 MeV /nucleonf
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Experimental study on the early stage of heavy-ion
collision is challenging as excited fragments produced
from the collision decay into lighter particles before they
are detected. The nuclear isoscaling phenomenon is a
useful tool as the ratio of yields from two different re-
actions is weakly affected by the fragment de-excitation
process.!)

Rare isotope Tin beams 132Sn and °8Sn were pro-
duced from RIBF and impinged onto the isotopically en-
riched Tin targets. Hydrogen and helium isotopes were
detected in STRIT time projection chamber? placed in-
side the SAMRURALI dipole magnet.?) Particles were
identified from the magnetic rigidity and mean energy
loss.Y) Most central events with impact parameter b <
1.5 fm and mid rapidity range yo = 0-0.4 are chosen for
this analysis.

The yield ratios between two systems Ro; = Y(!32Sn
+ 1248n) /Y (198Sn + !128n) as a function of pr/A are
shown in Fig. 1. Given that the collision systems are
thermally equilibrated, Ro; follow the isoscaling law
Ro1 = Cexp(aN + 8Z) where o and ( are the fit pa-
rameters. Empirically, o and § have similar values with
opposite signs, therefore, particles with the same (N —2)
value show similar Ry; values. Figure 1 show isoscaling
effect for pr < 280 MeV/c (left side of vertical dashed
line). In this region, the isoscaling fit gives a = 0.29 and
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Fig. 1. The yield ratio R21 between two systems 182gy 4+
12481 and '%*Sn + ''?Sn. Experimental data (markers)
are compared with AMD (shaded area).
Isoscaling fit for pr/A < 280 MeV/c.

Inner panel:

B = —0.23 (inner panel of Fig. 1). On the other hand,
the triton and helium Rs; values breakdown above this
limit, and the isoscaling phenomenon vanishes. This
suggests that high pp/A particles come from the non-
equilibrated environment.

The antisymmetrized molecular dynamics (AMD)
model®® is employed with Skyrme SLy4 effective in-
teraction and symmetry energy slope parameter L =
46 MeV. The AMD result qualitatively explains isoscal-
ing for py/A < 280 even though AMD is a dynamical
model. However, AMD underestimate triton Ro; and do
not reproduce breakdown of Ro.
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Breakup of proton halo nucleus 8B at near-barrier energies’
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As recognized since the very first measurements in
the mid-1980s,") the most neutron-rich unstable isotope
of lithium, 'Li, was reported to present an unexpected
halo-type structure. After this experimental discovery
in ' Li, several other nuclear systems with neutron halo
structures were reported. On the proton-rich side, B
is one of the few cases whose ground state presents the
proton halo.?) The large extent of the nuclear matter
distribution and the very low threshold of the breakup
channel strongly impact the reaction mechanism, par-
ticularly at energies around the Coulomb barrier, where
couplings to the breakup continuums are expected to
be particularly significant. Consequently, the detailed
knowledge of the breakup mechanism is critical for an
understanding of the reaction dynamics of halo nuclear
systems.

The breakup mechanism of the proton halo nuclei is
rather complicated. The dynamic Coulomb polariza-
tion effect®) may produce a hindrance to both the pro-
ton transfer and breakup processes,? which results in
the rather elusive character of proton halo systems. To
obtain a comprehensive understanding of the breakup
process, the coincident measurement of the breakup
fragments is the inevitable course. However, it is a
significant challenge for incident energies close to the
Coulomb barrier, as it is not easy to carry out a coin-
cidence measurement among the breakup fragments as
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was done at higher energies owing to the much reduced
kinematic focusing. It becomes worse owing to the very
low beam intensities of proton halo nuclei.

To address this long-standing challenge, we per-
formed the complete kinematics measurement of
8B + 2081 at two energies around the barrier.”) Owing
to the highly efficient silicon detector array, the cor-
relation of the breakup fragments, "Be and proton, is
derived for the first time. As an example, the relative
energy spectra (F,e) is presented in Fig. 1. The corre-
lations can be explained by the state-of-the-art contin-
uum discretized coupled channel calculations. The re-
sults indicate that 8B presents distinctive reaction dy-
namics: the dominance of the elastic breakup. This
breakup occurs primarily through short-lived contin-
uum states and almost exhausts the "Be yield. The
correlation reveals that the prompt breakup mechanism
dominates, occurring predominantly on the outgoing
trajectory. We also report that, as a large environment,
the continuum of ®B breakup may not significantly im-
pact elastic scattering and complete fusion.

40 T T T

> ©  Experimental data.
2 30r Simulation with /up to 3.7
2 - --- Simulation with /=1.
N
. 20
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="
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S
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0 2 4 6 8
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Fig. 1. Measured FEie distribution (circles) for the breakup
fragment at 38.7 MeV. The vertical line indicates the
expected location of the peak from the first 1T resonance
of 8B. The solid and dashed curves denote the simulated
distributions of Ey. with the orbital angular momentum
up to I = 3 and the [ = 1 (1) state, respectively.
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Discovery of new isotope 241U and systematical mass measurement of
neutron-rich Pa-Pu nuclei with KISS-MRTOF system

T. Niwase,*! Y. X. Watanabe,*! Y. Hirayama,*' M. Mukai,*?> P. Schury,*! A. N. Andreyev,*> T. Hashimoto,**
S. Iimura,*® H. Ishiyama,*? Y. Ito,*8 S. C. Jeong,*! D. Kaji,*? S. Kimura,*? H. Miyatake,*! K. Morimoto,*?
J. =Y. Moon,** M. Oyaizu,*! M. Rosenbusch,*! A. Taniguchi,*” and M. Wada*!

We previously operated the KEK Isotope Separation
System (KISS)"?) for nuclear spectroscopy of neutron-
rich nuclei around N = 126 and beyond. We explore
neutron-rich uranium regions with a recently devel-
oped multi-reflection time-of-flight mass spectrograph
(MRTOF-MS).?) In this manuscript, we report the first
systematic mass measurements of neutron-rich Pa-Pu
isotopes produced as projectile-like fragments (PLF)
via several multi-nucleon transfer (MNT) channels of
the 238U + 98Pt reaction at the KISS facility.

The experimental setup of KISS facility is described
elsewhere.?) A rotating '"®Pt (enriched to 91.63%)
target with a thickness of 12.5 mg/cm? was bombarded
by a primary beam of #**U (10.75 MeV /nucleon),
which was provided by the RIKEN Ring Cyclotron
with typical intensity of approximately 30 particle nA.
The isotopes of interest were produced as PLF's in the
MNT reactions, with their masses and velocities being
close to those of the primary beam particle. Moreover,
they were scattered around the grazing angle. The
energy of reaction products were attenuated using a
40-pm Ti energy degrader to maximize the yield stop-
ping in a doughnut-shaped gas cell filled with 65-kPa
argon gas.

We successfully performed the high-precision direct
mass measurement of 19 neutron-rich Pa-Pu nuclides
(Fig. 1) and discovered a new uranium isotope 241U
Figure 2(a) shows the TOF spectrum at 1001 laps in
the MRTOF with resonant laser wavelength for the
new isotope 21U. Figure 2(b) shows the TOF spec-
trum at 600 laps with resonant wavelength for 24!Np.
The comparison of the spectra in Figs. 2(a) and (b)
indicates the identification of the new isotope 24!U.

This study was demonstrated to explore the
neutron-rich actinide region using MNT reaction via
KISS and MRTOF setup. We plan to use further heav-
ier/symmetric projectile and target combinations such
as 238U+238U/248Cm, which is promising for reaching
more exotic nuclei to understand both astrophysically
relevant processes and the evolution of nuclear struc-
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Fig. 1. Part of nuclear chart of the neutron-rich actinide
region. Red dashed line indicates the mass known line,
and red hexagon symbols denote the measured data in

this work.
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Fig. 2. TOF spectra with the solid red lines denoting the
fitting curves. (a) A/q = 120.5 region after 1001 laps in
the MRTOF-MS with resonant wavelength for the new
isotope 2*'U. (b) A/q = 120.5 region after 600 laps with
resonance for 2!Np. The absolute TOF values were

different between (a) and (b) owing to the difference in
the number of laps.

ture at N = 152 and beyond.
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a-cluster structure of '2C from first principles’

T. Abe,*! T. Otsuka,*?*1*3 T. Yoshida,***® Y. Tsunoda,** N. Shimizu,** N. Itagaki,*® Y. Utsuno,*3*4
J. P. Vary,*” P. Maris,*” and H. Ueno*!

The '2C nucleus is of particular importance in stel-
lar nucleosynthesis. It is produced by triple-av reac-
tions through the second 07 state (Hoyle state). How-
ever, the properties of the Hoyle state are not fully
understood. The Hoyle state is still being studied
actively from both sides of experiments and theories.
On the theoretical side, ab initio approaches for low-
energy nuclear structure calculations have been ad-
vanced rapidly in recent years, owing to recent compu-
tational and methodological developments. Here, we
report the low-lying structure of '2C studied by the
ab initio calculations in the no-core Monte Carlo shell
model (MCSM)."

Figure 1 shows the no-core MCSM results compared
to the experiments. The calculations were carried out
in the basis space of Nghey = 7 with the harmonic-
oscillator energy of Aw = 20 MeV. The Daejeonl6 NN
interaction? was adopted. In Fig. 1, the excitation
energies and transition strengths (B(E2), M (E0)) for
the ground (07) and two low-lying (27, 05) states are
indicated. For the 2] state, the Q-moment is also de-
picted in the unit of e fm?. As seen in Fig. 1, the no-
core MCSM calculations (“th” in the figure) provide
a reasonable agreement with the experimental values
(“exp” in the figure). It is remarkable that the ab initio
calculations for the low-lying states of the twelve-body
system can reproduce the experimental data.
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Fig. 1. '2C excitation spectra and the B(E2) (M (FE0)) val-
ues in the unit of e? fm* (e fm?) compared to experi-
ments. For more details, see Ref. 1).
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The density in the body-fixed frame (intrinsic den-
sity) is closely related to the structure of atomic nuclei.
It is, however, still difficult to observe the intrinsic den-
sity experimentally. Thus, the theoretical approaches
are indispensable to investigate the intrinsic density
of atomic nuclei. Figure 2 displays the density distri-
butions of the ground (0;) and Hoyle (03 ) states in
comparison with the a-particle (*He) density. For the
ground state, three a-like clusters are closely lying one
another, being closer to the quantum liquid (4.e., nor-
mal nuclear matter). The Hoyle state appears rather
clearly separated three a-like clusters compared to the
ground state. It is noteworthy that ab initio calcu-
lations in the twelve-body system exhibit three-a-like
cluster structure of 12C without any a priori assump-
tions of « particles.

i 4 + +
a legend| b o particle (“He) = 14_c 07 state d 07 (Hoyle) state g

. density [fm™]

nz4t o

0.16

oos| A

— 0.00 ylim] 277 Z[fm]

Fig. 2. (a) Color code of density. (b) Density of the ground
state of the a-particle. (c) Density of the ground state
of 2C. (d) Density of the Hoyle state of '2C. See the
details in Ref. 1).

From the T-plot analysis,® it is found that the
ground state is composed of the quantum liquid (nor-
mal nuclear matter) with ~94% probability and the
a-like clusters with ~6% probability, while the Hoyle
state comprises the quantum liquid with ~33% prob-
ability and the a-like clusters with ~61% probability.
Therefore, the structure of '2C can be viewed as a
crossover of the quantum liquid and clustering in terms
of the critical phenomena in quantum many-bod sys-
tems. Note that this feature obtained by the T-plot
analysis is verified by the hierarchical cluster analysis
with dendrogram, that is one of the techniques em-
ployed in the machine learning.

Now, we can describe the low-lying structure (static
property) of 12C. From future perspective, we would
like to apply the no-core MCSM wave functions ob-
tained here to the calculations for triple-a reactions
(dynamics) so that we can fully understand the pro-
cess of the 12C production in stars from first principles.
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Isovector density and isospin impurity in °Caf

H. Sagawa,*!*2 S. Yoshida,*® T. Naito,***! T. Uesaka,*> J. Zenihiro,*® J. Tanaka,*! and T. Suzuki*’

Experimental charge densities have been studied by
electron scattering experiments since the 1950s. Proton
densities can be extracted from charge densities remov-
ing the proton finite-size effect. It has been shown in
Ref. 1) that proton elastic scattering is quite useful to
extract the neutron density from the angular distribu-
tions of cross sections and analyzing powers of polarized
proton beams.

Charge symmetry breaking (CSB) and charge inde-
pendence breaking (CIB) forces have been discussed
in the context of isospin impurity effect on the super-
allowed Fermi decays. The quantitative information of
isospin symmetry breaking (ISB) forces has been re-
cently examined to calculate the binding energies of
isodoublet and isotriplet nuclei and also the excitation
energies of isobaric analogue states (IAS). This study
introduces the Skyrme-type ISB interactions and study
their effect on the IV density in °Ca.

The isovector density defined as the difference be-
tween neutron and proton densities as prv = pp, — pp
is plotted with a factor of 477? (Fig. 1). The theoreti-
cal predictions of the isovector density are qualitatively
different from the experimental results: the experimen-
tal result of the isovector density exhibits a peak at
r ~ 3.2 fm, whereas the Hatree-Fock (HF) model with
SAMi-J27 interaction predicts a peak at r ~ 2.5 fm
with positive values (neutron excess) in the interior and
negative values on the surface.

A strong correlation between the maximum of IV
density and isospin impurity was reported in Ref. 2)
with the correlation coefficient » = 0.992. The isospin
impurity can be extracted from the peak height of the
IV density when the proton and neutron densities are
available experimentally. The experimental peak height
of the IV density is 0.208 4 0.066 fm ! in Fig. 1. Then,
the isospin impurity is then extracted from the correla-
tion plot as

e2 = (0.928 4 0.586) %. (1)

This central value is about 50% larger than the
value of RPA calculations without the ISB forces.
From this value of the isospin impurity, the strength
of CSB interaction sy is further obtained as sg =
—(8.80 4 16.0) MeV fm®.

In summary, we studied the IV density of *°Ca using
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Fig. 1. IV densities multiplied by a factor of 47r? of “°Ca
calculated by the HF, modified HF and PVC mod-
els as well as the experimental IV density. The red
(blue) solid and dashed curves denote the HF (modified
HF) and PVC densities with SAMi-J27 (SAMi-J27mod)
model, respectively. The occupation probabilities near
the Fermi surface are optimized to fit the IS density in
the case of modified HF. The experimental data are de-
noted with a black solid curve considering the experi-
mental uncertainty depicted by the shaded area.

the mean-field and particle-vibration coupling (PVC)
models. We adopted the Skyrme SAMi-J model as the
mean-field model. We observed a significant difference
between the experimental and calculated IS densities in
the interior part and also dilute density region of “°Ca.
This difference implies the modification of density dis-
tribution owing to the reduced occupation probabilities
of single-particle states near the Fermi surface, which
may be caused by many-body correlations beyond the
mean-field model.

It was shown in Ref. 2) that the magnitude of the
IV density significantly changes owing to the CSB in-
teraction, whereas the CIB interaction exhibits no ap-
preciable effect. It is found that the CSB interaction
exhibits a strong linear correlation with the maximum
of IV density and isospin impurity. Thus, the magni-
tude of IV density helps experimentally to determine
the isospin impurity and the magnitude of CSB inter-
action. This characteristic of the IV density appears in
general in N = Z nuclei, “°Ca, 8Zr, and °°Sn. The
measurements of the IV density is desired to obtain the
experimental information of the isospin impurity and
the CSB interaction.
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Large amplitude collective motion in 44ST

Y. Suzuki,** W. Horiuchi,*?*3*4*5 and M. Kimura*®

It is well known that neutron-rich N ~ 28 nuclei ex-
hibit strong quadrupole collectivity.'?) Using antisym-
metrized molecular dynamics (AMD), we have discov-
ered many interesting features such as triaxial defor-
mation and shape coexistence in 42Si and neighboring
nuclei.>* Herein, we report the large-amplitude col-
lective motion (LACM) in #S.

Figure 1 shows the comparison between the energy
curves and collective amplitudes of “°Mg and #4S.
40Mg possesses the prolately-deformed energy mini-
mum and the collective amplitude of the ground state
is localized around it, whereas the 05 state is localized
in the oblately-deformed region. Thus, Mg depicts
the coexistence of the prolate and oblate rigid rotors.
In contrast, **S exhibits a significantly different struc-
ture: The energy curve is extremely flat as a function of
~ and the collective amplitudes of the ground, and the
05 states demonstrate broad and non-localized distri-
butions, which imply that *4S possesses no rigid shape
due to the LACM.
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Fig. 1. Energy curves and collective amplitudes of the 0}
and 02+ states as functions of the quadrupole deforma-
tion parameter . The values of quadrupole parameter
B are set to 0.35 and 0.30 for *°Mg and %S, respectively.

A general question is as follows: Based on which
type of physical quantity, can we distinguish rigid-rotor
and LACM? The monopole transition is the solution
to this question. The monopole transition strength
(Table 1) is strongly hindered in Mg, whereas it is
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Table 1. Electric (E0) and isoscalar (150) monopole tran-
sition strengths in Weisskopf unit (Wu).

OMg  **S (calc.) **S (expt.)5)
B(F0;07 —0J) 0.0 0.04 0.022(2)
B(IS0;07 —0J) 0.0 0.38
non-negligible in #4S.%) This feature can be explained

using a two-configuration mixing model.®) “°Mg pos-
sesses prolate ground state and oblate O;r state; hence,
the monopole matrix element is given as (obl.| M|pro.),
where |pro.) and |obl.) denote the prolate and oblate
configurations, respectively, and M denotes the tran-
sition operator (1plh operator). This matrix element
vanishes because single-particle configurations of |pro.)
and |obl.) differ by 2p2h. This is the reason why the
transition is strongly hindered in 4°Mg.

Owing to LACM, we approximate *4S as a mixture
of prolate and oblate shapes with equal amplitudes,

(Ipro.) + obl))/V2, (1)
(Ipro.) — obL))/V2. (2)

07)
03)

In this case, the transition matrix read

(OF | M[0F) :%{ (pro.|M(pro.) — {obL|M]obL) }
(3)

Thus, the transition matrix is proportional to the dif-
ference in the squared-radii of the prolate and oblate
shapes. Consequently, *S possesses non-negligible
monopole transition strength. Using the single AMD
wave functions with prolate and oblate deformation
and Eq. (3), we obtain B(E0) = 0.05 Wu and B(150)
= 0.4 Wu, which are close to the results of the full
model space calculation listed in Table 1.

Thus, there is an interesting relationship between
the monopole transition and LACM. In 4°Mg, the pro-
late and oblate rotors coexist, and the monopole tran-
sition is hindered as they do not mix with each other.
In 448, there is a considerable mixture of prolate and
oblate shapes due to LACM. This leads to the non-
negligible monopole transition, which is roughly pro-
portional to the difference in the squared-radii of the
two shapes.

References

1) O. Sorlin et al., Prog. Part. Nucl. Phys. 61, 602 (2008).

2) S. Takeuchi et al., Phys. Rev. Lett. 109, 182501 (2012).

3) Y. Suzuki et al., Phys. Rev. C 104, 024327 (2021).

4) Y. Suzuki et al., Prog. Theor. Exp. Phys. 2022, 063D02
(2022).

5) S. Grévy et al., Eur. Phys. J. A 25, 111 (2005).

6) S. Shimoura et al., Phys. Lett. B 654, 87 (2007).



I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 56 (2023)

Measurement of flavor asymmetry of light-quark sea in the proton with
Drell-Yan dimuon production in p 4+ p and p + d collisions at 120 GeV'

K. Nakano,*1*2 Y. Goto,*? Y. Miyachi,*® K. Nagai,** S. Sawada,*?*> and T.-A. Shibata*2*6
for the E906/SeaQuest Collaboration

Evidence for a flavor asymmetry between the @ and
d quark distributions in the proton has been found in
deep-inelastic scattering and Drell-Yan experiments.2)
The asymmetry observed in the E866 experiment?®) sug-
gested a drop of the d () /u () ratio in the z > 0.15
region, where x means the fraction of nucleon momen-
tum carried by partons. Here, we report results from
the SeaQuest experiment, with improved statistical pre-
cision, for the flavor asymmetry in the large = region up
to x = 0.45.

The SeaQuest experiment detects wpTu~ pairs
(dimuons) produced in the Drell-Yan process.*) The dif-
ferential cross section at leading order is given by:

d?o B Ao
dridrs  9r198

x> el (g (21) @P (z2) + G (21) ¢F (22)]
i€u,d,s,...

(1)

where « is the fine-structure constant, e; is the charge
of a quark with flavor ¢, and qlA B (1,2) are the quark
distribution functions in hadrons A and B for quarks
carrying a momentum fraction z; and xo, respectively.
SeaQuest utilized the 120-GeV proton beam at Fermilab
for hadron A and liquid hydrogen and deuterium targets
for hadron B. The cross-section ratio of the two targets
has a direct sensitivity to d(z)/u(x) as
d

P 1 [1

+d(x2)].

u(z2)

20p 2

2)

The data that SeaQuest recorded between June 2014
and July 2015 were analyzed.

The result of oP?/20PP using the “Intensity-
Extrapolation” (IE) method was reported in Refs. 5)
and 6). We developed another method of extracting
oP4/20PP, called “Mass-Fit” (MF) method, in order
to confirm that the systematic uncertainty of the IE
method has been properly evaluated. The results of
0?4 /25PP using the two methods are shown in Fig. 1.
They are in excellent agreement.

The ratio of d(x)/u(z) was derived from oP?/25PP
and reported in Refs. 5) and 6). Using d(z) /u (z) as
input, we can determine the difference, d (z) — @ ().
It provides a direct measure of the contribution from
non-perturbative processes, since perturbative processes
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Fig. 1. The cross section ratio versus x2 obtained with the
two extraction methods.

should cancel out in d(x) — @(x). Figure 2 shows
d(z) —u(z) at Q* = 25.5 GeV? over the region 0.13 <
x < 0.45. For comparison, experimental data and the-
oretical calculations are overlaid. The SeaQuest data
have better uncertainty than the existing data, and are
in good agreement with the two calculations.
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Fig. 2. Result of d (z) — @ (z).
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Energy measurement of beam from SRC for GUINNESS WORLD
RECORDS™ registration

H. Okuno,*! N. Fukuda,*! H. Haba,*! H. Hasebe,*! Y. Higurashi,*! H. Imao,*! H. Otsu,*! H. Sakurai,*!
Y. Shimizu,*! T. Sumikama,*! D. Suzuki,*! H. Suzuki,*! H. Takeda,*! K. Yoshida,*! and M. Yoshimoto*!

The SRC (Superconducting Ring Cyclotron) was
registered into GUINNESS WORLD RECORDS™ as
the highest beam energy cyclotron on April 11 2022.1)
The energy of the beam from the SRC was measured
mainly using BigRIPS prior to the registration. The
acceleration of 238U up to 345 MeV /nucleon was cho-
sen to maximize the energy of the extracted beam.

The energy Er of the beam extracted from the SRC
is expressed as

ET = 1/ (M002)2 + (pc)2 — M002 (1)
pc=Q X ecBp (2)
M ~ Mo/Mamu (3)

where My, M, Mamu, p, ¢, @, e, and Bp express the
rest ion mass, mass number, unified atomic mass unit,
momentum, speed of light, charge state, elementary
charge, and magnetic rigidity, respectively. Therefore,
M, @, and Bp must be measured or defined. Z is also
required to be defined in the measurement.

Firstly we must show that the accelerated particle is
28U (Z =92, M = 238). Mass spectra were measured
in the ion source plasma used in the RIBF accelerator
complex. Measurements were taken at 2 kV and 22 kV
extraction voltages. M/(Q was calibrated using the two
peaks of m/q =1 and m/q = 2 at 22 kV. The obtained
data show that the mass of the heaviest element in the
source is approximately 236. The only nuclei that are
stable in nature at these mass numbers are 232Th or
2387. The color of the sample in the ion source was
dark brown, a typical color of UO3, while the color of
ThO; is white. From these reasons, it can be deduced
that the Z and M of the accelerated ion beam are 92
and 238, respectively. The accelerated ion, therefore,
is 238U

Secondly, the beam energy is roughly measured.
This measurement helps us to define charge state of the
accelerated beam in the succeeding measurement. A
target of Be is placed at F0O in BigRIPS, and the energy
of the particles in full strip (Q = Z = 92) is measured.
Three target thicknesses are prepared: 0.5 mm, 1 mm,
and 2 mm. The obtained data are plotted as shown in
Fig. 1 together with linear regression. When the thick-
ness of the target is zero, the approximation indicates
the beam’s original energy. Because the energy loss is
not proportional to the thickness of the target, it is a
little off from the correct answer but is still accurate
enough to identify @ in the next process.

Thirdly, magnetic rigidity Bp of the accelerated

*1  RIKEN Nishina Center
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Fig. 1. Energy of 2*¥U%7 versus the target thickness with

linear regression.

beam is measured through the BigRIPS without the
target. Because the charge is still undetermined, the
blue dots in Fig. 2 show that the energy can jump
from one value to another under a constant Bp condi-
tion. In contrast, from the results obtained previously,
we know that the energy is approximately around the
orange line, so thus we determined @) to be 86. We
deduced the extracted energy of 82400 MeV by com-
bining the measured Bp value with @ = 86.
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86000 P
85000
84000 o
83000 h a
82000 @
81000 o
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79000 @
78000

Beam Energy (MeV)

82 84 86 88 90
Q of the ion

Fig. 2. Beam energy converted from the measured Bp as a
function of assumed Q values of the accelerated ion.
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Development of new ionization chamber specialized for high Z
beam (II)

M. Yoshimoto,*! N. Fukuda,*! R. Matsumura,*' D. Nishimura,*? H. Otsu,** Y. Shimizu,*! T. Sumikama,*!
H. Suzuki,*! H. Takahashi,*? H. Takeda,*! J. Tanaka,*! and K. Yoshida*!

Tonization chambers (ICs) are detectors used to de-
termine the energy deposit (AE) of the ions with suffi-
cient accuracy to distinguish the atomic number (Z) in
the BigRIPS separator and ZeroDegree spectrometer.
A new IC has been developed to improve the Z resolu-
tion of heavy ions with Z >80 and the energy of 200-
300 MeV/nucleon,l) for which experimental proposals
are on the rise. The difficulty in Z determination is be-
cause of the change in the charge state,? which is more
pronounced for higher Z beams. To overcome this ef-
fect, previous studies suggested the replacement of the
commonly used P-10 with a gas with a smaller or larger
Z.1,3)

We conducted machine studies (MS-EXP21-10, -11)
on the gas dependence of the IC at RIKEN RIBF. The
IC setup has been described in a previous study.!) We
used three gas species, P-10 gas (Ar 90% + CH4 10%),
methane gas (CH4 100%) with a smaller cross section
of the charge state changing, and xenon-based gas (Xe
70% + CHy 30%) with a larger cross section of the
charge state changing. The ICs with these gases were
operated at 620 Torr in the F7 vacuum chamber.

The AE in the IC was measured with 2387920+ 91+
ions at 344 MeV /nucleon. Figure 1 shows the AE dis-
tributions for the three gas species. The shape for the
CH, gas differed significantly between 90+ and 91+.
The lowest energy peak corresponds to 90+ passing
through the IC without charge state changing and the
second-lowest peak corresponds to 914.
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Fig. 1. Energy deposit (AE) distributions of the IC in
methane, P-10, and xenon-based gases irradiated with
344 MeV /nucleon 23¥U%°" (blue area) and 2*3U%'™" (red
line).

The shape difference for the P-10 gas was smaller
than that for the CH, gas. However, the mean fitted
with a normal distribution changed by 0.56% depending
on the charge states. When multiple charge states are
transmitted, the mean shift adversely affects particle
identification (PID). The energy resolution of 90+ and

*1 RIKEN Nishina Center
*2 Department of Natural Sciences, Tokyo City University

91+ was 1.1%, which was worse than the 0.7% energy
resolution required to achieve the 3o separation at Z=
92 from Z=91 isotopes. In contrast to the CH4 and P-
10 gases, the xenon-based gas yielded almost identical
shapes for 904+ and 91+4. The difference between the
means was only 0.03%. This is because a charge-state
equilibrium was reached immediately after the injection
into the IC. The energy resolution was obtained to be
0.69%, which is sufficient for the 30 separation in Z.
Hence, the xenon-based gas was demonstrated to be
suitable for the IC specialized for high Z beams.

We injected the high-Z secondary beam at approxi-
mately A/Q=2.5 into the xenon-based gas IC. The sec-
ondary beam was produced from the 345 MeV /nucleon
238U primary beam impinging on a 4 mm-thick Be tar-
get. The magnetic rigidity of the first dipole was 6.3 Tm
and no degraders were used in the separator. The
PID was performed using the TOF-Bp-AE method, as
shown in Fig. 2. Further, the beam energy at F7 was
typically 264 MeV /nucleon at Z = 80—92. Although
the blobs for He-like and H-like ions are dense, the dif-
ferent ion species were well separated and identified.
The averaged Z resolution of Z = 81-91 was 0.34 (10).
The resolution is approximately twice better than that
by the P-10 gas IC.%
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Fig. 2. PID plot of Z versus A/Q obtained with the xenon-
based gas IC. The typical energy is 264 MeV /nucleon.

In conclusion, the xenon-based gas IC achieved the 3o
separation in Z, and rendered the PID for the secondary
beams with Z >80 at approximately 260 MeV /nucleon
practical for all experimental groups.
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Atomic-number identification of heavy RI beams using the energy
loss in a Xe-based gas

T. Sumikama,*! N. Fukuda,*! and M. Yoshimoto*!

Radioactive isotope (RI) beams produced at RIBF
are tagged event-by-event with the atomic number Z
and mass-to-charge ratio A/Q determined using beam-
line detectors. For heavy RI beams, particle identifica-
tion (PID) becomes difficult owing to the change in @
inside the beam-line detectors because Z is determined
from the energy loss depending on Q2. Blobs in the PID
plot were clearly visible for the 2°®Rn case®) but not for
the 220Th case.?) The relative Z resolutions were 0.45%
and 0.69% (10) for the 185-MeV /nucleon 2°®Rn beam
and 315-MeV /nucleon 22°Th beam, respectively. The
worse resolution was considered to be due to the energy-
loss straggling caused by charge-state fluctuation in the
gas of the ionization chamber. The difference between
these two cases indicates the impact of the energy de-
pendence of the charge-state fluctuation.

In this paper, the difference in the Z resolutions is
discussed in regards to the energy dependence of the
cross section of the change in @ in the gas using the
GLOBAL code.?) Figure 1 shows the energy depen-
dence of the partial mean free path length L, given
a change in Z — @ from 1 to 2 or from 2 to 1. The
energy dependence of L is mainly for the electron-
pickup reaction. In the 2“®Rn case, the mean value
of the equilibrium charge-state distribution (Q) is 84.5
at 185 MeV/nucleon. Since (Q) is a decimal, the
charge state must change multiple times in the ion-
ization chamber to make the effective @) in a single
event closer to 84.5. L (Z—@Q = 1—2) is roughly 1/2 of
the effective length of the ionization chamber, as indi-
cated by the dotted line in Fig. 1. Thus, even if Z — @
changes from 2 to 1, it could be back. In contrast, L
(Z—Q = 1—2) is longer than the effective length at
315 MeV /nucleon. Z — @ might not change to 2 once it
becomes 1. This is mainly the nature of Ar gas, which
accounts for 90% of the P10 gas. Figure 1 also shows L
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Fig. 1. Partial mean free path length of the change in the
charge state in the ionization chamber as a function of
the energy of the 2°®Rn beam.

*1 RIKEN Nishina Center

of a Xe-based mixed gas (Xe 90% + CH4 10%). The gas
pressure was determined so that the energy deposit at
300 MeV /nucleon is same as that of the P10 gas. Even
at 300 MeV /nucleon, L is shorter than that of P10 at
185 MeV /nucleon, indicating a better Z resolution.

The energy loss in the ionization chamber was sim-
ulated by using the energy-loss code ATIMA?® and
GLOBAL. The fluctuation in ) was taken into ac-
count by the Monte Carlo method. The Z resolution of
the 180-MeV /nucleon %}? At beam was simulated to be
0.46%, which is consistent with the experimental value
of 0.45%. Figure 2 shows the energy deposit of the 300-
MeV /nucleon 2°8Rn and 26 Ac beams into the effective
region of the ionization chamber. The Z resolution is
improved from 0.60% for the P10 gas to 0.39% for the
Xe-based gas. This result is consistent with the discus-
sion of Fig. 1.
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Fig. 2. Monte Carlo simulation of the energy deposit in the
ionization chamber. Half of the energy-loss straggling in
ATIMA was applied for the energy deposit.s)

An experimental study of PID using a Xe-based gas
was already conducted, and a good Z resolution was
obtained.5")
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Improved transmission of OEDO
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The optimized energy degrading optics (OEDO) sys-
tem') was installed at RIBF in 2017. The principle
aim of OEDO is to decelerate and focus medium-heavy
radioactive ion beams provided by BigRIPS from ap-
proximately 200 to 15-50 MeV /nucleon. The system
was commissioned in the day 0 campaign by studying
transfer reactions on ""Se, ?3Zr, and '°7Pd. During
this, the transmission from F3 decreased from 61% at
FE9 to 18% at SO, despite the effective focusing ef-
fort of the RF-Deflector (RFD) at FE10. This poor
transmission was attributed to the small bore radius
of the quadrupole magnet, i.e. QE19, located at FE11,
and thus, during 2021, the OEDO beamline was re-
configured. The QE20 (STQ18) magnet was installed
upstream of FE11 (FE12), and the QE19 magnet was
entirely removed from the beamline. The impact to
OEDO’s low-energy focusing capabilities was tested
in April 2022 during the machine study “MS22-1”
followed by the SHARAQIS8 experiment?) measuring
1398n(d, p)*31Sn. This report summarises the new low-
energy optics of the OEDO beamline, including the im-
proved transmission.

The ion-optical transport code COSY-Infinity (v 9.0)
was used to simulate the beam transport through the
updated F3—-S1 beamline. The beam trajectories in X
and Y planes are shown in Fig. 1. Compared with the
previous beam trajectories,!) the new magnet setup be-
tween the RFD and S0* should enable higher trans-
mission to the secondary target. In addition, the QE20
magnet placed downstream of the RFD enables the fine
tuning of the parallel beam condition, which was not
possible in the previous configuration.

COSY matrix elements for the new OEDO transport
were incorporated into the CNS-developed Monte Carlo
simulation code. The simulation used the measured
condition at F3 from MS22-1 and included beamline
materials, the opening of the beam pipes, and the RFD.
The simulated spot size at SO was X (YY) = £5 (10) mm,
within the target radius of 25 mm. The estimated F3—
SO transmission was 97% till third-order aberrations.

Following optics tuning in April 2022, the measured
13080 beam spot at SO is shown in Fig. 2. The beam was

*1 - Center for Nuclear Study, University of Tokyo

*2 RIKEN Nishina Center

*3  Department of Physics, Kyoto University

*4  Department of Physics, Tohoku University

*5 CENS, Institute for Basic Science

*6  Department of Physics, Kyushu University

a) 80 focal plane = target position in the TINA silicon-detector
array, as used in the 139Sn experiment.
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Fig. 1. COSY-calculated beam trajectories in the X and
Y planes between F3 and S1 for low energy tuning in

OEDO.
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Fig. 2. '3%Sn Beam focus at S0. Red circle represents the
CD; target’s radius of 25 mm.

centred at X(Y) = —2(—1) mm with a spot size of £+8
(12) mm, within the CD5 target’s radius of 25 mm. The
beam energy was degraded to 23.3 £+ 1.1 MeV /nucleon
at SO. The measured F3-S0 transmission of 85% is
lower than the calculated value of 97%; however, it still
improves OEDQ’s transmission by a factor of 4.7 over
the previous condition.?) Following this improved trans-
mission of low-energy beam, we performed the OEDO
experiment? to measure *°Sn(d, p)'3*Sn.
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Operation test of kicker system with new PFN capacitors

Y. Yamaguchi,*! T. Ohnishi,*! G. Hudson-Chang,*!*2 M. Kanda,*3 Y. Koizumi,*® D. Nagae,*"** K. Okubo,*3
K. Sasaki,*? N. Shinozaki,*® A. Yano,*®> A. Ozawa,*"*® T. Yamaguchi,*"*3*5 and M. Wakasugi*!*6

In the rare-RI ring (R3) facility, the kicker system
is a key device for injecting and extracting particles
one-by-one. Recently, we have succeeded in magnetic
field flattening during injection duration and extend-
ing the extraction duration, thereby improving the ex-
perimental efficiency.)) However, the ceramic capaci-
tors used in the pulse forming network (PFN) of the
kicker power supply were broken several times due to
insulation breakdown after 1 day of operation with a
charging voltage of 45 kV to 55 kV in the 2021 mass
measurement experiments.? This failure, which in-
terferes with the execution of the experiment, must be
repaired quickly. We report the progress of the repair
work.

The PFN, consisting of sixteen capacitor and induc-
tor sections, forms a high-voltage unit together with
a thyratron and other components.*) The high-voltage
unit is installed in a tank filled with insulating oil.
The capacitor HP40-H132-00 we have used so far is
made by the former AVX corporation (Kyocera AVX
now). It has a three-layer structure and is insulated
with molded resin. The outer diameter is 38 mm, the
length is 47 mm, the rated voltage is 80 kV, and the
capacitance is 375 pF.

A failure analysis was performed by Kyocera. The
central part of the three-layer structure was found to
be particularly damaged (see Fig. 1(b)). The dam-
age was so severe that it is difficult to pinpoint the
cause, but the following are possible causes: 1) due
to the part of dielectric layer is slightly weak, 2) due
to the stacked element structure, the central element
overheated, and then the increase in dielectric loss and
further overheating caused an electron avalanche, or

(a)

47mm

Fig. 1. (a) shows broken AVX capacitor, and (b) shows
internal damage revealed by Kyocera.
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3) due to electric field concentration on the washer
between the elements. Thus, it is thought that the
stacked elements structure could not withstand our use
of the repetition of the high-voltage charging within
200 ps and the instantaneous discharging by thyra-
tron. Then we decided to replace it with a single-layer
structure capacitor, a commercially available product
with proven track record.

Figure 2(a) shows a new capacitor FHV-10AN made
by TDK corporation. The outer diameter is 38 mm,
the length is 33 mm, the rated voltage is 50 kV, and
the capacitance is 700 pF. Two TDK capacitors are
connected in series to make almost the same capaci-
tance as the AVX one. Figure 2(b) indicates the out-
put currents when operated at a charging voltage of
55 kV. It can be seen that the waveform (blue-line)
obtained with TDK capacitors is almost the same as
that (black-line) obtained with AVX capacitors.

400 600 800 1000 (ns)
Output current waveform

Fig. 2. (a) shows installed new capacitors. (b) indicates
output signals from current monitor (details in text).

There are eight high-voltage units in total. Cur-
rently, the two high-voltage units for one twin-type
kicker magnet have been replaced with TDK capac-
itors. Recently, we conducted 5-days continuous op-
eration test for all units with a charging voltage of
around 50 kV. As a result, five of the six units with
AVX capacitors failed again. On the other hand, the
two units with TDK capacitors had no problems. We
concluded that the use of TDK capacitors would solve
the above three concerns and enable stable continuous
operation. Therefore, the remaining six high-voltage
units will also be replaced with new capacitors soon.
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Design of radiation shield for RI production beam line

A. Akashio,*! K. Tanaka,*! N. Shigyo,*!*? K. Sugihara,*!*?*3 and H. Haba*!

A radiation shield for a target of new radioactive iso-
tope (RI) production beamline at the large irradiation
room in the Linac building was designed. Figure 1 shows
the schematic of the shield. A 7.18 MeV /nucleon helium-
4 beam is irradiated from upward to downward on a
bismuth target. In this study, the conceptual structure
of the radiation shield for the side direction from the
target was designed using the radiation transport code
PHITS." The size of the shield was limited to less than
2 m because the new RI production beam line will be in-
stalled at the small space in the large irradiation room.
In addition, the requested shield weight was less than 10
ton owing to the load capacity of the floor. Although
the PHITS calculation is not well studied in this helium-
4 beam energy region, the benchmark has already been
obtained via measurement of the neutron yield with the
same beam condition.?)

o beam
(7.18MeV/u)

Inner
Shield Outer Shield
Fe, BPE, PE, Pb

Bi target ——

Neutron,
gamma ray

Fig. 1. Schematic of the radiation shield.

The radiation dose around the target is 3 x 10% uSv/h
at the beam intensity of 100 particle pA. This study
aimed to reduce the neutron and v-ray dose rate below
10 pSv/h on the surface of the shield. A simple shield
composed of one substance is not effective when neu-
trons and v rays in wide range energies are mixed. The
maximum energy of neutrons from the target is about
approximately 15 MeV. In general, polyethylene (PE) or
water, a hydrogen-rich material, is effective in shielding
neutrons up to several MeV. For the higher energy neu-
tron, iron or other heavy metal material is applied as
an inner shield to reduce the neutron energy by inelas-
tic scattering. Subsequently PE is applied as an outer
shield to reduce the neutron dose rate. In addition, the
secondary v ray generated in the shield is absorbed in

*1 RIKEN Nishina Center
*2 Department of Applied Quantum Physics and Nuclear Engi-
neering, Kyushu University

*3 High Energy Accelerator Research Organization (KEK)

the heavy material such as lead set outside PE as shown
in Fig. 1.

Figure 2 shows position distribution of the neutron
and 7-ray radiation dose rate calculated by PHITS. Al-
though the tungsten-inner shield was also assumed, iron
was selected considering the cost and weight. The iron
thickness was optimized to realize the minimum thick-
ness of the shield satisfying the requested neutron dose
rate at the shield surface. Despite the 30-cm-thick iron
and 50-cm-thick PE successfully reducing the neutron
dose rate, the vy-ray dose was still serious. The main
component was a 2.2 MeV secondary ~ ray attributed
to the reactions between neutrons and proton included
in the outer PE shield as shown at black-dashed line in
Fig. 2. Therefore, additional heavy weight lead shield
outside PE is necessary to reduce the v ray. To render
the lead thickness thinner, reduction of low-energy neu-
tron entering to outer PE shield was considered. PE with
10% B20O3 (BPE) was installed between the iron and the
PE to apply 1°B(n, a) reaction. Red lines in Fig. 2 show
the effect of 10 cm BPE. The generated  ray is reduced
down to 1/8 by BPE shield at the border between inner
and outer shield. Although the 50 cm thick BPE was
also evaluated as an alternative to the PE, 10 cm BPE
was sufficient because low energy neutron from iron-inner
shield was absorbed by the first 10 cm of BPE. Owing
to the boron effect, the thickness of the lead was suc-
cessfully reduced approximately 5 cm. Owing to the de-
sign, the shield of iron 30 cm thick, BPE of 10 cm, PE
of 40 c¢m, and lead of 7 cm satisfied the requirement of
10 uSv/h on the surface against 100 particle pA helium-4
beam.

Target space Inner shield outer shield Lead for
5 20cm 30cm 50 cm y-ray
10 —Neutron Fe+BPE
10 cm+PE+Pb
+++» Gamma
107 ..
........... —Netron
T Fet+PE+Pb
105 IO «++» Gamma

wE NN e,

Dose rate (uSv/h)

10 pSv/h

! : ! !
0 10 20 30 40 50 60 70 80 90 100 110
distance (cm)

Fig. 2. Radiation dose distribution calculated with PHITS.
The assumed helium-4 beam intensity was 100 parti-
cle pA.
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Amorphous to polycrystalline phase transition in Las;O3 films grown
on a silicon substrate forming Si-doped La,O3 films’

S. R. Lee,*t A. Kim,*?*3 S. Choi,*?*3 T. Ikeda,** T. Kobayashi,*® T. Isoshima,*® S. Cho,*” and Y. Kim*!-*8

Currently, the semiconducting industry is heavily re-
liant on Si-based electronic devices. SiO5 has been
used as a principal dielectric in Si-based industry owing
to its good film properties and stability in the comple-
mentary metal-oxide-semiconductor (CMOS) process.
However, its low dielectric constant has raised issues
of low performance of device and large leakage cur-
rent with decreasing gate thickness, channel length,
etc. Consequently, extensive efforts have been made to
find alternative dielectrics with high-permittivity (k)
on Si as a replacement for SiO5. One of important
conditions for high-x dielectric is that the dielectric
layer should not result in the formation of silicide or
SiOq interfacial layer between silicon wafer and dielec-
tric layer. Intriguingly, it has been shown that upon
the deposition of LayOg3 is deposited on Si, La silicate
is formed rather than a SiO, interfacial layer.")

In this study, we used a pulsed laser deposition
(PLD) method to obtain a high-quality LasOg film on
a Si substrate. Using a high-resolution transmission
electron microscope (HRTEM) it was observed that
approximately 10 nm thick amorphous La;O3 layer
was initially formed on Si. Subsequently, and then
a polycrystalline LayOg3 layer was formed on top of
the amorphous LasOgs layer, as Fig. 1(a), which is at-
tributed to Ostwald’s step rule, this is a metastable
state formation prior to the formation of a stable state
of a material. HRTEM images also suggested that
no interfacial oxide layer was formed between LasOj3
and Si. Furthermore, through an in-depth study us-
ing Rutherford backscattering (RBS), performed at the
RIKEN Pelletron accelerator facility, it was further
confirmed that La-Silicate interfacial layer is extremely
reduced, as Fig. 1(b). Rather, the results of X-ray pho-
toelectron spectroscopy atomic depth profile analysis,
using ArT ion beam sputtering, indicated the presence
of La-silicate present over the entire LayOs film, as
Fig. 1(c). This suggests that Si diffuses through whole
thick LasOg films, thereby forming Si-doped LasOj
films. Our study suggests that employment of ad-

T Condensed from the article in Phys. Status Solidi A 219,
2200318 (2022)
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Fig. 1. (a) Transmission electron microscope image of
polycrystalline/amorphous LasOgs films, (b) Ruther-
ford backscattering, and (c) X-ray photoelectron spec-
troscopy atomic depth profile of LasOs/Si.

vanced growth technique may improve the status of
high-x gate oxide of LayO3 gate oxide in CMOS in-
dustry.
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Proton hyperpolarization relay from nanocrystals to liquid water’

N. Matsumoto,*! K. Nishimura,*! N. Kimizuka,*! Y. Nishiyama,*? K. Tateishi,*>** T. Uesaka,*>** and
N Yanai*17*4,*5

While nuclear magnetic resonance (NMR) spec-
troscopy is indispensable over a wide range of fields from
chemistry to medicine, it suffers from inherently poor
sensitivity due to low nuclear spin polarization. Dynamic
nuclear polarization (DNP), in which the electron spin
polarization is transferred to the nuclear spins, is one of
the most promising methods to improve the sensitivity of
NMR. Water is an extremely attractive and ubiquitous
target material because hyperpolarized water can lead
to highly sensitive NMR of proteins and biomolecules.?)
Here, we report the nuclear spin hyperpolarization of
bulk liquid water achieved via a novel strategy called
“hyperpolarization relay,” in which the photogenerated
transient electron spin polarization is transferred to the
nuclear spins within nanocrystals, and then transferred
to the nuclear spins of liquid water (Fig. 1).

Photo-
excitation

" DNP. .
TR
1H AR
) Sprn diffusion

Liquid water

Fig. 1. Schematic of “hyperpolarization relay” from nanocrys-
tals to bulk liquid water.

We prepared organic nanocrystals of 5,12-diazatetracene

(DAT)-doped p-terphenyl (Fig. 2(a))? using the repre-
cipitation method,® that can be hyperpolarized at room
temperature by DNP based on photoexcited triplet state
(triplet-DNP).%) The size of nanocrystals was character-
ized by dynamic light scattering (DLS) measurements.
Nanocrystals of three sizes were fabricated and referred
to as NCsg9, NCa70, and NCy7q, respectively. The num-
ber represents the average diameter of the nanocrystal.
The nanocrystals were mixed with water of 10% H5O in
D>O with a weight ratio of NC: water = 1 : 4 for the
triplet-DNP experiments.

In the 'H NMR spectrum for the mixture of NCjrg
and water at thermal equilibrium, only a sharp peak
from water was observed (Figs. 2(b) and 2(c)). After
a triplet-DNP sequence for 120 s, the intensity of the
water-derived sharp peak clearly increased in addition
to the enhanced nanocrystal-derived broad peak. The

T Condensed from the article in J. Am. Chem. Soc. 144, 18023
(2022)
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Fig. 2. (a) Chemical structures of DAT (5,12-diazatetracene)
and p-terphenyl. (b) 'H NMR, spectra of the mixture of
NCi7o and water at thermal equilibrium (black) and after
triplet-DNP for 120 s (green). (c) Enlarged 'H NMR spec-
tra before (black) and after triplet-DNP for 120 s (green)
after subtracting the fitted spectra of NCirq.

enhancement factor of nanocrystals and water was esti-
mated as 104 £+ 10 and 2.4 £ 0.3 times, respectively. The
transfer of proton spin polarization from the nanocrystal
surface to water was indicated by the size dependence of
the nanocrystals. As the nanocrystal size increased from
170 nm to 270 nm and 390 nm, the enhancement of wa-
ter polarization decreased from 2.4 40.3 to 1.5+ 0.2 and
1.2+0.1 times. This trend supports that the polarization
transfer occurs at the interface between the nanocrystals
and water.

To better understand the nanocrystal-to-water polar-
ization transfer mechanism, the polarization buildup was
simulated using Solomon equations. Interestingly, a neg-
ative cross relaxation rate constant was obtained, which
often occurs in macromolecules or viscous liquids. This
implies that the water dynamics are slowed at the surface
of nanocrystals. A possible scenario is that polarization
is transferred from the nanocrystals to the surface-bound
water and that the surface-bound water exchanges with
the bulk water, resulting in the enhanced polarization of
the bulk water.

In conclusion, we demonstrated the polarization re-
lay that first transfers the polarization from photoex-
cited triplet electron spins to proton spins within the
nanocrystals, and then transfers the polarization to pro-
ton spins of water on the nanocrystal surface. This will
lead to the realization of a continuous hyperpolarized
water supply system that will revolutionize life science
and drug discovery.
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Estimation of the on-site Coulomb potential in La,CuQO4: A uSR and
DFT Study

M. R. Ramadhan*!*2 and 1. Watanabe*!*2

Since its discovery in the late 1980s, high-
temperature superconducting cuprates are known to
have a rich variety of physics and have attracted inter-
est from researchers worldwide. There are open ques-
tions on exotic electronic states that need to be inves-
tigated, such as pseudogaps, stripes of spins and holes,
and charge-ordered states. These properties are usually
described on the basis of the strong on-site Coulomb po-
tential, U, and the covalent states of the Cu 3d orbitals
with the surrounding O 2p orbitals. To understand
more about these properties, LasCuOy (LCO) can be
used as the ideal candidate material. LCO is the parent
compound of high-Tc superconducting is classified as a
Mott insulator, and has strong covalent states between
the Cu 3d and O 2p orbitals. These interactions pro-
duce antiferromagnetic insulating behavior due to the
existence of the on-site Coulomb potential energy (U).
The value of U of this system has been thoroughly in-
vestigated but still has large ambiguities in the range of
3-10 eV, raising uncertainties in the discussion of the
electronic states in high-Tc superconducting cuprates.

Our group has been developing a technique to esti-
mate the value of U by combining the muon spin rota-
tion (uSR) and density functional theory (DFT) and
including U as an adjustable parameter (DFT + U).
From an experimental perspective, a muon is a sen-
sitive local magnetic probe that can be used to observe
the ordered state of LCO. Our group has shown that an
implanted muon has three frequency components using
the high-statistic SR ,as shown in Fig. 1. These three
frequency components can be translated into three in-
ternal fields of 426.7(1), 109.2(4), and 1251.6(3) G.V
From a theoretical perspective, we develop a method
to obtain a more precise muon position by utilizing
DFT + U. From calculations, we show that there are
three possible positions at which a muon can reside.
As discussed in the previous APR report, we expand
the calculation further by considering the local effect
of an implanted muon from both the crystal and spin
structures of supercell LCO.23) After that, we also con-
sider the zero-point vibration motion (ZPVM) of an
implanted muon inside the structure by calculating the
distribution of the muon position as a quantum par-
ticle.”) Both of these considerations can be utilized to
calculate the internal field by using the following equa-
tion:

1

- -3
i.j ‘Ti_7?j|

(7i=75)
|H

= = — — 2
3p; (75 —75) —5—0| [¥;]7. (1)
=T

Here, p; denotes the vector data for the spin grids and
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Fig. 1. Fourier transfrom spectrum from the high-statistic
1SR experiment.

7; — 7; denotes the relative distance between Cu-spin
grids with a density of g; and the muon distribution
grids ¢;. Then, we sum all grid components obtained
from our DFT calculations to estimate the internal field
at each muon, a sphere with a radius of 50 A. After
obtaining the internal fields for each fields muon posi-
tion, we optimize U by comparing the calculated inter-
nal fields with the experimental internal fields:

AHy, = (HYtr = HYR) i = 1,23, 2)

and sum all AH),, for each U with the fitting errors of
the internal fields, o;, as follows:

AH2,
Yo =123 (3)

i 2

By applying the Gaussian function, we obtain opti-
mized U of 4.87(4) eV. By using this optimized U, we
observe that the difference between the calculated and
experimental internal fields for the M1, M2, and M3
positions are 3.4 (=1%) , 38.2 (=40%), and 97.9 (=8%)
G respectively.?)
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Comparison of basis sets for DFT calculation of guanine nucleobase

W. N. Zaharim,*"*? S. Sulaiman,***? H. Rozak,*"*3 and I. Watanabe*!*2

Deoxyribonucleic acid (DNA) consists of two
polynucleotide chains twisted around each other in the
form of a double helix. DNA is formed using sequences
of four nitrogenous bases (guanine, adenine, cytosine
and thymine). Several reports showed that pSR is an
experimental technique that can be used to study the
properties of organic systems.!) The interpretation
and analysis of the uSR results are often complemented
and enhanced through computational studies.* ")

Two possible muon stopping sites have been re-
ported for each nitrogenous base.*) In guanine nucle-
obase, muon is likely to attach itself to the carbon
atom (C8). The DFT cluster framework using hy-
brid functional was used in this study.®'") In this
study, B3LYP were used in combination with 6 dif-
ferent standard set of Gaussian basis function; (1) 6-
314G, (2) 6-31+G(d), (3) 6-314+G(d,p), (4) 6-31++G,
(5) 6-31+4G(d), (6) 6-314++G(d,p). The question of
how the functional and the basis set is chosen will af-
fect the optimized geometry and electronic structure
calculated is therefore becoming the motivation of this
study.

Figure 1 shows the total energy of the optimized
structure calculated using different basis sets. 6-31+G
and 6-314++G produce an optimized structure with the
highest energy compared to the other basis sets. The
difference in energies between the basis set that uses
a diffuse function to all atoms and diffuse function to
all atoms except hydrogen is only 0.01 eV. A huge dif-
ference in total energy is observed when polarization
function is used in the basis set. Total energy produces
by using a basis set that includes polarization function
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-15,839
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Total Energy (eV)
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Fig. 1. The total energy of the optimized structure using
different basis sets.
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is reduced by approximately ~5 eV. Polarization func-
tion gives more room for the atom to get away from
each other to minimize the electron-electron repulsion
thus reduces the total energy of the system.

The estimated isotropic interaction values calculated
using different basis sets were summarized in Fig. 2.
6-31++G basis set produces the lowest isotropic in-
teraction value. This is due to the diffuse function
used in the atomic orbital calculation for all atoms in-
cluding muon. The diffuse function allows the electron
to move far away from the nucleus which may affect
the isotropic interaction value. As the electron moves
far away from the nucleus the isotropic interaction de-
creases. In particular, among all basis sets, high hyper-
fine frequency was produced when using 6-31+G(d, p).
This value is 13.18% lower than the experimental value
obtained by Hubbard et al.*) and it is the closest to the
experimental value.
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Fig. 2. Isotropic interaction values obtained using different
basis sets.

The DFT cluster method was applied to study the
effects of different basis sets on the electronic struc-
ture and properties of guanine nucleobase. The basis
set with polarization function should be utilized for
applications where the total energy is crucial and the
diffuse function can be excluded to all atoms in a calcu-
lation that considers the isotropic interaction between
the muon and atoms at the trapping location. By con-
sidering both total energy and muon hyperfine inter-
action, 6-31+G(d, p) basis set is the best one to use for
guanine nucleobase molecules.
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Relative formation probabilities
for fluoride and oxyfluoride anions of U, Np, Pu and Am in
accelerator mass spectrometry measurements at VERAT

A. Wiederin,***2 M. Kern,*!»*2 K. Hain,*! M. Martschini,** A. Sakaguchi,*>*# P. Steier,*! A. Yokoyama,*3*>
and R. Golser*!

Atomic anions of actinides are not formed efficiently
in a Cs sputter ion source, so they must be extracted
as molecular anions for AMS measurements.!) Fluoride
anions were introduced as an alternative to the oxide
anions previously established for this purpose.?) Some
potential benefits of fluoride extraction of actinides
have already been reported: Fluorine is monoisotopic,
fluoride anions have the potential for increased ioniza-
tion yields in low cesium flux ion sources,? could reduce
the hydride background® and show some degree of el-
emental selectivity.?) Furthermore, fluoride and oxyflu-
oride molecular anions could also be of use in isobar
separation techniques such as Ion Laser InterAction
Mass Spectrometry (ILTAMS)* or the Isobar Separator
for Anions (ISA).%) The efficiency with which an anion
species is formed in the sputter process is determined by
the electron affinity of the corresponding neutral atom
or molecule.!) The stability of an anion against pho-
todetachment in systems like ILTIAMS is in turn also
related to this electron affinity.

Developing such isobar separation methods in the
actinide range could open up new possibilities for the
study of actinides in the environment, such as new po-
tential isotopic spikes for normalization or an extended
multi-actinide analysis with simplified chemistry from
a single AMS sample.

Based on estimates of the releases from nuclear tests
and reprocessing plants, 23"Np is thought to be the
second most abundant anthropogenic actinide in the
environment.®) 237Np exhibits conservative behavior in
natural waters as it mainly exists in the highly soluble
Np(V)O3 form under oxidizing conditions™ and has a
long half-life (7}, = 2.1 x 10% y). These two properties
could turn 23"Np into a valuable tool for tracking envi-
ronmental processes such as water mass transport.&g)
The main obstacle to establishing 23’ Np as an environ-
mental tracer is the lack of an isotopic spike material
for a matrix independent and reliable normalization of
23TNp measurements by mass spectrometric methods.

For this purpose, 236Np was produced via the
Z2Th("Li, 3n)**°Np reaction at the RIKEN Nishina
Center. In addition to the desired 2369Np, isobaric con-
tamination can arise either from 23U produced by neu-
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tron capture on 23U impurities in the irradiation tar-
get, or from the decay of metastable 236™Np to 236U or
236pu, so further analysis of the mass 236 fraction was
required.

The relative formation probabilities of AnF;,
AnF,O~, AnF30;, AnF,, AnF30~ and AnF,0,
with An representing the actinides U, Np, Pu or Am,
have been investigated. The AnF, /AnF; ratios of
these actinides have been shown to be element-specific
within each measurement, with an order of magni-
tude separating the AnF; /AnF; ratios from one ac-
tinide element to the next. The magnitude factor is
robust and reproducible. Based on these findings, the
AnF, /AnF; ratio serves as an elemental fingerprint. A
significant amount of isobaric interference would shift
this ratio relative to the reference ratio for the actinide
of interest as determined on calibration samples in the
same measurement. The prospective neptunium spike
material provided a first application for this kind of
isobar analysis, and the tentative first results are com-
patible with a successful production and chemical sep-
aration of 236Np.

Choosing the tetrafluoride system molecular anions
for the extraction of Np and U suppresses the interfer-
ing isobar 236UF; by an order of magnitude compared
to 236NpF; in the ion source. The large number of
(oxy) fluoride anions of various actinides greatly en-
hances the possibility of finding suitable molecular ion
systems for isobar separation using methods such as
element-selective photodetachment in ILTAMS.
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Extraction of 22Th3™ 2% using RF carpet gas cell and observation of
internal conversion process of 229" Th

Y. Shigekawa,*! A. Yamaguchi,*?>*3 K. Tokoi,** N. Sato,** M. Wada,*®> and H. Haba*!

The first excited state of the 22Th nucleus, 22 Th,
has an excitation energy of ~8.3 eV,2) which may
lead to variations in the decay modes (internal conver-
sion (IC), electronic bridge (EB) transitions, and -
ray emission) depending on the chemical environment.
To observe the EB transitions and ~-ray emission of
229mTh we are aiming to trap 22"Th ions such as
229mT 3+ 229mTp2+ 229mTh+  and 229Th molecular
ions in an ion trap.?) We previously developed a ra-
diofrequency (RF) carpet gas cell and extracted 2?°Rn
ions emitted from an 2?*Ra source.?) In this study, we
fabricated an ion trap and then extracted and trapped
229Th ions produced from a 233U source. Moreover,
we confirmed the existence of the IC decay of 22 Th
using 229Th ion bunches created by the ion trap, which
was reported only by the Munich group.*?

We fabricated a quadrupole ion trap having three
segments (Trap 1, 2, and 3), and it was connected
between the quadrupole ion guide (QPIG) and the
quadrupole mass separator (QMS), as shown in Fig. 1.
Gasses can be introduced into the ion-trap region for
changing the chemical state of 22" Th ions. Trap 1 has
four T-shaped electrodes called LINAC rods, which
make axial gradient to rapidly move ions downstream
in the presence of gas.

RF-carpet
gas cell QPIG Trap gas cell QMms
r . \r . T . 1 U . 1
Push voltage
e | MCP

s LINAC rod

llg.:,. ED‘I*..F'__'-—[-'_
\._Il = == __l-il_I:l
2oy M RF / / / \

He 10 mbar | carpet |Lens 1|Trap 1 Trap 2 (Trap 3 Lens2 Lens3

Fig. 1. Schematic view of the ion trap connected with the
RF-carpet gas cell and the QMS.

We placed a 233U source (diameter 90 mm,
596(10) kBq) inside the RF-carpet gas cell. The gas
cell was first evacuated to less than 1 x 10~7 Pa by a
getter pump, and then filled with purified He gas of
10 mbar. 22Th ions recoiling out of the 233U source
were decelerated by the gas and transported by DC
and RF voltages to the ion trap. First, we contin-
uously extracted ions by operating the ion trap as an
ion guide and detected them with a multichannel plate
detector (MCP). As shown in Fig. 2, we successfully
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Fig. 2. Mass spectrum of ions extracted to the MCP.

extracted 229Th3t and 2?°Th?* using the RF-carpet
gas cell, having simpler electronics and a smaller cham-
ber size than the RF-funnel gas cell developed by the
Munich group.®)

We made short ion bunches using the ion trap for
observing the IC electrons of 229Th. First, the ions
were trapped in Trap 3 by applying +10 V to Lens 2
(Fig. 1) at a He pressure of 0.5 Pa. They were col-
lisionally cooled for 20 ms and then extracted down-
stream by switching the voltage of Lens 2 to —35 V.
Each ion bunch had ~270 2299 mTh3+ (~5 229mTh3+),
and ~80 233U37T jons. The ion bunches were repeat-
edly extracted to the MCP by two different MCP sur-
face voltages of —2000 and —50 V to detect only ions
and both ions and IC electrons, respectively. Fig-
ure 3 shows the time traces of the MCP counts. For
229Th3+, the decay curve for —50 V is clearly differ-
ent from that for —2000 V, while no such difference
is observed for 223U3*. The shapes of ion bunches at

Counts / 0.66 ps (Arb. units)

ML A
50 100 150 200 250 300
Time (us)

102 il i)
0 50 100 150 200 250 300
Time (us)

Fig. 3. MCP counts as a function of the time at MCP sur-
face voltages of —50 V (red) and —2000 V (blue) for
229Th3t (left) and 2**UPT (right). The plots are ar-
ranged so that the peak tops at 134 us are matched to
each other.
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—2000 and —50 V should be the same as observed for
233U3+. Hence, the decay curve having longer lifetime
for 229Th3+ at —50 V corresponds to IC electrons of
229mTh, which were emitted after the neutralization
of 229™Th3+ on the MCP surface.”) The preliminary
value of the IC-decay half-life is 8(1) ps, which is con-
sistent with the previous study (7(1) us®). Hence, we
successfully confirmed the existence of the IC decay
of 229mTh. 45 We will introduce some reactive gasses
into the ion trap to make various chemical species of
229mTh to observe the EB transitions.
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Innovative targeted alpha therapy for prostate cancer: preclinical
evaluation of [?'!At]PSMAS5T

T. Watabe,*!*? K. Kaneda-Nakashima,*?*? Y. Shirakami,*? Y. Kadonaga,*!*? K. Ooe,*?> Y. Wang,** H. Haba,**
A. Toyoshima,*? J. Cardinale,*® F. Giesel,*® N. Tomiyama,*? and K. Fukase*?*3

Prostate cancer is currently the most prevalent can-
cer among men (92,021 new cases/year in Japan). Af-
ter surgery and radiation therapy, hormone therapy is
performed for recurrent lesions. However, the prognosis
is poor if the hormone therapy becomes resistant with
multiple metastases.

In recent years, prostate-specific membrane anti-
gen (PSMA), which is a membrane marker expressed
in prostate cancer, has received significant attention.
PSMA is expressed in more than 90% of prostate
cancers.!) Targeted a-therapy (TAT) for PSMA is a
promising treatment for metastatic castration-resistant
prostate cancer (CRPC).?) Astatine is an a-emitter
(half-life Ty = 7.2 h) that can be produced by a
30 MeV cyclotron. In this study, we evaluated the treat-
ment effect of 2!t At-labeled PSMA compounds in mouse
xenograft models.

211 At was procured from RIKEN via the short-lived
RI supply platform. Upon procurement, dry distillation
was used to separate and purify 2''At. 2'!At-labeled
PSMA1, PSMA5, and PSMAG6 were synthesized by the
substitution reaction of 2!'At with the dihydroxyboryl
groups.?)

Tumor xenograft models were established by sub-
cutaneous transplantation of human prostate cancer
cells (LNCaP) in NOD/SCID mice.?) [*''At]PSMAI,
[P1LAtJPSMAS, or [?1'At]PSMAG6 was administered to
LNCaP xenograft mice to evaluate biodistribution at
3 and 24 h. The treatment effect was evaluated
by administering [*!1At]PSMA1 (0.40 &+ 0.07 MBq),
[21LAtJPSMA5 (0.39 4 0.03 MBq), or saline. Histopatho-
logical evaluation was performed for the at-risk organs
at three and six weeks after administration.

All the animal experiments were performed in compli-
ance with the guidelines of the Institute of Experimental
Animal Sciences. The protocol was approved by the An-
imal Care and Use Committee of the Osaka University
Graduate School of Medicine.

[21LAtJPSMAS resulted in higher tumor retention
compared to [211At]PSMA1 and [*'1At]PSMAG6 (30.6 +
17.8,12.44+4.8, and 19.1+4.5%ID/g at 3 h versus 40.7+
2.6, 8.7+3.5, and 18.1+2.2%ID/g at 24 h, respectively),
whereas kidney excretion was superior in [*1' At]PSMA1
compared to [*''At]PSMA5 and [*''At]PSMA6. The
administration of [2! At]PSMAS5 had an excellent treat-
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Fig. 1. (a) Planar images of [*''At]JPSMA5 in LNCaP

xenograft mice. High uptake was observed in the
xenografts (arrows). (b) Change in the tumor size af-
ter administering [*''At]JPSMA1 (0.4 MBq, n = 5),
[ At]PSMA5 (0.4 MBq, n = 12), or control (saline,

n = 10).

ment effect on tumor growth. [*1'At]PSMA1 also
showed a substantial treatment effect; however, the tu-
mor size was relatively more prominent than in the case
of [*'1At]PSMA5. In the histopathological evaluation,
regenerated tubules were detected in the kidneys at three
and six weeks after administering [21!At]JPSMAS5. No
abnormality was found in the histology of the thyroid.

TAT using [*''At]PSMA5 resulted in excellent tu-
mor growth suppression with minimal side effects in
the normal organs. [*''At]JPSMA5 should be consid-
ered as a new possible TAT for metastatic CRPC. An
investigator-initiated clinical trial will start at the Osaka
University after tox studies.
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Prevention of radionuclide-induced antibody denaturation maintains
active targeting and maximizes antitumor efficacy in
211 At-radioimmunotherapy’

H. Takashima,*'*2? K. Ohnuki,*® S. Manabe,*?*%*5*6 Y Koga,*!*” R. Tsumura,*! T. Anzai,*! Y. Wang,*?
X. Yin,*? N. Sato,*? Y. Shigekawa,*? A. Nambu,*? S. Usuda,*? H. Haba,*? H. Fujii,*® and M. Yasunaga*!

Selective tumor accumulation of alpha emitters with
high linear energy transfer and a short particle range
in tissue results in potent antitumor efficacy without
serious toxicity. Thus, there is a growing interest in
developing novel target alpha therapies. Astatine-211
(211 At) is a promising alpha emitter that is applicable
to cancer treatment.

In the preparation process of radioactive antibod-
ies, caution should be exercised in the radionuclide-
induced chemical reaction causing antibody denat-
uration. ~ We demonstrated that reactive oxygen
species (ROS) generated from 2!!At-induced radiol-
ysis of water denature astatinated antibodies.’) The
radionuclide-induced antibody denaturation disrupts
binding activity and attenuates in vivo antitumor ef-
fect. In contrast, sodium ascorbate (SA), a free radi-
cal scavenger, successfully quenches ROS and prevents
denaturation, resulting in the maintenance of bind-
ing activity and antitumor effect.?) Although we re-
vealed the influence of radiochemical reaction on 2! At-
labeled antibody as described above, several questions
remain. First, it is unclear whether 2! At-induced de-
naturation affects the pharmacokinetics of radioactive
antibodies, such as half-life in blood circulation, distri-
bution to normal organs, and tumor accumulation via
active targeting and passive targeting, which are based
on antigen-antibody reaction and enhanced permeabil-
ity and retention effect, respectively.®) In addition, the
protective effects of SA on the pharmacokinetics have
not been clarified.

In this study, using an 2! At-labeled anti-human epi-
dermal growth factor receptor 2 (HER2) antibody sta-
bilized with SA, a denatured radioactive anti-HER2
antibody, and an 2! At-labeled nontargeted control an-
tibody (anti-CD20 antibody) stabilized with SA, we
compared their residence time in blood circulation, dis-
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tribution to normal organs, tumor accumulation, and
antitumor effect in a xenograft model with high ex-
pression of HER2.

In sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis analysis, we confirmed that 2''At dena-
tured radioactive anti-HER2 and anti-CD20 antibod-
ies under no protection, and SA successfully stabi-
lized the radioactive antibodies. The binding activ-
ity of the denatured radioactive anti-HER2 antibody
was consistently disrupted, whereas the binding activ-
ity of the stabilized immunoconjugate was comparable
to the naked antibody. Similarly, the cytocidal effect
of the denatured radioactive anti-HER2 antibody on
HER2-positive cancer cells was attenuated more than
the stabilized radioactive antibody.

There is no difference in blood circulation time as
well as distribution to normal organs between the
groups administered 2'!At-labeled anti-HER2 anti-
body under SA protection and the denatured radioac-
tive anti-HER2 antibody in ex wivo biodistribution
study. These findings suggest that 2'! At-induced an-
tibody denaturation may not affect tumor accumu-
lation via passive targeting. However, single-photon
emission computed tomography and ex wvivo biodis-
tribution studies demonstrated that tumor accumu-
lation of 2! At-labeled anti-HER2 antibody stabilized
with SA was significantly higher than that of the de-
natured radioactive anti-HER2 antibody and 2'!At-
labeled nontargeted control antibody under SA pro-
tection. In a xenograft model with high expression of
HER2, the stabilized radioactive anti-HER2 antibody
consistently outperformed the denature immunocon-
jugate and the radioactive nontargeted control anti-
body. 2''At-induced antibody denaturation hampers
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tumor accumulation via active targeting, attenuating
antitumor efficacy, whereas SA successfully maintains
tumor targeting and antitumor activity. In alpha-
radioimmunotherapy, active targeting significantly in-
creases tumor accumulation of 211 At.

In conclusion, SA-dependent protection that main-
tains tumor targeting and in wvivo antitumor ef-
fect will facilitate the clinical application of 2'At-
radioimmunotherapy.
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Identification of a sex determining gene in a dioecious plant Silene
latifolia’

Y. Kazama,*!*2 M. Kitoh,*! T. Kobayashi,*! K. Ishii,*>*3 M. Krasovec,***® Y. Yasui,*® T. Abe,*? S. Kawano,*”
and D. A. Filatov**

Silene latifolia is a dioecious flowering plant with
XY-type sex chromosomes belonging to the Caryophyl-
laceae family. Since its discovery in 1923 as one of the
first species with sex chromosomes discovered in higher
plants, it has been used for studies of sex chromosome
evolution and sex-determining mechanisms in plants.®?)
Two sex-determining genes have been postulated to be
present on the Y chromosome: the male-promoting gene
(SPF) and the female-suppressor gene (GSF). However,
the Y chromosome is large (approx. 660 Mb) and most
of it comprises a non-recombining region and occupied
by repetitive sequences, which has prevented genome se-
quence assembly and rendered the identification of sex-
determining genes difficult.

We irradiated S. latifolia with heavy-ion beams to ob-
tain several hermaphroditic (GSF-deficient) and asex-
ual (SPF-deficient) mutants, and mapped the shared
deleted regions of mutants as two sex-determining re-
gions, respectively.?) Genome sequencing and RNA-seq
were performed on two of the hermaphroditic mutants
with small deletion sizes. Sequences were then compared
between male, female, and mutants. Consequently, we
found three genes that were present and expressed only
in males. One gene was commonly deleted in both of
the 11 hermaphroditic mutants and females, which was
identified as a candidate gene for GSF. Further, a Blast
search revealed that this gene was highly homologous to
the Arabidopsis CLV3 gene, which regulates the size of
the shoot apical meristems (SAMs) and flower bud pri-
mordia.?

clv3 mutants exhibited increased carpel size, while
transgenic plants with overexpression of CLV3 showed
suppressed carpel development, suggesting that this gene
is a promising candidate for the GSF. Furthermore, in
addition to the Y copy (GSFY), we found its X-lined
gametolog (GSFX). RT-PCR results showed that both
GSFY and GSFX were expressed in the shoot apical
meristems and young flower buds. The translation prod-
uct of CLV3 is known to act as a peptide with 12 amino
acid residues in the final product. Therefore, we com-
pared the amino acid residue sequences of GSFY and
GSFX peptides and found that the sixth glycine residue
in GSFX was mutated to an alanine residue. As this
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mutation is the same as that of the Arabidopsis clv3-
1/clv3-5 mutant (CLV3m), GSFX was considered to be
a loss-of-function type. When these peptides were artifi-
cially synthesized and treated to the SAMs of S. latifolia.
GSFY was found to be active in suppressing SAM size,
similar to CLV3, where GSFX and CLV3m were inac-
tive. Next, when GSFY was introduced into Arabidopsis
thaliana, a hermaphroditic plant, the carpel development
was inhibited. However, introduction of GSFX did not
inhibit development of the carpel. Furthermore, treat-
ment of flower buds of S. latifolia with the GSFY peptide
also inhibited the development of the pistils. These re-
sults indicate that GSFY, a homolog of the CLV3 gene,
is a likely candidate of the sex-determining gene that
suppresses gynoecium development in S. latifolia, and
that GSFX on the X chromosome is dysfunctional.

We have previously shown that, in contrast to GSFY,
SIWUS1, which is considered to function in enlarging the
carpels, is present on the X chromosome but not on the
Y chromosome in S. latifolia.”) This suggests that the
function of the X chromosome functions is to promote
female development. In fact, there is a report in the
old literature that the creation of XXXXY pentaploid
chromosomes cause the carpels to enlarge and produce
hermaphroditic flowers.®) The manner in which the Y
chromosome acquired the dominant GSFY during the
evolution of sex chromosomes has been the greatest mys-
tery; however, this system, wherein the X chromosome
enlarges the carpels and the Y chromosome reduces its
size, can successfully explain the emergence of the dom-
inant GSFY (Fig. 1).

GSFY

pSIWUST pSIWUS1

pSIWUS1
PGSF PGSF  pGSFY

SIWUS1

>

A A pY pX Y
Fig. 1. Model for the evolution of S. latifolia sex chromo-

somes with GSFX dysfunction and loss of SIWUS! in
the Y chromosome.
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Screening for high-growth mutants in sporophytes of Undaria
pinnatifida using heavy-ion beam irradiation’

Y. Sato,*"*2 T. Hirano,*"*3 Y. Hayashi,*! N. Fukunishi,*' S. Kawano,**

Undaria pinnatifida (Wakame) is primarily culti-
vated as a food resource on Japan’s Sanriku coast,
but production yield is declining due to environmen-
tal changes and a decrease in the number of produc-
ers. To meet domestic market demand, excellent strains
that improve productivity per producer must be devel-
oped. Until now, there have been no results of muta-
tion breeding using heavy ion beams in brown macroal-
gae. Our previous study developed a technique for pro-
ducing mutants in the gametophyte from zoospores ob-
tained by irradiance of heavy-ion beams on the sporo-
phylls.Y) However, this method limits the time for ob-
taining mature sporophylls. Therefore, in this study,
gametophytes and young sporophytes of this alga were
irradiated with a heavy-ion beam, and the subsequent
culture was conducted using a tank system (CFCS)?)
to select elite cultivars without aquaculture on the sea.

The mother plant for the irradiation was col-
lected from Hirota Bay, Iwate Prefecture. Accord-
ing to the method described in previous studies,2)
the zoospores were induced and cultured to gameto-
phytes and sporophytes. Gametophytes, and sporo-
phytes were irradiated with C ions (135 MeV /nucleon,
LET, 30.0 keV/um) at a dose of 0.5-25 Gy or Ar
ions (95 MeV/nucleon LET, 284 keV/um) at a dose
of 0.2-10 Gy. The sporophytes obtained from these
ions irradiated gametophytes, and the irradiated sporo-
phytes were cultivated in a 7 L plastic tank for about
two weeks and then transferred to a CFCS for cultiva-
tion. UV-sterilized seawater was used throughout the
cultivation. The seawater temperature and light inten-
sity were set at 10°C and 100 pmol photons m~2 s~ 1,
respectively. On the 100th day after the start of cul-
tivation, mutant candidates (M;) were selected based
on a total length of 100 cm or more and an individ-
ual weight of 40 g or more. Cultivation was continued
until sporophylls were formed and zoospores could be
collected. The sporophytes obtained by crossing male
and female gametophytes derived from the individual
zoospore were cultured for 20 days, and the total length
was measured. Subsequently, the culture of M, was
continued, and those with a weight twice that of the
non-irradiated group, at 100 days after germination,
were selected as excellent mutant candidates (Ms). Ma
was then cultured until sporophylls were formed, re-
leased zoospores, and obtained gametophytes.

The survival rate of irradiated individuals varied de-
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pending on the irradiated generation, ions, and dose.
The decreasing rate was more pronounced in the sporo-
phyte than in the gametophyte at higher doses. Al-
though the survival rates of female gametophytes ir-
radiated with heavy-ion beams with C and Ar ions
decreased with increasing dose, those of male gameto-
phytes did not decrease after both irradiations. These
differences in sensitivity to ions may be influenced by
differences in haploid and diploid stages or differences
in tissue structure.

In the M; generation, 18 individuals were selected
from 210 sporophytes obtained from irradiated gameto-
phytes, and 30 were selected from 297 irradiated sporo-
phytes. As a result of cultivating the sporophyte ob-
tained by self-crossing of these 48 individuals and con-
firming their growth, a total of four lines was obtained
for particularly large individuals compared to others; 3
lines [1302G-R68 (C ions, 5 Gy), 1302G-B60 (Ar ions,
0.2 Gy), 1302G-W40 (Ar ions, 2.5 Gy)] from M; candi-
date of irradiated gametophytes, and one line [1302S-
R40 (C ions, 2 Gy)] from the M; candidate of the ir-
radiated sporophyte (Fig. 1). Among these four lines,
the weight of the largest individuals on the 100th day
of cultivation was two to three times that of the non-
irradiated group, so they were selected as My individ-
uals. In addition, a sensory test was conducted after
cutting off a part of the blade and boiling it; the taste
and texture of My candidates did not differ from those
of the non-irradiated individuals. As a result of culti-
vating the next-generation sporophytes from the game-
tophytes obtained from Mo, all four lines showed earlier
growth in size than non-irradiated individuals, similar
to the My generation. These lines are stored as M3, con-
firming the fixation of the mutation. In the future, these
high-growth mutants can be used for food production
and biomass utilization, including feed and fertilizer.
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Fig. 1. Sporophytes in selected My lines (3 lines out of total
4 lines) containing high-growth mutants 100 days after
germination. (a): 1302G-B60 line, (b): 1302G-W40 line,
(c) 1302S-R40 line. Bars = 10 cm.
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Radio-fluorogenic nanoclay gel dosimeters with reduced linear energy
transfer dependence for carbon-ion beam radiotherapy’

T. Maeyama,*"*2 A. Mochizuki,*! K. Yoshida,*! N. Fukunishi,*?> K. L. Ishikawa,*® and S. Fukuda*4

The complex therapeutic dose distributions asso-
ciated with new heavy-ion irradiation techniques re-
quire the development of 3D dosimeters; however, the
precise measurement of dose distributions when using
high linear energy transfer (LET) radiation remains
a challenge. Specifically, the dosimeter sensitivity is
typically decreased, and signal saturation occurs as
a result of recombination reactions induced by high-
density ionization and excitation. Thus, heavy-ion
beam dosimetry necessitates a sensitivity correction
for the LET being used. Consequently, we reported
a magnetic resonance imaging-based 3D chemical gel
ion-beam dosimeter for high LET irradiation that does
not require the correction.’) However, several hundred
Gy is required to perform measurements.

For improving the sensitivity, we examined the de-
velopment of a new gel dosimeter based on fluorome-
try, which is the most sensitive detection method for
radiation-induced products. Gel dosimeters comprise
of a radiation-sensitive compound, a gelling agent, and
water. In the case of low LET radiation, several types
of radio-fluorogenic gel dosimeters have been reported
to date, and we have prepared highly sensitive nan-
oclay radio-fluorogenic gel (NC-RFG)?%) dosimeters
from dihydrorhodamine 123 (DHR123) and nano-sized
clay. The non-fluorescent DHR123 was oxidized to
fluorescent rhodamine 123 (RD123) via exposure to
ionizing radiation. The spatial information that de-
scribes the absorbed dose distribution was retained in
the nanoclay gel matrix. Consequently, scanning spa-
tial dosimetry can be performed using a fluorescent gel
such as this because the fluorescence intensity increases
linearly with increasing absorbed dose.

In the NC-RFG using DHR123, the dose-response
or sensitivity of this gel dosimeters decreases with in-
creasing LET, because RD123 is produced by oxida-
tion reactions, primarily with OH radicals. There-
fore, this study developed a method for reducing the
effect of LET on NC-RFG dosimeters. Through the
use of a new and optimal Fe3* catalyst together with
pyridine (Py) as a dispersant, more than 20 sam-
ples of NC-RFG with different preparation conditions
were investigated. They were irradiated with 135
and 290 MeV /nucleon '2CS* jons accelerated by the
RIKEN Ring Cyclotron and the Heavy Ion Medical
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Accelerator in Chiba, respectively. In this paper, only
the preparation conditions after optimization are pre-
sented.

The prepared NC-RFG was deaerated with 1 mM
Fe?*, 100 mM Py, 100 xM DHR123, and 2 wt% Clay.
The dose response of fluorescence intensity (Igr,) of ir-
radiated samples was obtained via a fluorescence gel
scanner. Figure 1(a) shows the IFL distributions ob-
tained from the Fe3t-Py-DHR123 NC-RFG using a
290 MeV /nucleon 2C* jon beam for various entrance
surface doses (ESDs). The distributions in (b) were
determined by subtracting the pre-exposure distribu-
tion and dividing by the ESD. These plots demonstrate
good agreement with one another, and the correla-
tion coefficient (R?) of Ipy, versus dose was greater
than 0.995 even near the Bragg peak, as shown in
(c). Figure 1(d) presents a comparison of the relative
0Ir,/ESD and absorbed dose distributions as evalu-
ated through a standard method of dosimetry using
an ionization camber (IC). These data confirm that
the relative § Iy, /ESD distribution closely matched the
dose distribution. Although the LET value increased
to 266 eV/nm at the Bragg peak, the sensitivity was
almost constant.?
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Fig. 1. Radiological properties of NC-RFG after irradiation
with a carbon-ion beam (*2C%T 290 MeV/nucleon).4)

NC-RFG resulted in a significant reduction in the
unwanted effect of the LET. The promotion of Fenton-
like reactions decomposed HyO2 (the main product of
the high-LET ion radiolysis of water) and thus en-
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hanced the oxidation reaction of DHR123. For the first
time, this proposed dosimeter allows an evaluation of
the depth dose profile when using a carbon-ion beam
at a typical therapeutic dose level of several Gy with-

out the need to perform sensitivity corrections based
on LET.Y
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Variability in the net ecosystem productivity (NEP) of seaweed farms'

Y. Sato,*"*2 G. N. Nishihara,*® A. Tanaka,** and D. F. C. Belleza*3

The critical role of vegetated ecosystems in carbon se-
questration has attracted substantial interest across var-
ious disciplines. With growing evidence of the poten-
tial of macroalgae ecosystems to capture carbon, there
is burgeoning interest in applying newfound knowledge of
carbon capture rates to better understand this potential
for carbon sequestration. Seaweed farms are expected to
play a significant role in carbon capture; advocates for
expanding seaweed farms are increasing in many coun-
tries.

In general, seaweed farms are expected to be highly
productive, although whether they are autotrophic or
heterotrophic ecosystems and hence their potential as ex-
porters of carbon is under debate. All in all, we present
our investigation on three seaweed farms, two Undaria
pinnatifida (Wakame) farms in northern Japan (Mat-
sushima Bay and Hirota Bay) and one Cladosiphon oka-
muranus (Mozuku) farm in southern Japan (Bise Point).
In addition, data were collected from two natural sea-
weed ecosystems (Arikawa Bay and Omura Bay) and one
degraded seaweed ecosystem (Tainoura Bay) in Nagasaki
Prefecture. We examined the frequency of autotrophic
days and compared potential carbon capture rates from
these six geographic locations across Japan.

We estimated potential carbon capture rates by calcu-
lating the net ecosystem productivity (NEP) from con-
tinuous recordings of dissolved oxygen concentrations
under natural environmental conditions. Water temper-
ature and dissolved oxygen concentrations were recorded
with dataloggers at a rate of one sample every ten min-
utes. In the natural and degraded ecosystems, one dat-
alogger was placed directly above the sediment, another
50 cm above the sediment, and a third 50 cm below the
water surface (i.e., a total of three instruments and a
mean depth of 3 m for Omura Bay, 5 m for Arikawa
Bay, and 8 m for Tainoura Bay). The dataloggers at
the seaweed aquaculture farms were placed on the cul-
tivation ropes and 1 m (Bise Point) and 2 m (Hirota
Bay and Matsushima Bay) below the cultivation ropes
(i.e., a total of two instruments). The instruments were
placed so that the majority of the biomass of the seaweed
was between the data loggers. Recordings were carried
out for four to twenty days before the instruments were
retrieved for maintenance and data offloading. Calcula-
tions of productivity were based on the ensemble mean
of the dissolved oxygen time series recorded by the dat-
aloggers to account for vertical heterogeneity. The gross
ecosystem production (GEP) rates and ecosystem respi-
ration (ER) rates were estimated from the diurnal fluc-

f Condensed from the article in Front. Mar. Sci. 9, 861932 (2022)
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Fig. 1. Observed (colored points) and conditional mean of
the net ecosystem production (black symbols) rates of
the study sites. The black horizontal lines indicate the
95% highest density credible interval of the predicted val-
ues. Hirota Bay and Matsushima Bay are Wakame farms,
Bise Point is Mozuku farm, Arikawa Bay and Omura Bay
are sites of the natural Sargassum spp. ecosystem, and
Tainoura Bay is a site where a seaweed ecosystem has de-
graded. The net ecosystem production in O2 and C are
calculated assuming a 1 to 1 molar ratio.

tuations of the dissolved oxygen concentration with the
open-water method (e.g., Hinode et al., 2020). Briefly,
the NEP rate can be defined as NEP = GEP + ER.

The NEP rates for the natural ecosystems in Arikawa
Bay and Omura Bay were equivalent to 0.043 and
0.054 [g C m~2 d~!] m™*, respectively (Fig. 1). Con-
sering for the degraded ecosystem in Tainoura Bay, it
was —0.01 [g¢ C m™2 d7!] m~!. We noticed that the
Wakame farm in Matsushima Bay experiences autotro-
phy more often than natural ecosystems, although au-
totrophy of the Wakame farm in Hirota Bay and Mozuku
farm at Bise Point was less frequently observed. Never-
theless, up to 14.1 g C m~2 (0.110 g C m~2 d~!) was
captured by the production of Wakame and 3.6 g C m~?2
(0.034 g C m~2 d~!) was captured by Mozuku, and the
total yield of carbon captured during 2021 production
season for these farms was 43,385 kg C. Seaweed farms
are still highly valuable for their contribution to the
livelihood of coastal communities and have lesser detri-
mental impact on the environment than other forms of
aquaculture (e.g., Visch et al., 2020). We believe that
the potential for carbon capture will not be homogenous
across species and location, and that more studies on
carbon flux at organismal and ecosystem scales remain
to be conducted.
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RI beam production at BigRIPS in 2022

H. Suzuki,*! N. Fukuda,*! H. Takeda,*! Y. Shimizu,*! M. Yoshimoto,*! Y. Togano,*! N. Inabe,*! K. Kusaka,*!
M. Ohtake,*! Y. Yanagisawa,*! H. Sato,*! K. Yoshida,*! and N. Fukunishi*!

Here, the radioactive-isotope (RI) beams produced
at the BigRIPS fragment separator®) in 2022 are pre-
sented. The experimental programs involving the use
of BigRIPS during this year and the RI beams pro-
duced for each experiment are summarized in Table 1.

In the spring beamtime, a 23%U-beam campaign was
conducted, followed by another with a "®Kr beam. The
238-beam campaign was divided into two parts: a se-
ries of director’s Discretionary Allocation (DA) pro-
grams with low-intensity (~10 particle nA) primary
beams, and experimental programs with full-intensity
(~T70 particle nA) beams.

The first part of the 23¥U-beam campaign began in
March. The performance of a newly developed ion-
ization chamber (IC) specialized in heavy-mass beams
with a Xe-based gas was examined with the pri-
mary beam, energy-degraded 238U beams, a 219Rn®4*-
centered cocktail beam, and an A/Q = 2.5 setting
beam with wide range of atomic number Z = 30-90.2)
Then, a production test of a 2*"Np beam was per-
formed for the DA to investigate the energy depen-
dence of its production cross section. The energy of
the 238U beams for this DA was degraded via the use
of degraders located at T11 in the primary beamline,
not at F1 or F5. For the next DA in the search for un-
usual nuclear pathways in nuclear synthesis, 300- and
70-MeV /nucleon 238U beams were supplied. Subse-
quently, 225Ac-centerd cocktail beams were produced
for their production cross-section measurement. These
beams were also supplied for the following DA of
PALIS. Thereafter, the IC test with P10 and CHy4 gases
were performed?) with the same beams as in the previ-
ous IC test. Energy measurement of the 23U primary
beam was conducted using the primary and energy-
degraded 238U beams. This DA was performed for an
application of SRC as the world’s highest-beam-energy
cyclotron as per the Guinness Book of Records. For
the final DA, %°Tc was produced for the measurement
of its transmutation cross section.

The second part of the 238U-beam campaign began
in April, 1.5 days after the accelerator tunning. First,
a "Ni-centered cocktail beam was supplied for multi-
reflection time-of-flight mass spectrometer (MRTOF-
MS) experiment at F11. Subsequently, a Machine
Study (MS) and an experiment for the nucleosynthesis
in r-process were conducted using OEDO with 24Sn,
130Te, and 3°Sn beams whose energies were adjusted
to be 180 MeV /nucleon in BigRIPS. A 2°2Re-centered
cocktail beam was produced for the second MRTOF-
MS experiment to measure the mass in vicinity of the

*1  RIKEN Nishina Center

neutron magic number N = 126 region. A tertiary
spin-aligned ?°Zr beam at F7 was produced from the
secondary '°°Zr beam impinging on a wedge-shaped
Al target at F5 for an experiment to measure the
quadrupole moment of an isomeric state of 9Zr. Fi-
nally, a MS for production cross-section measurements
was conducted with 132Sn-, 138Te-, 144Xe-, 10Ba-, and
154Ce-centered cocktail beams.® In addition, an auto-
PID system was tested with the 32Sn setting in this
MS.#

The ®Kr-beam campaign began in May. An OEDO
experiment to study wp-process nucleosynthesis was
conducted with *’Ni and °®Ni beams. During changes
of the magnet configurations and detector setups in
OEDO, two MSs were performed. The first MS was for
a development of automatic ion-optics tuning in the
primary beam line with low-intensity primary beam.
The second one was for production cross-section mea-
surements with 4 As-, 39Ca-, 37Ca-, and 3°Ca-centered
cocktail beams.?) Subsequently, mass measurements
around the proton-drip line using SHARAQ were per-
formed with %°Fe-, 46Fe-, and 23Si-centered cocktail
beams.

During the autumn beam time, the 7°Zn campaign
was conducted from December following the repair of
the large helium refrigerator in BigRIPS. During the
BigRIPS tuning, the performance of a new DAQ sys-
tem with Mesytec MDPP-16 module for germanium-
detectors array for isomer tagging was examined with
a 52Ca-centered cocktail beam.®) Then, a °°Ca beam
was produced for an OEDO experiment, wherein the
single-particle structure of °*Ca was studied. During
this experiment, a severe problem occurred on the SRC
cyclotron caused the beam time to stop. Consequently,
the other scheduled experiment was postponed.

RI beam production at BigRIPS from the start of
the operation in March 2007 is summarized in our
database” available at https://ribeam.riken.jp/.
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Table 1. List of experimental programs with RI beams produced at the BigRIPS separator in 2022.

Primary beam (Period) Proposal No. Spokesperson Course RI beams
. . primary, energy-degraded 2*%U,
MS-EXP21-10 M. Yoshimoto BigRIPS A/0=2.5, 1ORpS
DA21-03-01 H. Otsu F12 ZNp
28y DA21-05-01 D. Suzuki F12 300, 70-MeV/nucleon 28U
DA21-08-01 T. Sumikama BigRIPS 25A¢
ifl‘s NZITV/ Iﬁ‘:leg‘f DA21-07-01 T. Sonoda PALIS 25p¢
(Mar. 21 —May 31) ) ) primary, energy-degraded 23U,
MS-EXP21-11 M. Yoshimoto  BigRIPS g5 55 2opgser
DA21-09-01 H. Okuno BigRIPS primary, energy-degraded ***U
DA21-04-02 H. Otsu ZeroDegree  “Tc
NP2012-RIBF202-03 M. Rosenbusch ~ ZeroDegree ~ °Ni
sy NP1912-SHARAQI8-01  N. Imai SHARAQ  !28n, 130Te, 1308p
MS-EXP22-01 N. Imai SHARAQ 1248, 139Te, 130Sn
345 MeV/nucleon
NP2012-RIBF199-03 M. Wada ZeroDegree  22Re
(Apr. 2 — Apr. 20) .
NP1912-RIBF175-01 Y. Ichikawa ZeroDegree  '99Zr>%7Zr
MS-EXP22-04 Y. Shimizu BigRIPS 132G, 138 e, 144Xe, 10Ba, 13Ce
Ky NP1912-SHARAQ19-01 D. Suzuki SHARAQ SN, ¥Ni
MS-EXP22-03 T. Nishi BigRIPS primary
345 MeVinucleon g pyprn 02 H. Suzuki BigRIPS 64As, ¥Ca, ¥Ca, ¥5Ca

May 16 — Jun. 3
(May U3 \pIS12-SHARAQI3-01  S.Michimasa  SHARAQ  “Fe, Fe, 7Si

7OZn
345 MeV/nucleon NP1812-SHARAQI12R1-01 K. Wimmer SHARAQ NCa
(Dec. 5 — Dec. 11)
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Production cross-section measurements for very-neutron-deficient Ca
and As isotopes produced from a "*Kr beam at 345 MeV /nucleon by
BigRIPS separator

H. Suzuki,*! N. Fukuda,*! H. Takeda,*! Y. Shimizu,*! M. Yoshimoto,*! Y. Togano,*! T. Sumikama,*!
K. Kusaka,*! and K. Yoshida*!

We performed production cross-section measure-
ments using a "®Kr primary beam for the neutron-
deficient region around 99Ca and 33As isotopes, whose
cross sections were not measured in previous "“®Kr cam-
paigns in 2015 or 2019. The radioactive isotopes (RIs)
were produced by the projectile fragmentation of the
400-particle nA primary beam at 345 MeV /nucleon
impinging on a 5-mm-thick Be target in the BigRIPS
separator. Particle identification based on the TOF-
Bp-AE method?) was performed in the second stage
of BigRIPS.

The production cross sections were deduced from the
measured production rates at the F7 focal plane and
their transmission efficiencies in the separator, which
were simulated with the LISET* codes.?) In the simu-
lation, the momentum distribution was represented by
an assymetrical Gaussian distribution instead of the
default distribution, i.e., Universal parameterization,?)
which is a combination of a Gaussian distribution in
high momentum side and an exponential tail in low
momentum side. In the asymmetric Gaussian distri-
bution, the Fermi momentum oy and asymmetry coef-
ficient a? were set to be 134.1 MeV/c and 9% (pre-
liminary), respectively, obtained from fitting results of
the experimental momentum distribution.

Figure 1 shows the production cross sections of Rls
obtained in this study (colored symbols) and the previ-
ous measurements (black symbols) under the assump-
tion that their lifetimes are long enough compared to
the TOF values through the separator (~460 ns). The
cross sections vary smoothly and exhibit natural be-
havior, except for 8Br. The apparent small cross-
section of 8Br could be caused by a decay loss in the
separator due to its very short lifetime. K. Wimmer et
al.¥) reported a lifetime of 45-57 ns for %*Br produced
from neighboring RI beams by secondary fragmenta-
tion reaction under the assumption of a systematic
cross section of ®Br. Assumming this lifetime value,
the cross section of 8Br from "®*Kr beam is estimated
to be ~10~° mb and is on the systematics of the neigh-
boring nuclei. The solid, dashed, and dotted lines show
the cross sections predicted by semi-empirical formulae
FRACS1.1,>) EPAX3.1a,9 and EPAX2.15.7) Overall,
FRACSI1.1 provides better agreement with the mea-
sured cross sections than the other formulae; however,
around the very-neutron-deficient region, the discrep-
ancy between the measured and predicted cross sec-

*1  RIKEN Nishina Center

102

100

(mb)

1021
10
10

108+

Production cross section

i\
<
>

(mb)

FRACS1.1 ——
EPAX3.1a
EPAX2.15
L As setting —=— 4
Ca setting —<—
Ca setting —<—
Ca setting —v— i

Production cross section
=)

-

o
1012}
30

40

50 60
Mass number

70 80

Fig. 1. (Preliminary) Measured production cross sec-
tions of RIs produced in the ®Kr + Be reaction at
345 MeV /nucleon with semi-empirical cross-section for-
mulae: (a) results for even-Z isotopes; (b) results for
odd-Z isotopes.

tions becomes larger. A detailed analysis is currently
in progress.
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Production cross-section measurements of neutron-rich nuclei in the
northeast region of 32Sn by the in-flight fission of a 23®U beam at
345 MeV /nucleon

Y. Shimizu,*! N. Fukuda,*! H. Takeda,*! H. Suzuki,*! M. Yoshimoto,*! Y. Togano,*! N. Inabe,*! K. Kusaka,*!
M. Ohtake,*! Y. Yanagisawa,*! and K. Yoshida*!

The systematic trends of production cross-sections
are essential to predict not only the production rates of
rare isotopes but also their purities and total rates. We
measured the production cross-sections in the neutron-
rich region with the atomic numbers Z = 49-57, lo-
cated northeast of 132Sn in the nuclear chart. The fis-
sion fragments produced via in-flight fission of a 233U
beam were separated and identified in flight using the
BigRIPS separator. We ran four different separator
settings, used with '32Sn, 138Te, 144Xe, and °Ba as
central particles. The particle identification (PID) was
performed using the TOF-Bp-AE method.?) Figure 1
shows the PID plot summed over the four different
separator settings.

JA AT I AN I

2.6 2.65 2.7 275
A/Q

Fig. 1. PID plot for fission fragments produced in the
2384 Be reaction at 345 MeV /nucleon.

245 2.5 2.55

Figure 2 shows the production cross-sections for
each isotope as a function of mass number in this
work (filled symbols) and the previous experiments® )
(open symbols). The measured production cross sec-
tions were derived from the measured production rates
and transmission efficiencies in the BigRIPS separa-
tor, which were based on the LISE*" simulations.?)
The systematic uncertainty of the cross-sections is es-
timated to be ~40%. The error is dominated by the
uncertainties of the primary beam intensity and the
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Fig. 2. Production cross-sections for each isotope from
238U+ Be reaction at 345 MeV /nucleon. The filled and
open symbols represent the production cross-sections of
this work and previous experiments,375) respectively.
The blue solid lines show the cross-sections predicted
by the LISE** AF model.?

transmission efficiency. Our results are in good agree-
ment with previous ones. The blue solid lines show the
cross-sections predicted using the LISE*™ abrasion fis-
sion (AF) model.?) The measured cross-sections have
plateaued as the mass number decreases, and the AF
model predictions reproduce those in this region fairly
well. On the other hand, the AF model predictions
underestimate the measured cross-sections in the very
neutron-rich region.
Detailed analysis is currently in progress.
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Production of 23"Np from 238U beam at BigRIPS
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A variety of unstable nuclear beams with atomic
numbers (Z) up to 92 can be produced by the pro-
jectile fragmentation and in-flight fission from high-
intensity U beams at RIBF. Recently, it was found that
234-238Np can be created by a proton pickup reaction
on 1 GeV/nucleon ?*¥U beam.") Owing to the recent
developments of the high-Z beams at BigRIPS,?3) en-
ergy dependence of the proton pickup reaction on 238U
can be obtained at RIBF. Thus, we conducted an ex-
periment to determine the energy dependence of the
production cross section of 22’Np. A test of the pro-
duction of Np isotopes was performed by using the Bi-
gRIPS spectrometer at RIBF in March 2022.

Secondary beams around Z = 90 were produced by a
2387 beam with energies of 345 and 250 MeV /nucleon®)
impinging on a 1-mm-thick Be production target at FO
in BigRIPS. To reduce ambiguity of production cross
section, no degraders for separation were inserted in
the F1/F5 dispersive focal planes. The particle iden-
tification (PID) of the secondary beam was performed
using the TOF-Bp-AFE method.?) Plastic scintillators
at F3 and F7, and parallel-plate avalanche counters
(PPACs) at F3, F5, and F7 were installed, respectively.
As no materials were installed at F1, charge states of
ions were unchanged between FO and F3. The config-
uration of the BigRIPS was optimized for the produc-
tion of a 23"Np beam, with magnetic rigidity Bp val-
ues at D1, D2, D3-D4, and D5-D6 set to optimized for
fully-stripped, fully-stripped, H-like, and He-like 23"Np
ions, respectively. Further, newly developed ionization
chamber (IC) with xenon-based gas was utilized at F7
for better separation of Z at high-Z region.®)

Figure 1 shows a PID plot of Z vs. A/Q, with typical
relative A/Q and Z resolutions of 0.057% and 0.43% in
1o, respectively. Calibrations of A/Q and Z were con-
ducted using primary beams of 233U%0 91+ that had
passed through the 1-mm-thick Be target. Even with
the new IC, the blobs, corresponding to nuclides of in-
coming beam, are not clearly separated. To validate
the production of the 23"Np?!'*  a two-dimensional (2D)
Gaussian fitting approach was conducted in accordance
with the distribution patterns of neighboring ions of
2341790+ 23577904 | and 232Pa® T, Figure 2(a) shows the
experimental data and the fitted distribution by the 2D
Gaussian function in color lego and red mesh, respec-
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Fig. 1. Particle identification plot of Z vs. A/Q for frag-
ments produced in the 345-MeV /nucleon 2**U. The
box region around 23"Np2'*
dimensional fitting approach (see Fig. 2).

was used for the two-
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Fig. 2. (a) 3D-lego plots of PID around **"Np®'* in the box
region of Fig. 1. (b) Residual by subtracting the fitted
distribution from the experimental data.

tively. By subtracting the fitted distribution from the
experimental data, the residuals were deduced and are
presented in Fig. 2(b). As evident the blob of 237Np?**
at Z =93 and A/Q = 2.604. As shown in Fig. 2(b), it
was found that 23"Np?'™ can be counted up with con-
taminated U/Pa isotopes using the 2D Gaussian fitting
technique. In the future, we plan to determine the pro-
duction cross section by examining the beam amount
and transport efficiency. We are also planning to ana-
lyze the data of 250 MeV /nucleon to discuss the energy
dependence of the production cross section.
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Search for the double Gamow-Teller giant resonance using double
charge exchange reaction

A. Sakaue,*! T. Uesaka,*? and K. Yako*! for the RIBF-141R1 Collaboration

The double Gamow-Teller (DGT) transition is the nu-
clear process where the spin and isospin are changed
twice by a (07)? operator, where o and 7 are the spin
and isospin operators, respectively. It is theoretically
predicted that there is a giant resonance which occupies
most of the whole DGT transition strength in a high-
excitation energy region.! This resonance, called the
DGT giant resonance (DGTGR), remains undiscovered
experimentally. The observable of the DGTGR such as
the strength or the width will provide information about
the two-phonon excitations with spin-dependent correla-
tions. In addition, it is suggested that such observables
will give a constraint to the nuclear matrix element of
neutrinoless double 8 decay, which has a large ambigu-
ity in the current theoretical calculation.?)

We observe DGTGR using the double charge exchange
reaction (12C, ?Be(05)) at RIBF. We employ an ex-
perimental method developed in the pionic atoms spec-
troscopy®) using a part of BigRIPS, from the FO0 focal
plane to the F5 focal plane, as a spectrometer. A reac-
tion target at FO is bombarded with the primary beam
of 12C and the (12C,2Be(05)) reaction is induced. The
momentum of the ejected particle is obtained by mea-
suring the position at F5 and thus the excitation energy
of the residual nucleus of F0 is deduced. To select events
with spin-flip mode, ?Be is transported to the stopper
of “Be at F8 and delayed v rays deriving from 2Be(03)
are detected by DALI2; 2Be(07) decays into the ground
state by emitting an electron-positron pair with the life-
time of 331 + 12 ns.?

We successfully detected the delayed-vy rays from
12Be(05) for the *®Ca target at FO in the experiment
conducted at RIBF in May 2021 using this method for
the first time.?) The signal-to-background ratio is esti-
mated to approximately 5 : 1 for the events with photons
of 500 £100 keV detected in DALI2. Tt is improved from
the one of the pilot experiment performed at RCNP, ap-
proximately 1 : 1.9

The preliminary spectrum of the position at F5 for
the measurement of the “8Ca target is shown in Fig. 1.
Here the event selection is such that the timing of the
photon is between 20 ns and 700 ns after from the tim-
ing of prompt 7-rays, and the energy is in the region
of 510 4+ 100 keV. Each color corresponds to the scat-
tering angle of 2Be at FO target in the laboratory sys-
tem, which is reconstructed from the position and the
angle measured at F5, within 0.0-0.3° (blue line, blue
hatched), 0.3-0.6° (red line, green hatched), and 0.6-
0.9° (black line, black hatched). In this spectrum, the
kinematical position aberration with the scattering an-
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Fig. 1. Preliminary result of position measured at F5. Line
and hatching colors correspond to selected regions of scat-
tering angles: 0-0.3° (blue line, blue hatched), 0.3-0.6°
(red line, green hatched), and 0.6-0.9° (black line, blacked
hatched).

gle is corrected for. The preliminarily calibrated energy
of 48Ti is shown below the figure. The energy resolution
and the angular resolution was evaluated as 1.6 MeV
and 0.17°, respectively. The main background is an ac-
cidental coincidence of 12Be and 7 rays from room back-
grounds. The amount of the background is estimated to
about 5% with the event selection by the gate of DALI2
described above. This background is subtracted by as-
suming that its energy spectrum is same as events that
are not gated by DALI2. In the region of the position
from —10 mm to 0 mm, which corresponds to about
from 23 to 30 MeV in the excitation energy where the
DGTGR is expected to be observed?, there seem to be
enhancements at —2 mm and —8 mm especially in the
forward angle, though statistics are limited. The struc-
ture around —20 mm, on the other hand, is likely due
to the events of the 12C(*2C, 12Be)120g,s, reaction from
the graphene sheet attached to the **Ca target.

In order to interpret the structure, we are now working
on the comparison of the angular distribution with the
calculated ones.
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Development of dispersion matching optics in OEDO beamline
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The Optimized Energy Degrading Optics (OEDO)
beamline provides potential opportunities to perform
nuclear physics experiments with spatially and achro-
matically well-forcused low-energy RI beams® or high
momentum resolution by selecting a suitable ion trans-
portation method. High-quality low-energy RI beam
production has been achieved.?) Recently, several
beamline magnets in the OEDO beamline were rear-
ranged aiming at the realizing a high momentum resolu-
tion. To conduct nuclear spectroscopy with a resolution
greater than the energy width of the incident beam, lat-
eral and angular momentum dispersion matching tech-
niques are essential. Figure 1 shows a designed disper-
sion matching ion optics from BigRIPS F3 to SHARAQ
S2 foci through the OEDO beamline. The SO interme-
diate focus, where a target will be inserted in a future
experiment, has the largest momentum dispersion in
the beamline of 14.7 m, and this momentum disper-
sion vanishes at the final focus, S2. We report here a
study showing dispersion matching optics of the OEDO
beamline.

BigRIPS OEDO SHARAQ

Fig. 1. Trajectories of ion beam with dispersion matching
setting in BigRIPS-OEDO-SHARAQ beamline. Trajec-
tories are calculated from first-order matrix elements.

We performed the study using an 82 MeV /nucleon
triton beam produced by the BigRIPS separator from
the 200 MeV /nucleon *He primary beam. Position de-
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tectors, a parallel-plate avalanche counter and a low-
pressure multiwire drift chamber, were placed at the
foci from F3 to S2, to measure the transfer matrix ele-
ments at each focal plane. We verified the consistency
of the measured matrix elements by comparison with
ion optics calculation results.

By evaluating the matrix elements, the momentum
dispersion at SO was deduced as 16.3 m, which cor-
responds to a dispersion of 0.025 mm/% and satis-
fies the lateral dispersion matching condition with the
SHARAQ spectrometer. Figure 2(a) shows that there
is no correlation between the horizontal position (mo-
mentum dispersion) at SO and that at S2 and therefore,
the condition of momentum dispersion matching is ful-
filled. Figure 2(b) shows the correlation between the
horizontal position (momentum dispersion) at SO and
the horizontal angle at S2, which suggests that angu-
lar dispersion matching is efficiently satisfied. We con-
clude that angular momentum dispersion matching is
also achieved at S2.
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Fig. 2. (a) Correlation between SO and S2 horizontal po-
sitions. (b) Correlation between SO horizontal position
and S2 horizontal angle.
0.4 mrad/%.

(a]d) term is approximately

Consequently, we achieved dispersion matching ion
transportation through the OEDO beamline. Using
this ion-optical mode, we plan to conduct an approved
experimental program of direct mass measurements of
very rare RI nuclei.

References

1) S. Michimasa et al., Prog. Theor. Exp. Phys. 2019,
043D01 (2019).

2) S. Michimasa et al., CNS Annu. Rep. 2018, CNS, REP-
98-35 (2020).



RIKEN Accel. Prog. Rep. 56 (2023)

II-1. Nuclear Physics

Single-particle states in fp-shell nuclei through *°Ca(d, p)®'Ca
transfer reaction
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Neutron-rich Ca isotopes towards neutron number
N = 34 are pivotal for exploring the evolution of the
fp-shell orbitals. Beyond the N = 28 shell gap in
48Ca, new magic numbers at N = 32 and 34 were
established through spectroscopy of low-lying states
and mass measurements. Most recently, the spatial
extension of the 1f7/5 and 2p3 /5 neutron orbitals was
determined via a one-neutron knockout reaction from
52Ca.) However, the single-particle 2p; s2 and 1f5 /5 or-
bitals defining the shell gaps at N = 32,34 remain to
be established experimentally. The one-neutron trans-
fer reaction is an experimental method well-suited to
study low-spin single-particle orbitals. The cross sec-
tion of this reaction gives access to the spectroscopic
factors, while the angular distribution of the reaction
products allows for deduction of the angular momen-
tum transfer.

In December 2022, the SHARAQ12 experiment was
performed at RIKEN, aiming to study the single-
particle structure of ®'Ca via the (d,p) transfer reac-
tion using an energy-degraded secondary °°Ca beam.
The beam was produced at BigRIPS from a primary
7Zn beam at an energy of 345 MeV /nucleon frag-
mented on a Be target. For the energy degrading pro-
cedure, the 5°Ca beam was conducted to the OEDO?)
beamline, where a combination of an angle-tunable
wedge-shaped degrader and an additional aluminum
flat-plate degrader placed at FE9 successfully reduced
the beam energy to approximately 15 MeV /nucleon,
which improves the momentum matching of the reac-
tion compared to the typical beam energies at RIBF.
Particle identification based on the ToF-Bp method
showed excellent isotope separation, is shown in Fig. 1,
where the ®°Ca beam can be clearly identified. There-
fore, the use of the Radio-Frequency Deflector (RFD)
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Fig. 1. Particle identification in OEDO with horizontal po-
sition at FE9 and corrected time-of-flight between F3
and FE9.

of OEDO was not required. The secondary target of
CDy (260 pug/cm?) was placed at the SHARAQ spec-
trometer reaction chamber with the purpose of induc-
ing one-neutron transfer reactions. The recoiling pro-
tons were measured with the detector setup TINA2,3)
consisting of a box of four TTT double-sided silicon
strip detectors backed by Csl crystals and a backward
annular YY1-type silicon strip detector array with Csl
crystals behind. The array was placed at laboratory
backward direction covering 0;,, = 95-165 deg (solid
angle 35% of 47) which is the angular range most sensi-
tive to the angular momentum transfer of the reaction.
The excitation energy of states populated will be deter-
mined from the measured missing mass of the reaction.
Heavy °!Ca ejectiles were measured by the QQD spec-
trometer equipped with a set of Strip-Readout PPAC
detectors and an ionization chamber, so background
coming from fusion reactions can be suppressed via
charge identification. The analysis of excitation ener-
gies and angular distributions is ongoing.
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Study of vp-process nucleosynthesis at OEDO
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Neutron-deficient stable isotopes, referred to as p-
nuclei, are known to be produced by p process nucle-
osynthesis. However, certain lighter p-nuclei, e.g. Mo
and Ru, are significantly underproduced in the present
astrophysical scenario. The vp process®) ascribes their
origin to core-collapse supernovae, wherein the avail-
ability of neutrons aids the flow to bypass the waiting
point %6Ni on the synthesis path. The neutron capture
cross section of ®°Ni, howeve, remains experimentally
unknown because both the neutron and *°Ni are short-
lived. To evaluate the cross sections, we applied the
surrogate method? to the (d,p) reaction by using an
energy-degraded °5Ni beam at OEDO.

The experiment was performed at the OEDO beam
line of RIBF. The secondary beam was produced by
the projectile fragmentation reaction of a "®Kr beam
at 345 MeV /nucleon and purified by the BigRIPS frag-
ment separator. The total beam intensity at F3 was
measured to be about 500 kpps (particles per second)
with a purity of about 30% for 6Ni. The impurities
included ®>Co (50%) and 5*Fe (10%), both isotones of
°6Ni with N = 28. The energy of 5°Ni transmitted
from BigRIPS to OEDO was about 113 MeV /nucleon.
The beam energy was degraded at FE9 by an angle-
tunable wedge-shaped degrader (3 mm in central thick-
ness) together with a flat degrader (0.3 mm in thick-
ness),?) both made of aluminum. The angle of the
former was set to 4 mrad to obtain a desired beam
energy. The beam energy of 5°Ni was estimated to
be 15.1(10) MeV /nucleon based on the time of flight
measurement from FE9 to FE12. The RF deflector at
FE10 was operated at 100 kV to reduce the spot size of
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56Ni. The phase shift of RF was optimized to increase
the transmission through the target frame aperture of
50 mm in diameter (Fig. 1). The transmission from F3
to FE12 was about 75% with a total rate of 370 kpps
at FE12. CD, targets of 285 and 644 pug/cm?, pro-
vided by INFN, were set at SO about 1 m downstream
of FE12. The incident position and angle of the sec-
ondary beam were deduced by a pair of SR-PPACs?®
in the vacuum chamber of FE12. The recoiling pro-
tons were detected by the silicon and CsI detectors
array TiNA.%) Missing mass spectra are deduced from
the scattering angle and total kinetic energy measured
by TiNA. The scattered particles were transmitted to
a QQD spectrometer at zero degrees for the particle
identification, which facillitated the determination of
the decay channels. The spectrometer was equipped
with a pair of SR-PPACs followed by an ionization
chamber with CF4 gas at 100 Torr. The transmission
through the spectrometer was roughly 50%.

’g C
£ 100 g

54F.e

X

50F

-50F

—100F
1160 1170

1180 1190 1200 12100

TOF(ns)

Fig. 1. Horizontal position at SO vs. TOF from F3 to FE9
of the secondary beam with the optimal RF settings.

The data analysis is underway. The current focus is
directed towards the beam tracking detectors.

References

1) C. Frohlich et al., Phys. Rev. Lett. 96, 142502 (2006).

2) N. Imai et al., submitted to Phys. Lett. B.

3) J. W. Hwang et al., RIKEN Accel. Prog. Rep. 53, 16
(2020).

4) S. Hanai, Master thesis, University of Tokyo (2021).

5) B. Mauss et al., RIKEN Accel. Prog. Rep. 54, 114
(2021).



RIKEN Accel. Prog. Rep. 56 (2023)

II-1. Nuclear Physics

Study of ¥9Sn(d, p) reaction in inverse kinematics for r-process
nucleosynthesis

N. Imai,*! S. Michimasa,*! T. Chillery,*! D. Suzuki,*? D. S. Ahn,*3 A. Chae,** S. Cherubini,*> M. La Cognata,*S
M. Dozono,*”*2 M. Egeta,*®*? F. Endo,*®*? N. Fukuda,*? T. Haginouchi,*®*? S. Hanai,*! S. Hayakawa,*!

J. W. Hwang,*? Y. Hijikata,*?*" S. Ishio,*®*? N. Iwasa,*®*? K. Kawata,*! S. Kubono,*? R. Kojima,*! L. Lamia,*>
J. Li,*! N. Nishimura,*? K. Okawa,*! H. J. Ong,*?*19*2 S Ota,*'? S. Palmerini,*' R. G. Pizzone,*S T. Saito,*!
Y. Shimizu,*? S. Shimoura,*"*? T. Sumikama,*? H. Suzuki,*? H. Takeda,*?> A. Tumino,*'?*6 X. Tang,*°
H. Tanaka,*'3*2 M. Tanaka,*?> T. Teranishi,*'3*? Y. Togano,*? R. Yokoyama,*! R. Yoshida,*®*? K. Yoshida,*?
M. Yoshitomo,*? Y. Wang,*!* and Z. Xiao*!4

The r-process nucleosynthesis is a major origin of
heavy elements beyond iron. Because of rich neutrons in
explosive astrophysical conditions, neutron-rich radioac-
tive isotopes (RIs) are involved in the r-process. Though
the scenario of the r-process was proposed more than
fifty years ago, the astrophysical sites of the r-process
are still one of the biggest problems in physics. Nu-
cleosynthesis simulations require precise nuclear-physics
inputs such as 8 decay rates, masses of the nuclei, and
neutron capture rates, which can constrain the astro-
physical conditions. However, as the neutron targets are
not available yet, it is impossible to measure the capture
cross sections and related rates directly. In the case of
the compound neutron-capture rates, since there are sig-
nificant uncertainties in the level density of the unbound
state and the v emission probability from the highly ex-
cited state, the cross sections differ by more than one
order of the magnitude even in the statistical model cal-
culations.

We have evaluated the neutron capture reaction rate
on Se with the surrogate reaction of "Se(d, p) in in-
verse kinematics, where the ~ emission probabilities in
the unbound states of 3°Se have been determined by
measuring the residual nuclei without detecting the ~
rays.)) The present study aims to determine the neutron
capture rate on '39Sn via (d,p) reaction with a 139Sn
beam. In addition, to evaluate the systematic error of
the method, (d, p) reactions on '*°Te and ?4Sn were also
measured.

The experiment was conducted at the OEDO beam-
line at RIBF. The cocktail beam including '3°Sn
was produced by the in-flight fission of 23%U at
345 MeV/nucleon. The energy of the beam from F3
to FE9 was chosen to be around 170 MeV /nucleon. RI
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beams were identified by the Bp-TOF method. Figure 1
shows the particle identification (PID) map of the sec-
ondary beam, demonstrating that *°Sn beam is well sep-
arated from the other isotopes. Thanks to the new optics
developed in the MS22-1 and described elsewhere in this
volume, the transmission between F3 and FE9 was im-
proved to be 85% for the beam with the F1 momentum
slit of £0.5%. The energy of the cocktail beam was fur-
ther degraded to 20 MeV /nucleon by a combination of
the angle-tunable degrader and a flat degrader.
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Fig. 1. PID map of the secondary beams at FE9. See the
text for details.

The 3%Sn beam of around 150 keps was focused on
the secondary target of 287 ug/cm2-thick deuterated
polyethylene. The recoil protons were detected by the
TiNA2 array which was composed of four TTT double-
sided square-shape Si detectors, six YY1 single-sided
sector-shape Si detectors, and sixteen CsI(T1) detectors.
The four CsI(T1) were placed behind each TTT to mea-
sure the AFE-FE correlation of the charged particles. The
outgoing residual nuclei were momentum-analyzed by
the D1 magnet of the SHARAQ spectrometer. Two SR-
PPACs and an ionization chamber were installed at the
final focal plane to identify the residual nuclei. Analysis
of the data is on going.
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Toward the mass measurement of neutron-rich nuclei in the vicinity of
N = 126 isotones with SLOWRI/ZD-MRTOF
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Despite the first observation of an r-process produc-
tion site (GW170817) in 2017, confirming neutron-star
mergers as probably the most important site, many open
questions remain to understand r-process nucleosynthe-
sis fully. A major unanswered question is whether neu-
tron star merger r-process products alone can explain
the observed large scatter of Eu/Fe and other r-process
elements at [Fe/H] < 3 metalicites.”) The shape and po-
sition of the 3rd peak on r-process element abundances
would serve as an anchor point to confirm the repro-
ducibility of the element abundances in the reaction
network calculations when investigating an astrophys-
ical site for r-process nucleosynthesis. However, there is
no experimental data for nuclear physics inputs such as
masses, half-lives, and neutron branching ratios in the
vicinity of N = 126 waiting point nuclei, which critically
affect the formation of the 3rd peak.?) Therefore, direct
mass measurement of neutron-rich nuclei in the vicinity
of N = 126 waiting point nuclei, which are considered to
be the progenitors for the 3rd peak formation, is strongly
desired.

RIBF199 experiment was performed to measure the
masses of these nuclides with MRTOF in combina-
tion with an RF carpet type He gas cell (RFGC) of
SLOWRI installed at F11 of BigRIPS (ZD-MRTOF).%)
No neutron-rich nuclei in this region were observed with
ZD-MRTOF during the beam time. There are two pos-
sible reasons why we could not observe any RIs. One
possible reason was the ‘low’ extraction efficiency from
the RFGC. Unfortunately, the ion guide was found to be
defective. Therefore, the RFGC chamber was opened,
and the ion guide replaced just before the beamtime.
We had no sufficient baking time to suppress contam-
inant molecules which reduces the extraction efficiency
due to various molecular formations of RI atoms. Af-
ter our beamtime, the RFGC was long baked for about
10 days. Then, the extraction efficiency was examined
using a 24¥Cm fission source installed inside the REGC.
The extraction efficiencies after stopping inside RFGC

*1 RIKEN Nishina Center

*2 Department of Physics, Osaka University

*3 Wako Nuclear Science Center (WNSC), IPNS, KEK

*4  Institute of Modern Physics, Chinese Academy of Science

*5  School of Nuclear Science and Technology, Lanzhou University
*6  Department of Physics, University of Hong Kong

*7 Institute of Mass Spectrometer and Atmospheric Environ-
ment, Jinan University

Department of Physics, Kyushu University

Advances Science Research Center, Japan Atomic Energy
Agency

*10 Center for Nuclear Study, University of Tokyo

*8
*9

- 11 -

for the fission fragments such as Tc and Mo have been
recovered to be roughly 10%.

The second and most important reason is that yields
on RIs of interest provided by BigRIPS were too low.
Figure 1 shows the intensities of RIs measured in this
region using BigRIPS/ZDS detectors. As shown in
Fig. 1, almost measured intensities for RIs of interest are
1072 pps or less, roughly two orders of magnitude lower
than expected values estimated with LISE-+4. The pro-
duction yield from uranium beam fragmentation seems
insufficient to measure the masses in this region, even if
the extraction efficiency is recovered.

N=119 120 121 122 123 124 125 126| 127 128

|:| 10-1-102 pps . 10 - 10~ pps . 10-% - 10 pps

Fig. 1. Measured yields for RIs of interest at F11. The pro-
duction reaction is ?**U + °Be with the beam energy of
345 MeV /nucleon and the intensity of 70 particle nA.

We are currently considering using lead beam frag-
mentation to produce Rls in this region. In the south-
west part of N = 126 down to Z = 70, higher production
cross-sections are expected to be obtained with 2°®Pb
beam than with 238U beam.*) A Letter of Intent was
submitted to NP-PAC 2022 to request the development
of a Pb beam at RIBF, and the PAC “enthusiastically
endorsed” it. We hope to continue the experiment with
the Pb beam.
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The *Zr nucleus with a neutron number N = 59 is
located at the border of a region where a sudden on-
set of ground-state deformation occurs for Zr isotopes
between N = 58 and 60.") This change has been de-
scribed as a quantum phase transition (QPT) with the
neutron number as a control parameter. The ?9Zr nu-
cleus closest to the critical point of the QPT has an
isomer (?9Zr) with a spin parity of 7/2% at 252 keV.
A recent measurement of its magnetic moment showed
a surprising result. Namely, the 7/27 state is not of
single-particle-like nature but rather collective.?) To
confirm this collectivity directly, measurement of the
quardupole (Q) moment of the same isomer was con-
ducted.

The experiment was conducted at BigRIPS at RIBF
in April 2022. The two-step fragmentation scheme
with the momentum-dispersion matching technique®*
was employed to produce a highly spin-aligned beam
of 9Zr. First, 199Zn was produced by a fission reaction
of a 345-MeV /nucleon 2**U beam on a ?Be target with
a thickness of 1.29 g/cm?. The secondary '°°Zr beam
was impinged to a second target of wedge-shaped alu-
minum with a mean thickness of 0.810 g/cm? and a
wedge angle of 2.65 mrad, placed at the momentum-
dispersive focal plane F5. The %Zr nuclei, including
those in isomeric state ?9Zr, were produced through
one-neutron removal from '99Zr. The tertiary °°Zr
beam was subsequently transported to F'7 while match-
ing the momentum dispersion of *Zr in F5-F7 to that
of 1907y in F3-F5. F7 slits with a width of £10 mm
were used to extract the region around the center of
the momentum distribution for %Zr.

Prior to the @Q-moment measurement, the magni-
tude of spin alignment realized in ?9™Zr was checked
by the time-differential perturbed angular distribution
(TDPAD) methods. The TDPAD apparatus, placed at
F8, consisted of a dipole magnet, Cu crystal stopper,
Ge detectors, and plastic scintillator. The dipole mag-
net provided a static magnetic field of By = 0.200 T.
99m7y was implanted into the Cu stopper, and v rays
were detected with four Ge detectors placed on a plane
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perpendicular to By at angles of +£45 and +135 degrees
with respect to the beam axis. A plastic scintillator
with a thickness of 0.1 mm was placed upstream of the
stopper to provide the time-zero trigger.

The R(t) ratio, which represents the change of the ~
ray’s anisotropy synchronized with the spin precession,
associated with the 130-keV ~ ray deexciting ?°™Zr was
obtained, as shown in Fig. 1. Preliminarily, the mag-
nitude of spin alignment realized in this measurement
was found to be approximately 10%.

0'2? Preliminary
0.1 _+
Sl :
XA
-+
-0.2;“‘\“\‘\\\\\\\\|\

200 400 600 800 1000 1200
Time (ns)

Fig. 1. R(t) ratio associated with the 130-keV 7 ray deex-
citing ?°Zr under a static magnetic field. The magni-
tude of spin alignment was deduced from the amplitude
of the ocscillation.

For the () moment measurement, the interaction be-
tween the Q moment and electric-field gradient in a
single crystal of zyrconium metal was used to apply
the TDPAD method. The zyrconium crystal was set
so that the crystal axis was perpendicular to both the
beam axis and detector plane. The ?9Zr beam col-
limated to 10 mm ¢ was implanted into the stopper
crystal. Three Ge detectors were arranged at angles of
0 and +90 degrees with respect to the beam axis. Data
analysis on the Q-moment measurement is in progress.
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In-beam ~-ray spectroscopy of exotic "?Cu with HiCARI

M. Kaci,*! S. Franchoo,*! R. Taniuchi,*3*? D. Suzuki,*? N. Aoi,***2 H. Baba,*? F. Browne,*?> C. M. Campbell,*>
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K. Wimmer,*'4*? Y. Yamamoto,***2 and M. Yoshimoto*? for the RIBF 181 Collaboration

78Nj is an emblematic nucleus for the study of nuclear
structure far from stability. Although it is expected to
have a doubly magic character for proton (Z = 28) and
neutron (N = 50) shells, theoretical and experimental
studies around this region hint to a weakening of this
magicity, with possible shape coexistence phenomena
associated with shell quenching in proton and neutron
gaps.t) To address these questions, the RIBF181 ex-
periment aiming at the in-beam ~-ray spectroscopy of
nuclei in the vicinity of ®*Ni was conducted at RIKEN
for 7 days in April 2021. In this report, we focus on the
analysis of the spectroscopy of ?Cu, which contains one
proton above the core of "®Ni.

A wide range of exotic isotopes including 8°Zn were
produced after the induced in-flight fission of a pri-
mary beam of 223U at 345 MeV /nucleon and 90-particle
nA on a 4-mm-thick primary beryllium target. These
nuclei were sent through the BigRIPS separator onto
a secondary 6.8-mm-thick beryllium target, in which
knock-out reactions took place. The outgoing frag-
ments including "?Cu were subsequently identified in
the ZeroDegree spectrometer. The emitted ~-rays were
detected by the HiCARI germanium array? placed
around the secondary target. To carry out event-by-
event particle identification (PID) of the beam nuclei,
we used the combination of the ToF-Bp-AFE and two-
fold Bp methods in both the BigRIPS and ZeroDegree
spectrometers to obtain the atomic number (Z) and
mass-to-charge ratio (4/Q). To reduce the number of
contaminating events, we applied conditions in corre-
lations within different detectors. The removed events
include the J-electrons in the parallel-plate avalanche
counters (PPACs), the changing charge states, and the
pile-up events in the plastic scintillators and ionization
chambers. The combination of these cuts reduced the
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total number of events during PID in BigRIPS by 11%.

To enhance the A/Q resolution, we applied optical
corrections up to the third order using a multidimen-
sional fit to eliminate the dependencies of the A/Q val-
ues on the position and angular variables at different
focal planes. This resolution improved from 0.11% to
0.08% in BigRIPS for 89Zn isotopes and from 0.22% to
0.15% in ZeroDegree for ™Cu isotopes.

The cores and segments of the 10 available germa-
nium clusters (4 Miniballs, 4 Clovers, P3, and Quad)
were calibrated in energy with sources of °Co, 1°2Eu,
133Ba, and ®Y. A preliminary Doppler correction of
the y-ray energy for the 8°Zn(°Be, X)™Cu channel was
applied. Figure 1 shows the spectrum of the Miniballs
and Clovers. This was produced using the photogram-
metry positions of the detectors and a fixed velocity
at the target center. The latter was estimated using
the mean values of the measured velocity distributions
in BigRIPS and ZeroDegree and LISE++ simulations
to correct for the energy loss in the intermediate ma-
terials upstream and downstream from the target. In
this y-spectrum, the 656 keV transition®) from the first
(3/27) excited state to the (5/27) ground state can al-
ready be confirmed. We foresee to optimize the Doppler
correction by using an event-by-event velocity and ap-
ply v-v coincidences to find the remaining transitions
and reconstruct the resulting level scheme.

Doppler corrected gamma spectrum with HICARI ‘
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Fig. 1. Preliminary Doppler corrected v spectrum of "?Cu.
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Barrier distribution measurement of the *'V + 159Tb system

P. Brionnet,*! M. Forge,*?>*! T. Fukatsu,*® H. Haba,*! D. Kaji,*! S. Kimura,*! K. Morimoto,*!
Y. Michimoto,***! T. Niwase,*»*! S. Sakaguchi,*3*! H. Sakai,*! M. Tanaka,*! and Y. Yamanouchi*? for the
nSHE Collaboration

With the discovery of elements up to oganesson (Z
= 118), all reactions based on the *8Ca beam lead-
ing to a new element have already been performed.
The next step forward to produce new element Z =
119 and beyond needs to rely on °°Ti, ®'V, or ®*Cr
beam on trans-actinium targets. However, in the su-
per heavy mass region, the reactions using these beams
have only been studied on spherical targets (2*Pb and
209Bi). Thus, very little information regarding the re-
action parameters on deform targets is currently avail-
able with these beams. Most of the information used
by the predictions is extrapolated from the *3Ca re-
sults. Systematic studies of reaction using these beams
on deform targets are thus needed to improve the pre-
dictive power of the different models.

One of these important parameters is the beam en-
ergy selected for the search for new elements. The
search of the element Z = 119 is currently ongoing
at RIKEN using the °'V + 248Cm reaction. The op-
timal beam energy was selected by studying the bar-
rier distribution of this reaction.!) We decided to be-
gin the systematic measurement of the same parame-
ters extracted in Refs. 1) and 2) with lighter deformed
targets, starting with the Tb. The relation be-
tween the maximum cross-section of production and
the QuasiElastic (QE) barrier distribution is directly
linked to the reaction dynamics.

The 5'V13* beam was provided by the newly up-
graded SRILAC accelerator.®) Similarly to the re-
ports,’?) we used the GARIS-III separator to trans-
port the QE backscattering. These events correspond
to the recoil of target-like events at 180° (or a beam-
like event at 0°). Using the information from our detec-
tor array located at the end of GARIS-IIT,?) we can use
the time-of-flight telescope to select the target-like re-
coil nuclei. Then, by using the dose estimated through
elastic scattering of the 'V beam onto the "°Tb at
the target position, we can extract the barrier distri-
bution as shown in Fig. 1 (bottom panel). The top
panel represents the reflection probability R(E), which
is the normalized ratio of target-like events detected
at the focal plane to the number of elastic scatterings
detected at the target position. The bottom panel rep-
resents the barrier distribution D(FE) defined as:

D(F) = —-dR/dE

The average barrier height is defined at the 0.5 crossing
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Fig. 1. Reflection probability (top panel) and barrier dis-
tribution (bottom panel) of the *'V+'°Tb reaction.
The points (blue, red/orange, and green) are the mea-
sured data and the several curves CCFULL calcula-

1)

tions™ with different input parameters.

in the R(E) distribution. It is determined as 164.12 +
0.3 MeV (blue arrow in Fig. 1). This value is related to
the maximum of the cross-section of production in the
case of reaction on spherical targets. However, in the
case of the deformed targets, the side collision energy
is more important, as has been pointed out.!:?)

This side collision corresponds to the collision of the
projectile and target at a 90° angle in a compact con-
figuration. In order to extract this side collision energy,
we need to perform the Coupled Channels calculation
(CCFULLY).

The dashed orange line in Fig. 1 represents the op-
timized CCFULL calculations,* and the orange dots
represent the contribution of the side collision to the
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overall barrier distribution. We optimized the parame-
ters of the CCFULL calculation to reproduce both the
reflection probability and the barrier distribution. We
can then extract from these calculations the side colli-
sion energy as 171.5 + 0.5 MeV (orange dot and arrow
in Fig. 1 bottom panel). These results will be com-
pared and correlated with the precise excitation func-
tion we simultaneously measured for this reaction.?
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Excitation functions for the 'V + 1%9TDb fusion evaporation reaction

P. Brionnet,*! M. Forge,*>*! T. Fukatsu,*® H. Haba,*' D. Kaji,*! K. Morimoto,*! Y. Michimoto,*3*!
T. Niwase,***! S. Sakaguchi,*3*! H. Sakai,*! and Y. Yamanouchi*>*! for the nSHE Collaboration

Syntheses of elements from flerovium (Z = 114) till
oganesson (Z = 118) were made using the hot-fusion
reactions with *®Ca beams on actinide targets. To
synthesize the elements beyond Z = 118, reactions
with either °°Ti, ®'V, or °*Cr beam on actinide tar-
gets are necessary. However, these beams have, so
far, only been used on spherical targets around 2°%Pb.
Thus, any information regarding the reaction mecha-
nisms using these beams on actinide targets will pro-
vide valuable information for the success of current and
future searches for new elements. Unfortunately, the
direct systematic study of reaction mechanisms on ac-
tinides target is unrealistic due to the too-small fusion-
evaporation cross-sections (pb—fb range). Thus, the
use of a lighter surrogate system based on deformed
targets with similar deformation characteristics around
lanthanide nuclei may give insight and valuable in-
formation regarding reaction mechanisms with 5°Ti,
51V, or 4Cr beams, especially regarding the side colli-
sion effect.1?) The reaction of °'V beam on %9Tb tar-
get presents much higher production rates (ub range)
while being an excellent surrogate reaction. Indeed,
the 9Tb deformation parameters (82 = 0.271, 84 =
0.066) are similar to the one of the 248Cm (8, = 0.286,
B4 = 0.039) that is currently used in the search for the
new element Z = 119 at RIKEN.

This similarity in deformation parameters allows for
the study of the side collision effect using ®''V beam on
deformed target. Has it been pointed out in Refs. 1)
and 2). this side collision effect is involved in the re-
lation between the barrier distribution and the max-
imum production cross-section of production for the
super heavy elements. This relation also shows surpris-
ing differences between spherical and deformed targets
as indicated in Refs. 1) and 2). Furthermore, these
relations were derived using beams lighter than *¥Ca
and never had been directly extracted for °Ti, >V, or
54Cr beams.

The 'V + ¥9Th — 210Ra* reaction was selected
as the first test surrogate reaction, measuring a wide
range of excitation energies from 32 to 66 MeV. The
barrier distribution was also measured separately and
reported elsewhere.?)

The GARIS-III separator was set to transport the
Evaporation Residue (ER) nuclei to the focal plane
detector array.*) The 5'V'3* beam was provided by
the newly upgraded SRILAC accelerator.) The exper-
iment used a rotating target of metallic '**Tb with
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an average density of 365 4= 16 ug/cm? and beam in-
tensities ranging from 152 particle nA to 345 parti-
cle nA. The ER nuclei were implanted into a Double-
sided Strip Silicon Detector?) that was also used for
the detection of the subsequent a-decays.

The identification of reaction channels was only
based on the known a-decay energies and branching
ratios, without any timing selection. The overall fit
of the a-spectrum accumulated over 24 hours at each
energy was used to extract the individual yield of ERs
produced. Considering the transmission and detection
efficiency, the cross section of various exit channels was
extracted from those yields. Figure 1 shows the mea-
sured cross section of the xn, pzn, and axn exit chan-
nels for the 51V + 1%9Tb — 210Ra* reaction.
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Fig. 1. Excitation function of the reaction *'V + '59Th:
(a) azn exit channel, (b) pzn exit channel, (¢) zn exit
channel.
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The maximum cross-sections are the p3n with 33.1+
8.9 ub, followed by the adn at 27.2 £ 7.3 ub and then
the 3n at 4.4 + 0.9 ub. The increase of the charged
particle exit channel has been observed in this lower
mass region but are not yet well reproduced by mod-
els. Discussions with the team of M. Kowal in Poland
are ongoing to reproduce this behavior and our data
based on their model.?) It also seems that the side col-
lision effect is not as present as expected for the xn
exit channel and is under discussion with K. Hagino.5
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Analysis of proton elastic scattering from ¥2Sn and 4®Ca at
300 MeV /nucleon in inverse kinematics
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In this report, we show progress of analysis of pro-
ton elastic scattering from '32Sn at 300 MeV /nucleon
in inverse kinematics. Previously, we already reported
the experimental conditions. We also showed the anal-
yses of the particle identifications of the RI beams, and
the excitation energy spectra, and the angular distri-
bution of the elastic scattering yields of 32Sn.%2) We
have discussed particle identification for beam particles,
the excitation energy and of the angular distribution
of 1328n.13) In order to obtain the absolute value of
elastic scattering cross-section of '32Sn, it is necessary
to determine the target thickness. As calibration data
to determine it, it was necessary to analyze *®Ca data
obtained in the same environment as the '32Sn mea-
surement. #¥Ca is a stable nucleus and, like '32Sn, a
double magic number nucleus. The elastic scattering
differential cross section of “®Ca has already been mea-
sured with high accuracy at RCNP. We assume that
the target thickness can be determined by comparing
the cross-section obtained in the analysis with the data
already obtained at RCNP. Herein, we report on the
analysis of “Ca. We performed measurement of pro-
ton elastic scattering from 48Ca in inverse kinematics at
300 MeV /nucleon at F12 area. The total beam rate was
up to 300 keps, and purity of ®Ca was 15%. By using
missing mass spectroscopy, the excitation energy distri-
bution of *®Ca was deduced from the measured recoil
proton kinetic energy and scattering angle information.
We identified elastic events of 4Ca as shown in Fig. 2.
Figure 2 shows the excitation energy spectrum of the
proton scattering from “8Ca in the recoil angle 77°-80°.
The excitation energy resolution (in r.m.s.) of 900 keV
was achieved at a scattering angle of 77-80 degrees. Al-
though the resolution is 1.5 times worse than that for
1328n, we could separate the excited state and the elas-
tic scattering as shown in Fig. 2. The main excited state
energy are 3.8 MeV (J™) or 4.5 MeV (J™). We will de-
duce the elastic scattering differential cross section of
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Fig. 1. Angular distribution spectrum for selected elastic
scattering events using Nal(TI) calorimeters.
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Fig. 2. Excitation energy spectrum of “®Ca at recoil angles
in the range of 77°-80°.

48(Ca by selecting elastic scattering from information on
the excitation energy distribution. We plan to determine
the target thickness by comparing the differential cross
section obtained by analysis data and the data already
obtained at RCNP. Using the determined target thick-
ness, we plan to determine the differential cross section
of 1328n for the first time in the world.

References

1) J. Zenihiro et al., RIKEN Accel. Prog. Rep. 53, 44 (2019).
2) T. Harada et al., RIKEN Accel. Prog. Rep. 54, 18 (2020).
3) T. Harada et al., RIKEN Accel. Prog. Rep. 55, 23 (2021).



IT-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 56 (2023)

The result of electron scattering with Xe isotopes
at SCRIT electron scattering facility
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Self-Confining Radioactive Ion Target (SCRIT) elec-
tron scattering facility!) was constructed to perform
electron scattering experiments for short-lived unsta-
ble nuclei. SCRIT is a unique technique to achieve a
luminosity of 1027 ecm™2s™! via the trapping of a few
target ion that is, 10® particles/pulse, along the electron
beam.

We have started a series of measurements of isotope
(Z = 50) and isotone (N = 82) dependence of nu-
clear charge density distribution. These studies use the
nuclei of Xe isotopes (138 136,134, 132,130, 128,126, 124 o
and N = 82 isotones (1%*Ba,? 37Cs,?) 136Xe, 1328n)
including the '32Sn and '37Cs, unstable nuclei. The
Xe isotope has the second most stable nuclei after Sn;
however, no electron scattering data is available, except
for 132Xe,* which was measured at the SCRIT facility.
These isotope and isotone dependencies should provide
invaluable information for theoretical development.®:6)

In 2022 July, we conducted the electron scattering ex-
periment using 136> 134,132, 130X e targets. The Xe target
was ionized with FEBIAD-type ion source by injecting
natural Xe gas directly into the ionization chamber in-
side the ERIS.”) The ionized Xe was mass-separated by
a bending magnet installed after ERIS. After cooling
and stacking inside the FRAC,®) almost 108 of mass-
specific Xe ions/pules were transported to the SCRIT
system at a frequency of 1 Hz. Experiments with 136Xe
were performed at both 150 and 250 MeV, whereas the
experiments with 134132 130Xe were only performed at
150 MeV. Further, the beam current was 250 mA at
the beginning of the data acquisition and reduced to
150 mA at the end. Figure 1 shows the yield distri-
butions of 136Xe with momentum transfer following ac-
ceptance corrections. The solid lines represent the cal-
culated ones using the theoretical charge density distri-
bution of 36Xe® using the phase shift calculation code
DREPHA.? The total experimental time and average
luminosity of each experiment is presented in Table 1.
Average luminosities were measured by a luminosity
monitor.

The '?4Xe, which is scheduled to be launched soon,
has a smaller abundance ratio than other Xe, thus, we
have upgraded ERIS and have already achieved a pro-
duction rate similar to that of 3%Xe. From 2023, we
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Fig. 1. Yield distributions of '*®Xe with momentum trans-
fer following acceptance corrections. Filled and opened
circles indicate preliminary results from this study. The
solid lines are the phase-shift calculated values obtained
using a theoretically calculated charge-density distribu-
tion of ¥5Xe.?)

Table 1. Experimental situation.

Beam  Total Exp. Lumi. ave
Nuclei Energy time [s] [x 10%7

[MeV] em ™57
B6Xe 150 1.94x10° 1.55
136Xe 250 4.28x10° 2.08
134% e 150 1.18x10° 1.66
182X e 150 0.90x10° 1.69
180xe 150 1.29%10° 1.33
total 9.59%10°

will conduct experiments on the remaining Xe and pro-
ceed with further analysis.
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Beta-delayed proton emission in the decay of "'Kr

A. Vitéz-Sveiczer,*1*2*3 A, Algora,*!*? G. Kiss,*>** B. Rubio,*! A. Morales,*! P. Sarriguren,*> P. Van Isacker,*¢
G. de Angelis,*” F. Recchia,*®*? S. Nishimura,** J. Agramunt,*' V. Guadilla,*! A. Montaner-Piza,*! S. Orrigo,*!
A. Horvath,*'° D. Napoli,*” S. Lenzi,*3*? A. Boso,*®*® V. Phong,***!1 J. Wu,** P. Séderstrom,**

T. Sumikama,** H. Suzuki,** H. Takeda,** D. Ahn,** H. Baba,** P. Doornebal,** N. Fukuda,** N. Inabe,**
T. Isobe,** T. Kubo,** S. Kubono,** H. Sakurai,** Y. Shimizu,** C. Sidong,** B. Blank,*'? P. Ascher,*!?

M. Gerbaux,*'? T. Goigoux,*!? J. Giovinazzo,*'? S. Grévy,*'? T. Kurtukidn Nieto,*'? C. Magron,*!?

W. Gelletly,!*!3 Z. Dombradi,*? Y. Fujita,****!5 M. Tanaka,*!%** P. Aguilera,*'6 F. Molina,*'¢ J. Eberth,*!”
F. Diel,*!” D. Lubos,*'® C. Borcea,*!? E. Ganioglu,*?® D. Nishimura,*?! H. Oikawa,*?? Y. Takei,*?? S. Yagi,*??
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We present preliminary results of our study of S-
delayed proton emission detected in the [-decay of
"IKr. These results were obtained in the framework
of the experiment NP1112-RIBF93. In our experiment
a 40 particle nA “®Kr primary beam provided by RI
Beam Factory (RIBF) impinged on a 5-mm thick Be
target to produce 9.8 million "' Kr implants—after op-
timization to separate "'Kr secondary beams—in the
WAS3ABI active stopper.)) The WAS3ABi detector
was surrounded by the EURICA ~-ray spectrometer.?)

Beta-delayed protons were distinguished from -
particles in the same way as in our earlier work on "YKr,
using an energy threshold of 1400 keV measured in
WAS3ABIi,? resulting in the deposited energy spectrum
shown in Fig. 1. The number of protons was divided
by the number of implants in order to calculate the (-
delayed proton emission probability €, = 2.49(10)% in
agreement with the value of l* = 3.1(4)% found in
the literature.”) In our analysis the dead time of the
detector system was also accounted for, while a 100%
detection efficiency was assumed for single protons.

A half-life value of T/, = 94.1(4) ms was derived
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Fig. 1. Intensity distribution as a function of the deposited
energy of the [-delayed proton events in the DSSSD.
The high energy tail of S-particles was extrapolated by
an exponential function, shown in grey.

from the time correlations between protons and im-
plants using an exponential fit shown in Fig. 2, in agree-
ment with the results obtained from implant-£ time
correlations (77, = 94.5(2) ms) and from the decay
curve of B-delayed ~y-transitions in the daughter nucleus
(T2 = 95.5(24) ms).

10

Total fit
Proton emission
s Linear background

[0 All counts

Counts /5 ms
3

-100 0 100 200 300 400 500 600 700
Time (ms)

Fig. 2. Time correlations between [-delayed proton events
and "' Kr implants. The total fit represents an exponen-
tial function plus a linear background.

The theoretical interpretation of the experimental
data is ongoing.
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Isomeric state studies using the DTAS detector

J. A. Victoria,*! V. Vegas,*! A. Algora,*!**2 B. Rubio,*! J. L. Tain,*! A. Tolosa,*! J. Agramunt,*! E. Nacher,*!
S. E. A. Orrigo,*!' V. Guadilla,*® G. Kiss,*? D. Sohler,*? I. Kuti,*?> T. Davinson,** O. B. Hall,** D. M. Kahl,**
C. G. Bruno,** C. J. Appleton,** P. J. Woods,** S. Nishimura,*> N. Fukuda,*® H. Suzuki,*® D. S. Ahn,*>
H. Baba,*® Y. Shimizu,*® H. Takeda,*® D. Nishimura,*> T. Isobe,*® M. Kaneko,*> S. Kubono,*® H. Sakurai,*’
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C. J. Griffin,*'® S. Bae,*'6 J. Ha,*'® and Y. Litvinov*!'”

In this contribution we present preliminary work
aimed to assess the capabilities of the DTAS detector
to study isomeric states. They are of particular inter-
est, since they can provide information about nuclear
structure. They are also relevant in the analysis of total
absorption data, since they may break the continuity
of emitted gamma-ray cascades from high lying states
populated in beta decay. This contribution is related
to experiment NP1612-RIBF147,") which focuses on the
study of the beta decay of '°°Sn and neighbouring nu-
clei using the DTAS modular total absorption spectrom-
eter?) and the AIDA implantation detector.

In the study, we developed analysis tools to look for
nuclei with unknown isomeric states in the vicinity of
10081 using DTAS in combination with the in-flight ra-
dioactive ion beam separator BigRIPS. This setup allows
one to study the gamma rays of a particular isomeric de-
cay, looking for time correlations between ions identified
in BigRIPS and the associated gamma cascade detected
in DTAS, taking advantage of its high efficiency. In our
analysis two dimensional spectra were generated where
in one axis we have the time difference between the time
of correlated gamma events detected in DTAS modules
and the ion implantation time provided by BigRIPS and
on the other axis we have the energy detected by the
DTAS individual modules. Isomeric states should be
seen in this figure as gamma transitions (or levels) van-
ishing as time differences increase. The very high effi-
ciency of the DTAS detector to gamma cascades can be
an asset in this context.

To test the viability of the procedure we have studied
the 98Cd case, which has a high production rate in our
experiment and has well known isomeric states. The
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Fig. 1. Top: 2D figure corresponding to a “®Cd gamma cas-
cade detected in DTAS and its energy projection. Bot-
tom: Fit of the the time projection of a gate around the
~1400 keV energy peak marked in the upper panel.

gamma cascade data obtained with the DTAS detec-
tor from the de-excitation of °®Cd isomeric decay pop-
ulated in the fragmentation reaction can be compared
with data obtained previously from high resolution ex-
periments using germanium detectors.?)

The comparison between the half-lives from the liter-
ature®4) and the results from our preliminary analysis
shows the validity of the method. In the analysis of the
lower states, feeding from above is taking into account.

Level || Literature®® | Present Work
127 224(5) ns 216(7) ns

8+ 154(16) ns 150(3) ns

67 13(2) ns 11(1) ns

In the next step we plan to systematically look for
isomers produced in our experiment.
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Progress on the analysis of P,-values relevant for the formation of
the r-process rare-earth peak

M. Pallas,*! A. Tarifefio-Saldivia,*?*! G. G. Kiss,*3 J. L. Tain,*? A. Tolosa-Delgado,***? A. Vitéz-Sveiczer,*3*?
F. Calvifio,*! J. Agramunt,*? A. Algora,*?> N. T. Brewer,*®*6 R. Caballero-Folch,*® T. Davinson,*'°
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Rapid neutron capture (the r-process) produces
nearly half of the nuclei heavier than iron in explosive
stellar scenarios. Above the mass number A = 100,
there are two main peaks in the r-process solar-system
abundances, are located at A ~ 130 and A ~ 195.
Located between them, the Rare-Earth Peak (REP)
is a tiny but definite peak at mass number A ~ 160
that results from the freeze-out during the last stages
of neutron exposure. According to theoretical models
and sensitivity studies, half-lives (7} /2) and S-delayed
neutron emission probabilities (P,,) of neutron-rich
nucleus, in the mass region A ~ 160 for 55 < Z < 64
are critical for the formation of the REP.1'2) As a part
of the BRIKEN collaboration, the NP1612-RIBF148
experiment measured half-lives and §-delayed from Ba
to Gd (Z = 56-64). In 2018, an experimental run cen-
tered on '°Pm was conducted using a total of 5 days
of beamtime. The results for Pm to Gd (Z = 61-64)
species are already published.® The data analysis for
Ba to Nd (Z = 56-60) species using the method pro-
posed in? is presented in this report.

The NP1612-RIBF148 experimental setup con-
sisted of the Advanced Implantation Detector Array
(AIDA)® and the BRIKEN neutron counter.®) The
neutron counter was placed surrounding AIDA to de-
tect the p-delayed neutrons offering a nominal value
for the efficiency of 68.6% up to 1 MeV.

In Fig. 1, the preliminary results for the Py, val-
ues are compared with evaluated nuclear data from
the ENSDF and some theoretical predictions.”® Pre-
liminary reports include 14 new Py, values (}°11°2Ba,
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Fig. 1. Preliminary P, values derived in this work (red
dot) compared with previous measurements (blue tri-

angle) and theoretical calculations.”™)

151153 5 154156 155-158py  apd 199-160Nq). Two
other P, values (14971°0La) were also remeasured, ob-
taining consistent results with previous measurements.
Our data supports the overall trend for all Py, pre-
dictions when compared to theoretical models. The
pn-RQRPA + HFM model? best replicates the ex-
perimental data and provides good agreement for the
majority of the isotopes.
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The study of the core-excited component in 'Li

Y. Li,*'*2 Z. Yang,*®> Y. Kubota,*! and T. Uesaka*! for the SAMURAI18 Collaboration

1T, is one of the most well-known drip-line nuclei in
nuclear physics. The discovery of a spatially extended
structure of neutrons in ' Li, which is now widely known
as “halo” structure, opened the very active field of re-
search with unstable nuclear beams.!) ''Li has the Bor-
romean nature, generally considered as a 3-body system
of 9Li plus 2 well-decoupled valence neutrons. However,
recent theoretical studies pointed out that contribution
of the excited ?Li core could also be significant®?®) in the
ground state of ''Li. But no experiment has hitherto
succeeded in providing a direct information about the
excited-core in Li.

The SAMURAIILS experiment performed at the Ra-
dioactive Isotope Beam Factory (RIBF) in RIKEN em-
ployed the quasi-free (p, pn) reaction. Kubota et al.®) re-
ported the dineutron correlation localized radially on the
N1 surface with the data of the *Li(p, pn)?Li(g.s) +n
channel. The core-excited component associated with
bound excited states of ?Li (J™ = 1/27, E, = 2.69 MeV)
was also studied from coincident gamma-ray measure-
ment and no significant contribution of this component
was observed, which can be attributed to the spin-parity
constraints.” Thus, it can be expected that the core-
excited component in 'Li that we are interested in
should be associated with a ?Li excited state with J™
= 3/27 and with a higher excitation energy above the
8Li + n breakup threshold. By looking into the 8Li + 2n
channel of the SAMURAI18 experiment, we will be able
to probe the ?Li*(unbound) + n component in 1 Li.

Secondary 'Li beams (~ 1 x 10° pps, ~246 MeV/
nucleon) were produced from the fragmentation of **Ca
beam at 345 MeV /nucleon and selected by the BigRIPS
fragment separator. They were then tracked onto the
150-mm-thick MINOS target using two multiwire drift
chambers. After a (p, pn) reaction, the target proton
and one of the neutron of ''Li were scattered to large
polar angles. The recoil particle detector (RPD) was
composed of a multiwire drift chamber and a plastic scin-
tillator hodoscope. The neutron detector array WINDS
was installed to measure the scattering angle and the
time of flight of the knockout neutron. The beam-like
residues—the charged fragment %Li and two neutrons—
were analyzed by the SAMURATI spectrometer and the
neutron detector array NEBULA, respectively. Single
incoming neutron could induce signals in multiple detec-
tors of NEBULA, a phenomenon commonly called cross-
talk. The time-space-separation cuts and the causality
cuts of velocity were applied to eliminate these fake two-
neutron events.%)

The relative energy spectrum of 19Li is reconstructed
from coincident 8Li 4+ n + n events using the invariant-
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mass method and is presented in Fig. 1. Two resonance-
like structures are observed at F.q ~ 0.3 MeV and at
FEie1 ~ 1.6 MeV. The spectrum can be well fitted using
a sum of an Is-wave virtual state for the first peak and
a p-wave resonance for the second peak. Figure 2 shows
the Dalitz plot of the relative energy of the subsystem
8Li + n (Ef,) versus that of 8Li + n + n (ELe). The cor-
relation pattern in the F, range of 1.3-1.7 MeV is con-
sistent with the sequential two-neutron emission via an
intermediate °Li resonant state with F, ~ 0.3 MeV, and

400

350

300

250

200

Counts/100 keV
o

—_
o
o

a
o
u TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘

e —————
——

0 0.5 1 1.5 2 2.5 3 3.5
E_ of ®Li+n+n(MeV)

rel

Fig. 1. Relative energy spectrum for 8Li 4+ 2n. The blue
dashed line, red dashed line and the green line represent
the the s-wave virtual state fit, p-wave resonance fit and
sum of these two components, respectively.

%

Fig. 2. Dalitz plot of the relative energy. The horizontal
axis represents the relative energy of SLi+n+n (Erel)
and vertical axis represents the relative energy of ®Li +
n (Efn).
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this component should thus be assigned to the excited-
core configuration in the ground state of ''Li. For the
next step, we will analyze the momentum distribution
of the knockout neutron to determine its single-particle
orbital occupation. By combining with the theoretical
calculation that is now in progress we will be able to pin
down the excited-core component in ''Li.
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Observation of °Li 4+ d decay channel in 'Li(p, n) reaction
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In the SAMURAI30 experiment, we studied the
Gamow-Teller (GT) giant resonance in the drip-line nu-
cleus 'Li at 181 MeV /nucleon utilizing the missing-
mass technique.! The 'Li nucleus is the showcase of a
two-neutron halo system, with its very extended mat-
ter distribution related to the small energy necessary to
remove the neutrons. The charge-exchange (p,n) reac-
tions in inverse kinematics are efficient tools to extract
the B(GT) strengths of unstable isotopes up to high
excitation energies without the Q-value limitation.?) In
our previous study, we demonstrated that accurate in-
formation about isovector spin-flip giant resonances can
be obtained for unstable nuclei using this probe.?) The
setup of the PANDORA low-energy neutron time-of-
flight counter® and SAMURAI magnetic spectrome-
ter® as well as a thick liquid hydrogen target, facilitate
the performance of measurements with high luminosity.

The B decay of 'Li is complex. The large mass
difference between !'Li and its daughter 'Be (Q =
20.6 MeV) implies that several decay channels to the
bound and unbound states in ''Be are open. In the
latter cases, the daughter breaks into fragments, and
the emission of one, two, and three neutrons, a parti-
cles and %He, tritons, and deuterons has been observed
in several 3-decay studies.®”) In our previous reports®
on the preliminary results on GT giant resonance, the
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observation of these different decay channels was con-
firmed. Among them, the most interesting decay mode
is 9Li + d. This channel is related to the possibility that
in halo nuclei, the core and halo particles could decay,
more or less independently, into different channels.?)

We observed a strong transition at approximately
19 MeV in the excitation energy spectrum of 1 Be. The
angular distribution in center-of-mass angle of the ob-
served state indicates a strong forward peaking nature,
which suggests the GT transition, as depicted in Fig. 1,
in agreement with previous S-decay studies.
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Fig. 1. Angular distribution, in the 0°-25° center-of-mass
angular range, of the strong peak observed in the exci-
tation energy spectrum of the daughter nucleus ' Be for
the °Li + d decay mode.
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SAMURAILS8: comprehensive study of 'Li

Y. Kubota,*!*2 A. Corsi,*® Z. H. Yang,** P. André,*? Y. Li,***> M. Miwa,*® Y. L. Sun,*” and T. Uesaka*!»*2
for the SAMURAI1S8 Collaboration

Since the discovery of the neutron halo, ' Li has been
one of the most attractive neutron drip-line nuclei. It
is known as a Borromean nucleus, described as a three-
body system with two weakly bound valance neutrons
around a ?Li core nucleus, with none of the two-body
subsystems (!°Li or ?n) having bound states. A hy-
pothetical bound state of two neutrons, known as the
dineutron,V) is thought to be closely related to its exis-
tence.

The quasi-free knockout reaction in inverse kinemat-
ics was employed in this study to reveal the two-neutron
correlation in 'Li without breaking quantum coher-
ence.?) By introducing the liquid hydrogen target sys-
tem MINOS® to the RIKEN RIBF, an unprecedent-
edly high luminosity has been realized. The dedicated
(p, pn) setup combined with the SAMURAI spectrom-
eter?) allowed kinematically “too” complete measure-
ment resulting in high reliability.

By knocking out a valence neutron, the unbound '°Li
was produced, and the decay channel of “Li+n was
investigated. The known low-lying structures of s-wave
virtual state and p-wave resonances were identified, and
the resonance parameters were significantly improved.
Furthermore, an exceptionally narrow resonance with
a width of 0.7 MeV at a relative energy of 5.5 MeV
was newly found and identified as a d-wave resonance
by the multipole decomposition analysis. Recently, the
analysis of the decay channel of ®Li+ 2n has revealed
an interesting structure that provides insight into the
9Li core excitation in the ground state of the 'Li.%)

The in-nucleus momentum k of the knockout neutron
is reconstructed from the measured momentum of the
recoil proton and the knockout neutron. This value is
used as a measure of the radial position of the dineu-
tron as well as to define the correlation angle 6,,¢, which
is the measure of the dineutron strength. The relation-
ship between 6,y and k reveals that the dineutron is
localized at the surface of ' Li and changes its shape in
other region, such as near the center of the nucleus and
in the tail of the halo.®) The same analysis has been
carried out for '*Be and "B, and the universality of
the dineutron is becoming apparent.”)

Only dineutron in the ground state can be studied
with one neutron knockout. In order to overcome this
limitation, the proton knockout from '2?Be was used
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Fig. 1. Schematic of the setup.

to produce the excited ''Li. The decay mode of the
9Li+ 2n channel was investigated through the energy
sharing between the two-body subsystems and it was
found that in most cases ''Li decays through '°Li, i.e.,
emitting the two neutrons sequentially.®

From the interest of the tensor force, the forma-
tion of deuteron clusters in ''Li was investigated us-
ing the deuteron knockout reaction. Since deuterons
are weakly bound systems, approximately half dissoci-
ates during the knockout process. However, choosing
the appropriate kinematics can distinguish deuteron-
originated protons and protons from proton knockout.
The deuteron spectroscopic factor could be obtained by
comparing it with the distorted-wave impulse approx-
imation (DWIA) calculation, though it contains large
systematic uncertainties.?)

The proton knockout channel was also investigated
for the '°He spectroscopy. A three-body correlation
analysis showed convincing result on the long-debated
ground state of 1°He.19)

In summary, ''Li was comprehensively studied using
the quasi-free knockout reaction. In addition to two-
neutron correlation in the ground and excited states,
the structure of unbound subsystems and the formation
of deuteron clusters were investigated.
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Analysis of **Cr(p, n) reaction in inverse kinematics
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In this paper, we report on the progress in the data
analysis of the SAMURAI11 experiment performed at
the RI Beam Factory (RIBF) of RIKEN Nishina Cen-
ter in spring, 2019. This experiment was conducted
to measure the (p,n) reaction on N = Z unstable nu-
clei, namely, “8Cr and %*Ge. Previously, in Refs. 1)
and 2), we reported on the experimental setup and the
particle identification (PID) analysis of the reaction
residues with the SAMURALI spectrometer,® respec-
tively. In Ref. 4), we reported on the observation of
a kinetic curve in the recoil-neutron data produced in
the 8Cr(p, n)**Mn reaction, under the condition that
the reaction residues 4"Cr were selected through PID
analysis.

Figure 1 shows a plot of neutron kinetic energy
vs. neutron scattering angle in the laboratory frame
for those events in which the reaction residues 46V
were selected through PID analysis. The 40V residues
were populated through the two-proton decay from the
48Mn. There was no clear locus along the calculated
kinetic curves in *®Mn, above the two-proton separa-
tion energy at 6.828 MeV. The plot contains events
due to the background in a low neutron-kinetic-energy
region below 500 keV.

A further analysis is ongoing to substract the back-
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Fig. 1. A two-dimensional plot of neutron kinetic energy vs.
neutron scattering angle in the laboratory frame. The
reaction residues “°V were selected through the PID
analysis. The solid and dashed curves represent calcu-
lated kinetic curves for excitation energies and scatter-
ing angles in the center-of-mass system of the **Cr(p,n)
reaction, respectively.

ground. We are working on the background evaluation
by using the reaction channels where the (p,n) reac-
tion does not occur, following the method utilized in a
prior study.®)

We are grateful to the RIKEN accelerator staff and
CNS, University of Tokyo, for their continuous efforts
to accomplish this stable beam acceleration.
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26Si + « resonant scattering measurement to study 2°Si(a, p)?°P
reaction rate
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An X-ray burst can be characterized by a sudden
and intense release of X-ray radiation from a compact
stellar object such as a neutron star. A total energy
release of approximately 1039740 ergs can be achieved
per burst in just a few seconds. It is believed that
the proton-rich nuclei up to the Sn-Sbh-Te region can
be synthesized during the burst. To better understand
the X-ray bursts, studying the 26Si(«, p)??P reaction
is essential since 26Si is considered to be one of the
waiting points in the nucleosynthesis.

A sensitivity study, which identifies the important
nuclear reaction rates that affect the X-ray light curves
or ash composition, suggests that the 26Si(«, p)??P is
one of the impactful reactions to the light curve of
the X-ray burst.!) Despite its importance, the study of
26Si(ar, p)?°P is less understood experimentally. Thus
we have performed a 26Si + o experiment to mea-
sure the 26Si(a, p)?*P reaction directly and the reso-
nant scattering to investigate resonances in 3°S, which
can be populated in the 2Si(a, p)??P reaction as in-
termediate states. The result on the 26Si + « resonant
scattering is described in this report.

The 26Si + o resonant scattering was measured
at the Center for Nuclear Study Radioactive Ion
Beam Separator (CRIB)?) of the University of Tokyo.
The radioactive 26Si beam was produced at E
2.14 MeV /nucleon through the *He(?**Mg, n)?5Si reac-
tion by impinging Mg at E = 7.56 MeV /nucleon on
a cryogenic *He gas target.?) The 26Si beam was sepa-
rated and purified by combining the magnetic analysis
and velocity selection with a double achromatic system
and a Wien filter. Two PPACs were located at the up-
stream of the reaction target for the event-by-event
monitoring of beam position and time-of-flight. The
typical 26Si beam intensity was 2.8 x 10* pps, and the
beam purity was ~16%. The 26Si beam was impinged
on the *He gas target with a pressure of 250 Torr. The
reaction target was kept at room temperature. The
thick target method is adopted for the experiment to
scan a wide excitation energy range in 3YS.

The light charged particles were measured by sili-
con detector telescopes. Using four layers of silicon
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detectors (AE1, AE2, E1, and E2 layer), each species
of charged particles could be easily identified. The
AFE1 and AE2 detectors are segmented into 16 strips
providing the horizontal and vertical position infor-
mation, respectively. The E1 and E2 detectors are
pad type silicon detectors. The scattering angle was
obtained based on the position information. To ob-
tain the excitation function of 26Si(«, a)?°Si reaction,
the « energies were converted to the center-of-mass
energy by considering the kinematics of the reaction
and the energy loss of particles in the gas target. Fig-
ure 1 shows the excitation function obtained at 6c. ;.
= 174°. Fitting the experimental excitation function
with the theoretical R-matrix calculations, we will ex-
tract resonance parameters of levels in the 3°S, such as
excitation energy, spin, parity, and « partial width, to
constrain the 26Si(«, p)?°P reaction rate.

M%% SO
T TR,

Center of mass energy [MeV]

Fig. 1. Excitation function of 2°Si + « elastic scattering at
Oc.m. = 174°
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Yield investigation of neutron-rich W isotopes produced by
multi-nucleon transfer reactions of 36Xe 4+ ™Ir
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T. Niwase,*> M. Reponen,*® M. Rosenbusch,*® H. Ueno,*? and M. Wada*?

Nuclear charge radius is a quantity sensitive to
changes in nuclear structure, such as shape transition,
shell closure, and proton-neutron pairing. The nuclei
around Z = 72-78 are known as transitional nuclei,
which exhibit a multitude of nuclear shapes depending
on the neutron and proton numbers.) In the W iso-
topic chain, nuclear shape evolution has been investi-
gated up to "YW in terms of the properties of the first
21, 4% excited states?) and K-isomers®) via y-ray spec-
troscopy using relativistic ions produced in fragmen-
tation reactions. However, laser spectroscopic data
obtained using low-energy isotope separator on-line
(ISOL) beams are lacking, especially in the neutron-
rich side of this nuclear region,?) due to the refrac-
tory nature of these elements. Thus, to investigate the
ground state shape evolution with the help of theoret-
ical calculations, we are planning to study the change
in nuclear mean-square charge radii of neutron-rich
188, 190V via in-gas-cell laser ionization spectroscopy®
at KISS.% As a preliminary effort, we report the mea-
sured extraction yields of 88 190W isotopes at KISS.

The KISS facility at which we conducted the mea-
surement is an argon-gas-cell-based laser ion source
combined with an ISOL, designed to produce otherwise
difficult-to-access nuclides by multi-nucleon transfer
(MNT) reactions. Neutron-rich W isotopes were pro-
duced in MNT reactions using an 36Xe beam (30 par-
ticle nA, 10.75 MeV /nucleon) impinging upon a "*‘Ir
(22.7 mg/cm?) target. The target-like fragments were
stopped and neutralized in a gas cell pressurized to
75 kPa with purified Ar gas. The neutralized W
atoms were transported by gas flow and ionized by
element-selective laser resonance ionization at the gas
cell exit. The W atoms were resonantly excited by
laser irradiation at A\; = 260.7165 nm (5d*6s% °Dg—.J
= 1°),7 followed by non-resonant excitation to con-
tinuum states by laser irradiation at Ao = 308 nm
from an XeCl laser. The post-accelerated ions (E =
20 keV /q) were mass separated using a dipole magnet
with a mass resolving power of m/Am~900. After be-
ing thermalized in a gas cell cooler-buncher® (GCCB),
the ions were analyzed in a multi-reflection time-of-
flight (MRTOF) mass spectrograph for isobaric identi-
fication and ion counting. At a typical mass resolving
power of m/Am~5OO,OOO,9) the overall efficiency of
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MRTOF+GCCB was 2%.

Figure 1 shows time-of-flight spectra for A/q = 95
ions measured with (black) and without (red) res-
onant laser excitation of °W. An enhancement of
199W jon counts accompanying resonant laser irradi-
ation can be clearly observed. In addition to laser
ionized 9°W, we observed intense isobaric contam-
inants consisting of °Re, '%°0s, "Ir, %Pt and
190Au, which are produced with much higher yields
than the more neutron-rich '°W; whether they are
non-resonantly ionized alongside the **°W or the result
of a non-neutralized fraction in the argon gas remains
uncertain. The recent improvements in MRTOF per-
formance® at KISS allowed for the successful count-
ing of YW2* jons in spite of these intense isobaric
contaminants. A similar situation was encountered in
measurements of '®% 189W . The measured extraction
yields of 188189190\ were 65, 5.6, and 1.6 pps, re-
spectively. These yields are sufficient to perform future
in-gas-cell laser ionization spectroscopy.

ll)()os 190Pt1901r ]‘)ORe WUW IQOAu

10?

Counts/1.6 ns
>

50 o 50 100" 150
time-of-flight - 10417030.2 (ns)

Fig. 1. Measured time-of-flight spectra with resonant exci-
tation laser ON (black) and OFF (red) for '*°W.
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First application of mass measurements with the Rare-RI ring
reveals the solar r-process abundance trend at A = 122 and A = 1237
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The rapid neutron capture process (r-process) is re-
sponsible for synthesizing about half of the elements
beyond iron up to bismuth, as well as all of the tho-
rium and uranium. Masses of the neutron-rich nu-
clides are essential input parameters for the r-process
simulation. However, most of the nuclides involved in
the r-process can not be produced in the laboratory.
Usually, the masses predicted by the theoretical mass
models are used. Not only does measuring the mass
of exotic nuclei provide dependable experimental data
for r-process calculations, but it also plays a crucial
role in improving mass models.

The Rare-RI Ring at RIBF is a newly commissioned
cyclotron-like storage ring mass spectrometer.”) We
performed the mass measurement experiment for the
exotic nuclei on the southwest of the 32Sn with R3.
In this experiment, five N = 77 isotones, 127Sn, 1261n,
125Cd, 124Ag, 123Pd, were produced by the in-flight
fission of 238U beam, selected by the BigRIPS and fi-
nally injected into the R3. Details of the experiment
can be found in the previous report.?) Masses of 126In,
125Cd, and '23Pd were measured whereby the mass
uncertainty of '2*Pd was improved.

We investigate the impact of the new mass value
of 123Pd on the solar r-process abundances in the 7-
process by employing the Portable Routines for Inte-
grated nucleoSynthesis Modeling reaction network.?
Reaction network calculations of 20 trajectories with a
specific entropy 40 kp/baryon, expansion timescale T
= 20 ms and varying electron fraction Y, from 0.15 to
0.35 in steps of 0.01 are performed. The A = 122 to
A = 123 abundance ratio for each trajectory with the
new mass result is calculated and compared with the
baseline model in which the mass value of the 123Pd
is taken from FRDM2012,% as shown in Fig. 1. We
find that the abundance ratio of each trajectory in the
baseline model is smaller than the solar ratio, making
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Fig. 1. Ratio of the A = 122 to A = 123 isotopic abun-
dances as a function of electron fraction for the base-
line model (gray line) and if our new mass measurement
(red line) and its uncertainty (red band) are included.
The horizontal black line indicates the value of the same
ratio in the solar r-process residuals of Ref. 5).

it impossible to reproduce the observed feature with
any combination of trajectories. However, when the
newly measured '22Pd mass was used, the ratio is suf-
ficiently varied across the range of trajectories. This
variability makes it possible to use suitable linear com-
binations of trajectories to reproduce the observed ra-
tio. The increase in the abundance ratio is attributed
to changes in calculated nuclear properties resulting
from the newly measured '23Pd mass. The neutron
capture cross section for '22Pd decreases by a factor
of 2.6 and for 123Pd increases by a factor of 2.2, while
the probability for the §-delayed neutron emission of
123Rh increases by 14% with the updated mass. This
results in the material pileup along the A = 122 isobar
relative to the baseline.
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Direct determination of the atomic mass of 139°W

M. Mukai,*"*? Y. Hirayama,*? P. Schury,*® Y. X. Watanabe,*? S. C. Jeong,*> H. Miyatake,*?
T. Niwase,*® M. Rosenbusch,*3 H. Ueno,*! and M. Wada*3

We measured the atomic mass of '9W in an experi-
ment to investigate the yields of *8 W1 produced
in multi-nucleon transfer (MNT) reactions for future
laser ionization spectroscopy at the KEK Isotope Sep-
aration System (KISS).?) The mass of '2JW has pre-
viously been determined from Qs and via Schottky
mass spectroscopy at ESR, but both were excluded
from the Atomic Mass Evaluation (AME2020)% based
on deviations from the trends of the mass surface, mak-
ing a complementary mass evaluation highly desirable.
We have produced "W at KISS in MNT reactions
of 13%Xe + ™*Ir and used the multi-reflection time-of-
flight mass spectrograph (MRTOF-MS) for ion count-
ing, isobaric identification, and atomic mass determi-
nation. A detailed description of the experiment is
given in Ref. 1).

The identification of ***W was achieved by confirm-
ing that the relative intensity of the W TOF spec-
tral peak reduced significantly when the resonant ex-
citation laser was turned off. After correcting for TOF
drift, e.g., from thermal expansion of the MRTOF-MS,
the mass resolving power was m/Am~5OO,OOO.6) Fig-
ure 1 provides the drift-corrected sum total measured
spectrum for ions with mass-to-charge ratio A/q =
189/2 with and without laser ionization applied. Least
squares fitting of the spectrum was performed to deter-
mine the TOF values of extracted isobars. The TOF
for each ion species was determined using a Gaussian-
exponential hybrid function with exponential tails on
one side. The shape parameters were determined from
a high-statistics TOF spectrum of the elastic particle
19112+ and scaled based on A/q. From the evaluated
peak positions (¢ and t.f), the mass value (m) was
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Fig. 1. Measured TOF spectra of A/q = 189/2 ions. The
colored curves show the best fitting curves to the data.
Solid vertical lines show the fitted TOF position of each
isobar.
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calculated using

2
q t—t
M = ——Myef (O) (1)
Qrof tref — to

where tg is constant offset, while Myef, Gref, and tref
are the mass, charge, and TOF of a reference ion, re-
spectively. The to term was determined from Eq. (1)
based on the results of high-statistics measurements of
85Rb and '°°Os, which have well-known atomic masses.
To limit mass-dependent systematic errors, nearly iso-
baric 2°0s?t was used as a reference ion along with
85Rb in a double-referencing scheme.” Among the ob-
served A/q = 189/2 ions, *%0s has a long-lived isomer
(Bex = 30.82(2) keV, T /> = 5.8(1) h),®) which can be
extracted from the KISS gas cell but cannot be re-
solved by the MRTOF-MS. Due to the minimal TOF
difference between 99082t and '®9™0s%t, a single
peak was fitted, and the evaluated mass represents the
weighted average of the two states.

Figure 2 shows the differences between our measured
mass values and the AME2020 evaluation. Our mea-
sured mass values of %'Re, ®90s, 8Ir, and %Pt
are in good agreement with the evaluated values. Our
measured mass for '®"W is within the AME2020 er-
ror band and is also consistent with the previously re-
ported values in Refs. 3) and 4). This provides some
confirmation of the validity of the previous data.

wn
—
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S 4000 @

= E -s- [(-decay
g WE = GSI-ESR"
g 200 b

; 1005 | &

DU 4 + ] L]

g5-100;—
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189W lS‘lRe 18‘1()s lS‘JIr lS‘JPt

Fig. 2. Differences between our measured mass values and
AME2020 evaluation. The AME2020 error bands are
represented by yellow and green stripes.
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Spatial correlation of a particle-hole pair with a repulsive isovector
interaction’

K. Hagino*! and H. Sagawa

It has been well recognized that the pairing corre-
lation among valence neutrons plays a decisive role in
the structure of weakly bound nuclei. In particular,
there have been several theoretical studies of a strong
dineutron correlation, in which two neutrons attract
each other and show a large probability of a two-body
wave function with a small correlation angle in the co-
ordinate space. A strong signature of the dineutron
correlation has also been experimentally observed in
several weakly bound nuclei such as ''Li, He, and
19B.

It would be an interesting question to ask what hap-
pens to the spatial correlation when the interaction
is repulsive rather than attractive. Besides the triv-
ial Coulomb repulsion between protons, a well-known
repulsive interaction in nuclear physics is the isovec-
tor particle-hole (p-h) interaction, which plays an im-
portant role in generating collective giant dipole res-
onances (GDRs). In this paper, we pursue the corre-
lation induced by the repulsive interaction, studying
nuclei with one neutron particle and one proton hole
on top of a doubly magic nucleus, such as *°Co (=
%Ni+n—p) and *°K (= *°Ca+n—p). To construct the
density distribution for the p-h state, we perform the
Hartree-Fock (HF) plus Tamm-Dancoff approximation
(TDA) with Skyrme-type interactions.

The spatial distribution for the proton hole in the
two-dimensional (z,z) plane is shown in Fig. 1(a) for
the 47 state in 5°Co with the azimuthal angular mo-
mentum component M = 0. The reference neutron
(2p3 /2 particle state) is placed at (z,z) = (3.7,0.0) fm.
The upper panel shows the unperturbed case with the
(1f7/2), " wave function. As expected, the hole wave
function (1f7/2), ! has two symmetric peaks at the po-
sitions opposite to the center of the core nucleus. The
correlated hole density, in which the p-h repulsive in-
teraction is active, is shown in Fig. 1(b). One can see
a strong repulsive correlation, where the component
close to the reference neutron-particle state is largely
hindered. This is analogous to the Coulomb hole ob-
served in many-electron systems and is completely op-
posite to the dineutron configuration, in which the two
valence neutrons mainly remain on the same side of the
two-dimensional plane with a small relative distance,
that is, a small correlation angle.

In Ref. 1), as an outcome of the repulsive correlation

Condensed from the article in Phys. Rev. C 106, 034313
(2022)

Department of Physics, Kyoto University

RIKEN Nishina Center

Center for Mathematics and Physics, University of Aizu

*1
*2
*3

-33-

*2,%3

(2p3)a(1 f7/2)p'I

(@) unperturbed .
6 6x10
4 5x10°
2 4x10°°
£ )
£ 3x10°®
= 6
2 2x10
-4 1x10°
-6 0
6 4 2 0 2 4 6
)  Skyrme TDA (SLy4)
6 2x10°°
. 1.8x10°
1.6x10™
> 1.4x107°
= 1.2x10™
€0 1x10°
* 5 8x10®
- 6x10°
4 4x10°®
2x10®
-6 0

6 -4 2 0 2 4 6

z (fm)

Fig. 1. Uncorrelated (upper panel) and correlated (lower
panel) proton-hole distributions in the two-dimensional
(z,z) plane for the 4™ state in **Co when the neutron-
particle is located at (z,z) = (3.7,0.0) fm indicated
by a white circle. The azimuthal angular momentum
component is set to be M = 0.

of an isovector p-h pair, a suppression of a ground-
state-to-ground-state deuteron transfer reaction, e.g.,
4Fe(3He, p)°°Co, was pointed out. Note that the two
proton holes in ®*Fe prefer the spatial configuration in
which the two holes are close to each other. If one
of those proton holes is filled in via deuteron trans-
fer, the neutron in the deuteron and the other pro-
ton hole would be located close to each other. This
would correspond to an excited state of *®Co; thus,
the transfer to the ground state of 5°Co would be
largely suppressed. It would be interesting future
work to estimate the transfer cross sections with the
coupled-reaction-channel method or second-order dis-
torted wave Born approximation.
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Momentum-space structure of dineutron in 'Lif

M. Yamagami *

A recent knockout-reaction experiment for the Bor-
romean nucleus ''Li measured the mean correlation an-
gle between the momenta of emitted neutrons ny and no
in the reaction channel ™Li(p, pni)'°Li* — Li 4+ ny.V)
The dependence on the missing momentum k of nq is
considered to reflect the spatial structure of dineutron.

Here, the reflection of the spatial structure of dineu-
tron to the mean opening angle between the momenta
k; and k; of the valence neutrons at the ground state of
11 is discussed. Further, the similarities with the mean
correlation angle are highlighted.

A three-body model calculation is performed in the
momentum space using a finite-range n—n interaction,
which reproduces the two-neutron (2n) separation en-
ergy and the matter radius of ''Li. Further, the 2n
density, pa2(k1,ke,0k), is calculated using k1 = |ki|,
ko = |ks|, and the opening angle between k; and ks,
0y. Figure 1(a) shows pa(k1, k2, 0)) as a function of both
k1 = ko = k,, and 0. Figure 1(b) shows the 2n density in
real space via the Fourier transformation, ps(ry,re,6,),
using the radial coordinates, ry = ro = 7, and opening
angle, 6,.
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Fig. 1. (a) 2n density for ''Li as functions of k1 = ks = ki
and the opening angle 0. It is weighted with a factor of
812kt sin Ox. (b) Same as (a) but 2n density in real space
as functions of r1 = ro = r and the opening angle 0,.. It
is weighted with a factor of 872rtsin 6,

The dineutron configuration is obtained at the low-
momentum of (k,, ;) = (0.18 fm™*, 128°). It is accom-
panied by the broad angular distribution, and the long
kn-tail indicates the strong dineutron correlation (the
high n—n relative momentum).

The mean opening angle () is defined as a function

t Condensed from the article in Phys. Rev. C 106, 044316 (2022)
*1 " Department of Computer Science and Engineering, University
of Aizu

1

of k1 = k,, as follows
kecut ™
cos (i) = {/ k%dk2/27rsin0kd9k
0 0

X pg(kn,kg,ek) COSGk:| /Pk(kn)a (1)

where pg(ky) is the one-neutron density distribution.
Figure 2(a) shows (fy) using the cutoff momenta of
keut = 00 (no cutoff) and keyy = kgurt = 0.62 fm =1,
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Fig. 2. (a) Mean opening angle () as a function of k1 = k,
for 'Li. “Surface” indicates the cutoff of keut = Ksurt- (b)
Same as (a) but for °He, 2C, and 'B.

(01) (no cutoff) exhibits a peak at k, = 0.27 fm~!;
however, it gradually increases above k,, ~ 0.5 fm~!.

ksurs characterizes the low-momentum halo region by
k1, ko < ksurt. (Og) using keuy = ksurr exhibits a peak
at k, = 0.31 fm~! and a plateau of () ~ 82° above
k, ~ 1.0 fm~!. These features are consistent with the
observed k dependence of the mean correlation angle (the
peak at k ~ 0.3 fm~! and the plateau of approximately
87° above k =~ 0.9 fm~!),") which is considered to reflect
the 2n correlations in the surface region.?)

In conclusion, the manner in which the mean opening
angle reflects the 2n density in ''Li was discussed. For
(0), the importance of the surface effect and the simi-
larities with the mean correlation angle in the knockout
reaction were highlighted. The same conclusion was ob-
tained for SHe, 22C, and B (see Fig. 2(b)), wherein
the measurement of the momentum dependence of the
angular correlations between the halo neutrons can pro-
vide useful information on dineutron correlations at low
density.
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He cluster formation in light neutron-rich nucleif

H. Motoki,*! S. Shin,*! Y. Suzuki,*?> Q. Zhao,** B. Zhou,** and M. Kimura*>

Recently, a negative correlation between the neutron
number and *He cluster formation probability on the
nuclear surface was experimentally reported for Sn iso-
topes.)) A similar trend was theoretically observed for
C isotopes.?) However, this trend contradicts to the pre-
vious expectation; *He clustering develops toward the
neutron drip-line of Be and B isotopes.®’ To understand
these ambiguous results, we have quantitatively evalu-
ated the *He cluster formation probability based on the
antisymmetrized molecular dynamics (AMD).

Figure 1 shows the calculated intrinsic proton density
distributions of the ground states.*) Except for ' B, the
distributions exhibit two peaks, indicating the forma-
tion of He + He and He + He clusters in Be and B iso-
topes, respectively. The development of clusters can be
estimated from the distance between the clusters (dis-
tance between two peaks), which is shown in the lower
panel of Fig. 1. It suggests a gradual growth of clusters
toward the drip line, which is qualitatively consistent
with the previous expectation.?

mee 1 IZBe ] 14Be

= 14
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> 3.0
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Z 20 -0~ 158 B
< 13
—
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Neutron number

Fig. 1. Upper panels show the intrinsic proton density dis-
tribution where peaks of the density distribution are
plotted by filled circles. Lower panel shows the distance
between cluster centroids, i.e. inter-cluster distance.

To quantitatively evaluate He cluster formation and
relate it to *He knockout reaction, we calculated the
reduced width amplitude (RWA).

t Condensed from the articles in Eur. Phys. J. A 57, 1 (2021)
and Prog. Theor. Exp. Phys. 2022, 113D01 (2022)
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rY(r) =/ (4) (0(z — ) Pre DarYi—o(2)]o| Pa) ,

(1)

where @y, P4 and @, denote the wave functions of
the He cluster, daughter, and target nuclei. RWA is
the probability amplitude to determine the He cluster
at distance r from the daughter nucleus. Hence, its
square integral (herein referred to as S-factor) defines
the cluster formation probability.

The results are denoted by solid lines in Fig. 2. Unex-
pectedly, the S-factor decreases as neutron number in-
creases. This contradicts the results illustrated in Fig. 1
and previous expectation;) however, this trend remains
consistent in Sn isotopes.?) To resolve this issue, we in-
vestigated the formation probabilities of *He and 8He
clusters (Fig. 2). The He and 8He clusters dominate
over the “He cluster as neutron number increases. Con-
sidering the sum of the formation probabilities of He
isotopes, we observe an increasing trend, as shown in
Fig. 1.

T T T T T
a S(“He) —@— S(°He) -~ S(°He)--A- |

.1
S(‘He) —@— S(CHe)--#- Sum —O—
L L L
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Fig. 2. Upper panels show the *He, “He and ®He cluster
formation probabilities. The lower panels show the RWA
of the *He, %He and ®He clusters in B isotopes.

The aforementioned results may be summarized as
follows: In neutron-rich Be and B isotopes, *He is
formed as a cluster core; however, but it is always ac-
companied by excess neutrons. As a result, we should
sum up the *He clusters and % 8He clusters to accurately
evaluate the cluster formation probability. We believe
that this new insight is important for future studies to
understand the relationship between clustering and ex-
cess neutrons.
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Energy spectrum of 2’C and the EN two-body interaction’

Y. Tanimura,*!*2 H. Sagawa,*>** T. -T. Sun,*® and E. Hiyama*!*4

Studying the interaction of the strangeness S = —2
sector is important in hypernuclear physics for a uni-
fied understanding of baryon-baryon interaction. To
this end, it is crucial to study the structure of double-
strangeness hypernuclei, such as double-A and = hy-
pernuclei.

In this work, we focused on new experimental data,
IRRAWADDY event,!) of a £’C nucleus observed at
B= = 6.27 £ 0.27 MeV. We estimate the strengths of
the N= interaction and give a consistent interpretation
for all the events'™® of the Z hypernucleus includ-
ing IRRAWADDY. In addition to our previous work
based on the relativistic mean-field (RMF) model,?
we introduce an N = residual interaction and infer that
KINKA (Bz = 8.00 £ 0.77 or 4.96 &+ 0.77 MeV) and
IRRAWADDY events®) are the ground-state spin dou-
blet with the = particle in the s orbit and that IBUKI
(Bz = 1.27 £ 0.21 MeV) and KISO (Bz = 3.87 + 0.21
or 1.03 £ 0.18 MeV) events>* are members of the
excited-state multiplets with the = particle in the p
orbits.

To describe the £C nucleus and estimate its en-
ergy spectrum, we employ an RMF model and spin-
isospin dependent residual interaction. Within the
RMF model, we adopt the PK1 parameter set® for the
nucleon-meson couplings, while the coupling constants
in the hyperon sector are fitted to roughly reproduce
the observed spectrum. Moreover, the effect of the
residual interaction is estimated by first-order pertur-
bation theory with the RMF wave functions taken as
the unperturbed states. The '*N subsystem of the £>C
nucleus is described as the p;/p neutron and proton
coupled to spin-parity Jn;? = 17 and isospin T,,=0
on top of the inert 2C core. The Z particle is then
coupled to the nucleon pair to make the total quan-
tum number J™T, where J7 is the total spin-parity of
the system, and 7' = 1/2 in the case of £°C.

We consider a residual interaction acting on s and p
waves. The s-wave interaction is given by

Vne = Z (VX - Bz + v, T; - T
i€nucleons
+ ’UO'TEi : 237?1 : 7?5)5(1'1 - rE)7 (1)

where 3 is the spin operator acting on a Dirac spinor
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and 7T are the isospin operators. The strength pa-
rameters of Vyz are fixed based on the HAL QCD
EN potential.” We further introduce a p-wave spin-
dependent interaction given by

Z 'ngi . 25% : 5(1'1' - I‘E)g, (2)

i€nucleons

Vi =

where v? is a parameter to be optimized by the mea-
sured energies of IRRAWADDY and KINKA events.

Fig. 1(a) shows the energy spectrum of °C as a
function of v2, which is obtained by assuming that the
IRRAWADDY event is the ground state of £>C. It is
seen that v? ~ —150 MeV.fm® and ~100 MeV.fm®
give spectra consistent with all the experimental data.
Fig. 1(b) shows the energy spectrum obtained by as-
suming that the lower candidate of the KINKA event
is the ground state. In this case, v2 ~ —150 MeV.fm°
and ~125 MeV.fm® give results consistent with the
data.
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Fig. 1. Estimated energy spectrum of £C nucleus as a
function of the p-wave spin-spin interaction strength v%.
The energies of the levels labeled by the orbital occu-
pied by the = particle, =;;, and the total spin parity,
J7, are represented by lines. The experimental data of
Bz are shown by color bands.
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Microscopic collective inertial masses for nuclear reactions in the
presence of the nucleonic effective mass'

K. Wen*! and T. Nakatsukasa*!*2

A theoretical description of low-energy nuclear re-
actions with a solid microscopic foundation is still a
challenging subject in nuclear physics. It may provide
us with a deep insight into the reaction mechanisms
and quantum dynamics of many-nucleon systems. Our
strategy is as follows. First, we find a collective sub-
space spanned by a few selected collective canonical
variables, which is decoupled from the intrinsic excita-
tions. The collective subspace and collective variables
can be extracted using the adiabatic self-consistent col-
lective coordinate (ASCC) method.)) The collective
subspace in the adiabatic regime is given by a series
of time-even Slater determinants and generators of the
collective coordinates and momenta locally defined for
each state. We apply the method to low-energy nuclear
reactions, to identify the optimal reaction path and
canonical variables. The self-consistently determined
collective reaction path is requantized. The procedure
results in the reaction model

d 1 d (t+1)
{_dR 2M(R) dR * 2J(R)

+ V(R)} ue(R)

= EUJZ(R)v (1)

where R is the relative distance between the projec-
tile and the target nuclei. The wave function for the
relative motion is given by ¥(R) = u;(R)Y;m(R)/R.

The key ingredients of the requantization procedure
are the potential V(R), the inertial mass parameters
with respect to the collective coordinates M(R), and
the rotational moment of inertia J(R) in Eq. (1). For
the nuclear reaction, the relative distance R between
two colliding nuclei should be properly chosen collec-
tive coordinates in the asymptotic region (R — o).
The corresponding inertial mass should be the reduced
mass fiyed = ApArm/(Ap+Ar), where Ap (Ar) is the
mass number of the projectile (target) nucleus and m is
the bare nucleon mass. The moment of inertia J(R) in
Eq. (1) also has an asymptotic value, J(R) — fireq R?
at R — oo. Therefore, the theory can be tested by
examining its asymptotic limit. However, the inertial
masses in the interior region where two nuclei touch
each other are highly nontrivial. Thus, a microscopic
theory for calculating the mass over the entire reaction
path is necessary.

In our previous studies,? we calculated the ASCC
inertial masses for the relative motion between two
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nuclei for the velocity-independent mean-field poten-
tial. We also examined those of the cranking formula,
which turned out to be almost identical to the ASCC
mass at R — oo. However, this is not true in gen-
eral. In particular, the nonlocal mean-field potential
produces the effective mass m*/m < 1. In this case,
in order to guarantee the Galilean invariance of the
energy density functional, we need densities that are
time-odd with respect to the time-reversal transforma-
tion. The time-odd mean fields play important roles
in the time-dependent dynamics because the time-odd
densities are nonzero in general for the time-dependent
states. Since the ASCC equations are derived from
the time-dependent mean-field theory, they are able
to take into account the effects of the time-odd mean
fields in calculations of the inertial masses. We have
found that the ASCC inertial masses reproduce the
correct asymptotic values, whereas the cranking for-
mula fails to do so.

Figure 1 shows the results for the moments of iner-
tia J(R). The velocity dependence in the mean-field
potential violates the local Galilean invariance. The
calculated cranking moments of inertia (dashed line)
are significantly smaller than the rigid-body value J,ig
(dotted line). They are also smaller than the point-
particle value pyeqR? (dash-dot line) at large R. In
contrast, the ASCC calculation (solid) includes the
residual effects of the time-odd mean fields, which re-
store the local Galilean invariance, nicely reproducing
MrcdR2 at R > 7.5 fm. Near the equilibrium state
(R ~ 5.5 fm), it also reproduces the rigid-body value.

Jx [MeV-1R2]

5 5.5 6 6.5 7 7.5 8 8.5
R [fm]

Fig. 1. Rotational moments of inertia as a function of the
relative distance R for **0O-+160. See text for details.
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Gamow-Teller transitions in magic nuclei calculated based on the
charge-exchange subtracted second random phase approximation’

M. J. Yang,*! C. L. Bai,*! H. Sagawa,*?>*3 and H. Q. Zhang**

We studied the Gamow-Teller (GT) transitions in
four magic nuclei, i.e., *Ca, %°Zr, 1328n, and 2°®Pb
based on a self-consistent Hartree-Fock (HF) + sub-
tracted second random phase approximation (SSRPA)
model with different Skyrme energy density function-
als (EDFs). The SSRPA model describes systemati-
cally and quantitatively the GT strength distribution
in the four nuclei better than the RPA model.

The results of SAMi-TY) with and without tensor
terms are shown in Fig. 1. Specifically, SGII? and
SAMi-T EDFs well reproduce the strength distribu-
tions of the main GT peaks in terms of the excita-
tion energy and peak height in comparison with the
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Fig. 1. GT_ strength distributions of **Ca [panel (a)], and
208ph [panel (b)] calculated with SAMi-T by RPA (dash
lines) and SSRPA (solid lines) with or without tensor
terms. The red lines represent SAMi-T without tensor
terms labeled w/o, and the blue lines represent SAMi-T
with tensor terms labeled w/i. Experimental data are
taken from Ref. 4) for *®Ca and Ref. 5) for 2°*Pb.
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experimental data, except for “OZr, in which the cal-
culated peak height is approximately two times larger
than the experimental result. We examined the effect
of tensor terms of the SAMi-T EDF and found that
the terms shift the main peaks downward by approx-
imately 1 MeV in “8Ca, '32Sn, and 2°®Pb; however,
they hardly affect “Zr. The quenching factor has in-
creased slightly; however these values with the tensor
interactions are still about a half of the experimental
quenching factors. We explored the possibility whether
the tensor force with different strengths further en-
hances the quenching factor of the GT strength. To
this end, we adopt the T21, T44, and T55 EDFs from
the TIJ family®) with different values of of the tensor
terms. We realized that none of these three parameter
sets well described the strength distributions. How-
ever, the Th5 EDF produces large quenching factors:
30% for 48Ca, 25% for 2°Zr, 27% for 32Sn, and 19%
for 208Pb. In 208Pb, the quenching factors are smaller,
which is related to the insufficient cutoff energy of 2p-
2h configurations.

Further we studied the role of tensor interactions
in quenching with the parameter sets, i.e., SGII +
Tel, SGII + Te2, and SGII + Te3 keeping the cen-
tral part unchanged. With these parameter sets, we
found that the tensor interactions significantly affect
the strength distributions of GT peaks, i.e., strong ef-
fect on the spreading of the strength distribution and
shift of the excitation energy. Among the parameters,
SGII + Tel best reproduces the GT strength distri-
butions in the four nuclei. While the SGII + Tel and
SGII + Te3 EDFs, in which the strengths of the triplet-
odd tensor term are significantly different even in the
sign, produce large quenching factors similar to those
of T55. In addition, as SGII is optimized excluding
J? terms, we performed the calculations in which the
J? terms are excluded in HF and SSRPA for the SGII
EDF. The calculations indicate that the exclusion of
J? terms originated from the momentum dependent in-
teractions generates larger quenching factors, close to
experiments. However, the systematical description of
the strength distributions in the four nuclei has not im-
proved much compared to those with the J? terms. It is
still a challenge to describe realistic strength distribu-
tions and large quenching factors with Skyrme EDFs.
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Indication of « clustering in the density profiles of 44 32Tif

W. Horiuchi*!»*2*3:*4 and N. Ttagaki*!*2

The standard nuclear structure is shell structure; how-
ever, a-cluster structure often appears in the ground and
excited states of light nuclei. Here, we discuss the a-
cluster structure in medium mass nuclei, **Ti and %2Ti,
and show that the development of core+a structure can
be quantified in the density profiles near the nuclear sur-
face using proton-nucleus elastic scattering.

In the present study, we examine two different density
profiles. Shell- and a-cluster configurations are gener-
ated by utilizing the basis states of the antisymmetrized
quasi-cluster model (AQCM),") which can describe both
the j-j coupling shell and a-cluster configurations in a
single scheme. The AQCM basis for the core (*°Ca or
48Ca) plus « cluster is expressed by the antisymmetrized
product of the core and a-cluster wave functions, with R
being their distance. The wave function of the core nu-
cleus is constructed based on the multi-a cluster model
at the zero-distance limit, corresponding to the N = 20
closure for 4°Ca and eight neutrons are additionally put
for the N = 28 closure of *®Ca. The size parameters of
the core and a-cluster wave functions are taken as the
same for simplicity.

The shell-model wave functions for 44°2Ti are ob-
tained by taking R — 0. The size parameter is fixed to
reproduce the measured charge radius of 44Ti or °2Ti.
We call this shell-model wave function as S-type.

For the a-cluster wave function, we determine the size
parameter to reproduce the measured charge radius of
the core nucleus and set the R value to reproduce the
charge radius of 4Ti or °2Ti. We call this a-cluster wave
function as C-type. The determined R value is large
(2.85 fm) for *4Ti, indicating a well-developed a-cluster
structure. The charge radius of ®2Ti is not known. How-
ever, to understand the role of excess neutrons, we as-
sume R = 3 fm for ®2Ti, which is comparable to that of
44,

Although both S- and C-types reproduce the charge
radius data, we discover that a clustering significantly
changes the density profiles near the surface. To
quantify these changes, we evaluate the nuclear “dif-
fuseness,”?) which is practically obtained by a two-
parameter Fermi function, po/{1+exp[(r—R)/a]}, where
the radius (R) and diffuseness (a) parameters are de-
termined by the least-square fitting with the obtained
one-body density. The a values for S- and C-types are
0.56 fm and 0.63 fm for **Ti and 0.58 fm and 0.61 fm for
52T, respectively. The « clustering significantly changes
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the nuclear surface diffuseness, especially for 44Ti, owing
to the occupation of the diffused low-angular momentum
orbit, i.e., 1p orbit. For ®2Ti, the difference between S-
and C-types is less significant that of **Ti because the
shell-model configuration (1p3 /2)4 already has a diffused
nuclear surface.

We show that this difference can be detected by mea-
suring proton-nucleus elastic scattering at intermediate
energies. The proton-nucleus differential elastic scat-
tering cross sections are calculated by the optical-limit
approximation in the Glauber model. Inputs to the reac-
tion model are one-body density distributions and profile
function. By using the standard profile function, we con-
firm that the theory reproduces the experimental cross
sections for °Ca and *®Ca using the wave functions ob-
tained by the AQCM approach without introducing any
adjustable parameter.

Figure 1 plots the proton-nucleus differential elastic
scattering cross sections at 320 MeV /nucleon at around
the first peak position, where the difference of the nu-
clear diffuseness is well reflected.?) For *4Ti, we see that
the difference between the S- and C-type cross sections
is large, considering that the uncertainties of the exper-
imental proton-°Ca cross sections at around the first
peak position is only ~4%.%) The difference is smaller
for ®2Ti, but it is significant.
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Fig. 1. Proton-**°2Tj differential elastic scattering cross sec-

tions at 320 MeV /nucleon for scattering angles near the
first peak position.

In summary, we have investigated the density profiles
of 44Ti and °2Ti with the shell and a-cluster configu-
rations and found that these two aspects can be dis-
tinguished by measuring the proton-nucleus differential
elastic scattering cross sections up to the first peak po-
sition.
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Enhanced moments of inertia for rotation in neutron-rich nucleif

K. Yoshida*!

Nuclear rotational motion emerges due to the spon-
taneous breaking of rotational symmetry. As stepping
away from the magic numbers, the first I™ = 27 state
becomes lower in energy: The collective mode of exci-
tation changes its character from vibration to rotation
as the deformation develops.

Recently, various spectroscopic studies have been
conducted to explore unique structures in neutron-rich
nuclei. The excitation energy of the 2] state, E(2]),
is often among the first quantities accessible in experi-
ments and systematic measurements have revealed the
evolution of the shell structure. Besides the change of
the shell structure associated with the onset of defor-
mation, the E(2]) value may provide rich information
on exotic nuclei. A significant lowering of E(2]), ob-
served in a near-drip-line nucleus “°Mg, could be a
signal of new physics in drip-line nuclei,") as the theo-
retical calculations have predicted that the magnitude
of deformation is not enhanced in “°Mg compared to
the Mg isotopes with fewer neutrons.?

There are 657 even-even nuclei with known F(2]).
In the present study, I limit the scope by excluding
the very light nuclei (Z < 10), for which mean-field
theory is least justified. This eliminates 22 nuclei. The
experimental data evaluated as 3/E(2]) for 635 nuclei
are displayed in Fig. 1 as ‘Exp.” There is no collective
rotation in spherical nuclei where the Mol is zero. I
defined the spherical nuclei if the calculated Mol was
less than 0.1 MeV~'. An additional 273 nuclei have
been eliminated for that reason, leaving 362 nuclei in
the present analysis.

To quantitatively measure the theoretical accuracy,
I compared theory and experiment, and examined the
statistical properties of the quantity R = Jin/Texp-
Here, Jin and Jexp are the theoretical and experi-
mental Mol. For the SkM* functional, the average is
R = 1.02. Here, the Yamagami-Shimizu-Nakatsukasa
pairing functional®) was adopted. When excluding the
weakly deformed nuclei with the deformation param-
eter B < 0.1, R = 1.07 for 332 data. Therefore, the
present model overestimates the Mol by about 10%.
This analysis indicates that the Z;r state is mostly gov-
erned by the rotational Mol of the ground state, and
the self-consistent cranking model describes the Mol
surprisingly well for nuclei with a finite g value.

I investigate the Mol of neutron-rich nuclei, and dis-
cussed the unique features near the drip line. A strik-
ing feature observed in the result shown in Fig. 1 is
that the deformation is strong in the neutron-rich lan-
thanide nuclei around N = 100 and the Mol is large

T Condensed from the article in Phys. Lett. B 834, 137458
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Fig. 1. Calculated moments of inertia 7 for the SkM* func-
tional. The experimental data are taken from NNDC,
which is evaluated as 3/E(2]).

accordingly. Furthermore, the Mol in nuclei near the
drip line is comparable to that of heavy actinide nu-
clei, despite a mass number difference of about 40. The
Mol in the lanthanides with N ~ 150 is about twice
as large as that in the IV ~ 100 region, although the
deformation of protons is almost the same. Because
the neutrons are spatially extended, 5 of neutrons and
matter are both smaller than those in the N ~ 100 re-
gion, which is against a simple perspective for a large
Mol. The density dependence of a pairing functional
employed in the calculation is the origin of this unique
feature near the drip line, and that weak binding plays
a minor role.
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Does the second-order operator in the adiabatic expansion contribute
to the collective mass?

K. Sato*1:*2

The adiabatic self-consistent collective coordinate
(ASCC) method? is a practical method for describing
large-amplitude collective motion in atomic nuclei with
superfluidity and an advanced version of the adiabatic
time-dependent Hartree-Fock-Bogoliubov (HFB) the-
ory. According to the generalized Thouless theorem,
the state vector in the ASCC theory can be written in
the form

16(q,p)) = ¢ |6(q)),

where é’(q7 p) is a linear combination of the afa’ and aa
terms. We shall call the a'a’ and aa terms as A-terms,
and the a'a and aa’ terms as B-terms. Recently, the
ASCC theory including a second-order collective oper-
ator has been proposed.?) There, G‘(q,p) is expanded
as

G(a,p) = pQW(q) + %zf@@) (a)- (1)
In the conventional ASCC theory, only the first-order
collective operator Q(l) is included. However, as shown
in Refs. 2) and 3), the second-order collective operator
Q®@ is involved in the moving-frame equations of mo-
tion. Moreover, Q(2) contributes to the collective mass
as

Bla) = ~(@(a)[[[F1, Q] QV)[(q)
o), 10 0(0)) @

It is worth mentioning that the second term on the
right-hand side gives a contribution of the same order
as the first term.

The fundamental equations in the ASCC theory con-
sist of the moving-frame HFB and quasiparticle ran-
dom phase approximation (QRPA) equations and the
canonical-variable conditions, which are derived from
the invariance principle of the Schrddinger equation
and the canonicity conditions, respectively. The for-
mer is the equation of motion, and the latter the condi-
tions for the collective variables to be canonical. In the
conventional ASCC theory, only the canonical-variable
conditions of O(1) and O(p) have been taken into ac-
count, while the equations of motion up to O(p?) are
solved to determine the state vector and collective op-
erators, from which the collective Hamiltonian is cal-
culated. In Ref. 3), the ASCC theory including the
second-order collective operator Q(Q) was successfully
applied to the Lipkin model, and it was shown that
the inclusion of Q(z) improves the agreement with the
exact solution.
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We consider the case where the pairing correlation
is not taken into account, and the Hamiltonian does
not include the three-body interaction. Then, we shall
show that the second-order collective operator Q(z)
does not directly contribute to the collective mass if
the second-order canonical-variable condition

(3()[QM,QP]|¢(q)) =0 (3)

is imposed.2®) Noting that Q(z) is written in terms of
A-terms only and that the Hamiltonian can be written
in terms of A-terms, B-terms, and normally ordered
quartic terms, one can easily see that

(¢(a)|[H,iQP)6(0)) = ($(a)|[Ha, iQPlé(q)). (4)

Here, H4 denotes the A-part of H.
From the moving-frame Hartree-Fock equation, we
obtain

fa= 0,00,
By substituting Eq. (5) into Eq. (4), we obtain

<¢(Q)|[ﬁ,iQ(2)H¢i(Q)> )
= i0,V (6(¢)|[Q", QP]|¢(q)) = 0 (6)

if the second-order canonical-variable condition in
Eq. (3) is met. Then, the inertial mass B(q) is

B(g) = —{¢(a)|[[H, QM], QM]|¢(q)). (7)

The second-order collective operator Q(z) does not con-
tribute to the inertial mass directly, but it can con-
tribute only through the equations of motion. Q@
contributes to the first- and second-order moving-
frame equations of motion, which may affect the state
vector |¢(q)).

Here, we have concentrated on the case without the
pairing correlation. When the pairing correlation is
taken into account, the Q® term in the inertial mass
in Eq. (2) does not vanish even if the condition in
Eq. (3) is imposed. Before ending this report, we add
one remark. It is not trivial whether one should/can
include the second-order canonical-variable condition
in Eq. (3) in the set of fundamental equations of the
ASCC theory. If it is imposed in addition to the first-
order canonical-variable conditions, there may be too
many conditions to determine the unknown quantities,
and the problem may be overdetermined. This point
will be investigated and reported in a future publica-
tion.

()
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EXFOR compilation of RIBF data in 2022

S. Shin,*! S. Watanabe,*! M. Kimura,*?*3 M. Aikawa,*?*3 and N. Otuka***3

Nuclear databases are crucial for providing the best
estimates of nuclear reactions to a wide range of data
users in various scientific and related fields. Among
them, nuclear reaction data support the most impor-
tant aspects of nuclear technology (nuclear power gen-
eration, nuclear fuel cycle, environmental monitoring,
dosimetry, radiation safety, radioisotope production,
radiation therapy, medical diagnosis, etc.) and science
(nuclear physics, nuclear chemistry, geophysics, space
physics, etc.).

The EXFOR library (EXchange FORmat for exper-
imental nuclear reaction data) is the largest and most
globally used publicly available database.? It is main-
tained by the International Network of Nuclear Reac-
tion Data Centers (NRDC) under the auspices of the
International Atomic Energy Agency (IAEA).?) The
scope of the EXFOR library covers a wide range of
nuclear reactions such as neutron-induced, charged-
particle, and photon-induced reactions.

The Hokkaido University Nuclear Reaction Data
Center (JCPRG)?) was established in 1973 and joined
NRDC in 1975 as the first member from Asian coun-
tries. The JCPRG is responsible for compiling nuclear
reaction data with charged particles and photons mea-
sured at Japanese facilities, and its contribution to
the EXFOR database amounts to approximately 10%
of the total database. The database compilation pro-
cess begins with scanning of peer-reviewed journal pa-
pers published within the scope of EXFOR. Subse-
quently selected papers are assigned to unique entry
numbers and entered into the EXFOR library, where
the editorial progress can be monitored. Bibliographic
information, experimental equipment, physical quan-
tities measured, numerical data measured, and error
information are extracted and entered into a single EX-
FOR entry. During this process, we communicate with
the authors, asking questions regarding the content of
their paper, and requesting numerical data.

Aiming to increase the availability of RIBF data,
JCPRG has been compiling data obtained from RIBF
since 2010 in cooperation with the RIKEN Nishina
Center. The new EXFOR data related to RIBF ex-
periment are as follows. We have compiled 40 new pa-
pers and revised 3 old entries, of which 17 were from
RIKEN; 17 new papers. We can access these data
based on the entry numbers presented in Table 1.

Collaboration with RIKEN has aided in the es-
tablishment of an efficient procedure for compilation.
Much of the RIKEN data was compiled soon after the
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publication of the papers, allowing for smooth access
by end users. We are also grateful to the authors of the
RIKEN papers who have provided us with numerical
data. This has greatly helped to improve the accuracy
and quality of the database.

Table 1. Entry numbers with references compiled from
RIBF data in 2022.

Entries

New E2620°  E26599  E26827)
E2685%)  E2687Y  E2689'0)
E2693'0)  E2697'2) E2698'%)
E2703')  E2704'9  E2705'6)
E2712'7)  E2713'®  E2715'Y)
E272220)  E27232Y)

Total 17

We would like to take this opportunity to express
our thanks to the authors of these papers for their kind
cooperation with the EXFOR compilation process.

References
1) N. Otuka et al., Nucl. Data Sheets 120, 272 (2014).
2) TAEA Nuclear Data Services,

https://www-nds.iaea.org/.

3) Hokkaido University Nuclear Reaction Data Centre,
https://www.jcprg.org/.

4) M. Kimura, AAPPS Bulletin 28, 24 (2018).

5) S. Wimmer et al., Phys. Lett. B 785, 441 (2018).

6) A. Frotscher et al., Phys. Rev. Lett. 125, 012501

(2020).
7) Z. Tsoodolés et al., Appl. Radiat. Isot 168, 109448
(2021).
8) H. Suzuki et al., Phys. Rev. C 102, 064615 (2020).
9) L. Yang et al., Phys. Lett. B 813, 136045 (2021).
10) Z. H. Yang et al., Phys. Rev. Lett. 126, 082501 (2021).
11) M. Aikawa et al., Nucl. Instrum. Methods Phys. Res.

B 498, 23 (2021).

12) D. Ichinkhorloo et al., Nucl. Instrum. Methods Phys.
Res. B 499, 46 (2021).

13) M. M. Juhasz et al., Phys. Lett. B 814, 136108 (2021).

14) M. Sakaguchi et al., Appl. Radiat. Isot 176, 109826
(2021).

15) M. M. Juhasz et al., Phys. Rev. C 103, 064308 (2021).

16) D. Bazin et al., Phys. Rev. C 103, 064318 (2021).

17) H. Suzuki et al., Nucl. Instrum. Methods Phys. Res. B
317, 756 (2013).

18) F. Browne et al., Phys. Rev. Lett. 126, 252501 (2021).

19) M. Aikawa et al., Nucl. Instrum. Methods Phys. Res.
B 508, 29 (2021).

20) M. Aikawa et al., Nucl. Instrum. Methods Phys. Res.
B 515, 1 (2022).

21) K. Sugihara et al., Nucl. Instrum. Methods Phys. Res.
B 512, 102 (2022).



RIKEN Accel. Prog. Rep. 56 (2023)

II-3. Nuclear Data

Measurement of isotopic production cross section on ?°Tc via proton-
and deuteron-induced reactions

R. Matsumura,*'*2 H. Otsu,*! H. Wang,*3 H. Sakurai,*! D. Nishimura,** H. Takahashi,** S. Takeshige,*°
M. Tanaka,*! and Y. Togano*!*5 for the RIBF-TM2021 Collaboration

In order to evaluate the reactions of the long-lived
fission products (LLFPs) with neutron, we have mea-
sured systematically the proton- and deuteron-induced
cross sections for 20Sr,D) 137Cg V) 937y 2) 107pd 3) ete.
As a next step, we started a study on *°Te, which is
known to be one of the LLFPs.

A secondary beam including **™Tc was produced by
the in-flight fission of **U at 345 MeV /nucleon on a
3-mm-thick "Be target, selected and identified event-
by-event using the TOF-Bp-AE method® in BigRIPS.
It also included ?*™Tc (T;/, = 6 h), which is indis-
tinguishable by the same method, was irradiated to a
3-mm-thick Al plate and studied for the production ra-
tio by in-flight fission using the Ge detector. Cocktail
beams of Tc and %™Tc at 114 MeV /nucleon were
bombarded with CHs, CDsy, and C reaction targets
placed at the entrance of ZD spectrometer (ZDS). The
residual nuclei produced in the reactions were identi-
fied in ZDS. Since the momentum acceptance of ZDS is
limited to 3%, the measurement was conducted using
5 different momentum settings (A (Bp) /Bp = —9, —6,
—3, 0, and +3%) for each target to accept a wide range
of the mass-to-charge ratio A/Q.

Figure 1 shows particle identification of residual nu-
clei was realized by combining A/Q and atomic number
7, derived from the measured information in ZDS. The
A/Q (relative RMS) resolution was 0.20%, which cor-
responds to 5.40 separation. On the other hand, the Z
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Fig. 1. Particle identifications of residual nuclei were
produced in reactions with the CH, target at the
A (Bp) /Bp = —6% setting on ZDS.
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resolution was 0.80%, not achieving even 3o separation.
This is probably because the integration time of the
F11IC® Shaping Amp. was unintentionally adjusted to
be too short. Although the identification resolution is
insufficient compared to the previous experiments, the
yield can be counted up with the superposition of 2-D
Gaussian functions.

Moreover, the Ru isotopes from the ??Tc beam are
scarcely observed in the region indicated by the dashed
line in Fig. 1. It was confirmed that the Ru and Tc
isotopes with large pulse heights were overflowing in
some or all of the ADCs with 6 channel readout. The
number of overflowed channels causes a difference in the
peak position of each isotope in the A/Q spectrum. In
Fig. 2, the A/Q spectrum is plotted for that overflow
bit information. The peaks indicated in the blue curve
are almost consistent with the unique A/Q of the Tc
isotopes. Whereas the red curve is considered to be
the sum of both responses because it has a peak in
the middle of each A/Q of Tc and Ru. We plan to
decompose the red curve into each response from the
strictly defined A/Q peak positions.

300
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97 2.15 22 2.25 23 235

Mass-to-charge ratio A/Qro-r11

Fig. 2. A/Q spectra showing the dashed line region in Fig. 1,
these are imposed overflow bit = 5, 6 for red curve and
1 for blue curve.

We have started a new study of proton- and deuteron-
induced cross sections on °Tc. After the analysis
method is finalized, the other remaining targets will
be analyzed.
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Generating scattering data using Gaussian process regression’

S. Watanabe,*! F. Minato,*?*3 M. Kimura,** N. Iwamoto,*? and S. Yoshida*>

Recently, several studies!?) have employed machine
learning algorithms to improve the accuracy of nu-
clear data evaluation and reduce the production cost.
Herein, we introduce a framework which combines
Gaussian process regression (GPR) with a nuclear re-
action model code, i.e., ‘CCONE’.3>% The framework
determines model parameters required by CCONE to
reproduce and predict nuclear reaction data.

Figures 1 and 2 demonstrate how the proposed
framework works. In this example, we used the ex-
perimental data of neutron elastic scattering on °*Fe
at incident energies of £ = 6, 10, 15, and 17 MeV as
input.”) In the first step, by combining CCONE and
Bayesian optimization with the Gaussian process (BO-
GP), we optimize the depth of the real part of the opti-
cal potential, which is denoted by v%(E), to reproduce
these data. The obtained optimal values of v%(E) at
each energy is plotted by open circles in Fig. 1.
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47.5
3
S 45.0 \
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~
40.0 Prediction 3
375] mmmm Prediction updated by
' additional input
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Fig. 1. Open circles show the optimal values of v%(E) at
E =6, 10, 15 and 17 MeV obtained by BO-GP. With
these input, GPR predicts v%(E) as shown by solid
line with shadowed area. With additional input at
E = 20 MeV denoted by filled circle, GPR updates
the prediction as shown by dotted line with shadowed
area.

In the second step, using optimal values as inputs,
v%(E) as a function of E is predicted by GPR, as de-
noted by the solid line with a shadowed area in Fig. 1.
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Fig. 2. Predicted and observed angular distributions of

TFe(n,n) at the incident energies of E = 7, 12, and
26 MeV.

Then, using CCONE and the predicted value of v} (E),
our framework predicts unknown cross sections. Fig-
ure 2 shows the comparison of the prediction results
for £ = 7, 12, and 26 MeV with the actual experi-
mental data. The framework works quite effectively
to predict data at £ = 7 and 12 MeV, which corre-
spond to the interpolation of the known data. Even in
the case of the extrapolation of the known data, i.e.,
FE =26 MeV, it can perform a plausible prediction.

This framework can investigate how new experimen-
tal data improve prediction. Herein, we add a new
data set at E = 20 MeV, and calculate the optimal
v%(E) at this energy, as denoted by the filled circle in
Fig. 1. With this additional input, GPR can enhance
the prediction of v%(F), as denoted by the dashed line
with a shadowed area. With this enhanced v%(E), the
cross section at ' = 26 MeV is calculated as plotted
as a dotted line in Fig. 2, where we see considerable
improvement in backward angles.

The development of this framework is in progress,
and we expect that it will generate accurate nuclear
reaction databases enhanced with a large amount of
experimental data produced at RIBF.
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Transverse single spin asymmetry for forward neutron production
in polarized p + p collisions at /s = 510 GeV

M. H. Kim*! for the RHICf Collaboration

Transverse single spin asymmetry (Ay) is defined
by a left-right cross-section asymmetry with respect to
the beam polarization. In high-energy polarized p + p
collisions, Ay of the forward (pseudorapidity n > 6)
particle is a unique observable for studying the spin-
involved diffractive particle production mechanism.

Ay for forward neutron production has been ex-
plained by the interference between the spin flip (7
exchange) and nonflip (a; exchange) amplitudes with
a nonzero phase shift. This 7 and a; exchange model
predicted that the neutron Ay would increase in mag-
nitude with the transverse momentum (pr) and ex-
plained the PHENIX data, which had been measured
with three different collision energies, 62.4, 200, and
500 GeV." Recent PHENIX results,? which unfolded
An on pr at /s = 200 GeV, were also in good agree-
ment with the prediction of the 7 and a; exchange
model. However, the m and a; exchange model pre-
dicted the neutron Ayx only in the range of pr <
0.4 GeV/ec.

In June 2017, the RHICf experiment®) measured Ay
for forward neutron production in polarized p+ p colli-
sions at /s = 510 GeV by installing an electromagnetic
calorimeter,* the RHICS detector, at the zero-degree
area of the STAR experiment at the Relativistic Heavy
TIon Collider. We measured the neutron Ay over a
wider range of 0 < pr < 1 GeV/c to compare the
results with those of PHENIX and to test the m and
a; exchange model in the higher pr region. In this ar-
ticle, we report the preliminary results of the neutron
Ay measured by the RHICf experiment.

Neutrons were separated from the photon back-
ground using the difference between their shower devel-
opments in the detector. Once the neutron candidates
were selected, Bayesian unfolding,®) which is available
in the RooUnfold library,®) was applied to estimate
the true longitudinal momentum fraction () and pr
distributions. Ay could be calculated because unfold-
ing was applied for events from both spin-up and spin-
down polarizations. Because finite photon and charged
hadron backgrounds were included in the neutron can-
didates, the Ax backgrounds were subtracted by es-
timating their fractions. Refer to Ref. 7) for a more
detailed analysis procedure.

Figure 1 shows the preliminary results for the for-
ward neutron Ay as a function of pr. The systematic
uncertainties due to unfolding, the beam center calcu-
lation, polarization estimation, and background sub-
traction are included. In the range pr < 0.2 GeV/e,
the values of the forward Axy measured by RHICf are

*1  RIKEN Nishina Center
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Fig. 1. Forward neutron Ay as a function of pr for different
xr regions. The triangular and circular data points are
the RHICf and PHENIX results, respectively. The er-
ror bars indicated by lines and boxes correspond to the
statistical and systematic uncertainties, respectively.

consistent with those of PHENIX, even though the col-
lision energies are different. In the range xrp > 0.46, Ax
increases in magnitude with pr, even in the p range
beyond where Ayx was calculated theoretically. Com-
paring the data points in zrp < 0.46 and zg > 0.46,
there is a gap, which indicates that the neutron Ay
is possibly dependent on xp, which has not been pre-
dicted.

In the preliminary results, large systematic uncer-
tainties are assigned to background subtraction be-
cause an analysis of the front counter, which had been
installed in front of the RHICT detector to suppress the
charged hadron background, was not complete. How-
ever, the final results will be released soon because the
background study has been recently completed.
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EIC activities in Japan

Y. Goto*! for the EIC-Japan Group

The Electron-Ion Collider (EIC) is the highest prior-
ity future project in nuclear physics field in the United
States and is the world’s first polarized electron + po-
larized proton and nuclei collider to be constructed at
Brookhaven National Laboratory (BNL).") The EIC
User Group was established in 2016, with participants
from the U.S., Europe, Asia, and other regions num-
bering more than 1,300 members. In Japan, the EIC-
Japan Group was established at approximately the
same time and has been very active. The EIC project
has now been authorized by the U.S. Department of
Energy to begin the project execution phase, and this
year we will prepare a Technical Design Report for the
next phase. The EIC-Japan group is also participating
in the design of the detector for the ePIC international
collaboration experiment to be conducted at the first
collision point of the EIC.

In 2022, the EIC-Japan Group submitted a pro-
posal to the Science Council of Japan’s “Future Sci-
ence Promotion Initiative” as part of the “Interna-
tional High Energy Quantum Science Frontier: QCD
Research at Overseas Facilities.” The proposal aims
to promote QCD research to be developed at overseas
facilities, including high-density QCD at GSI-FAIR,
high-temperature QCD at CERN-LHC, nucleon and
nuclear structure studies at BNL-EIC, and theoreti-
cal research and computational research of QCD. The
proposal was discussed and granted by the Japanese
Nuclear Physics Committee.

As part of our participation in the ePIC detector,
we aim to contribute to three subsystems. (1) For the
Zero-Degree Calorimeter (ZDC), we are leading the de-
sign (Fig. 1), simulation calculation, and performance
evaluation, and further evaluation is underway as the
basic design.?) The electromagnetic calorimeter tech-
nology in this design uses the tungsten/silicon detector
of ALICE-FoCal-E calorimeter,® which is promoted
mainly by the University of Tsukuba group. Test beam
evaluations of the prototype detectors are conducted

T—JNISI (22X, )+

Tracking

PWO (820)+
Tracking

Fig. 1. A design of the ZDC.
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at CERN and Tohoku University’s ELPH facility, and
radiation tolerance tests of the silicon detectors are
conducted at the RIKEN RANS neutron facility. (2)
The construction of a barrel detector using AC-LGAD
(Low-Gain Avalanche Detector), which has excellent
timing and position resolution, is intended to be con-
ducted with the contribution of the EIC-Japan Group.
We plan to evaluate a test board shown in Fig. 2 that
combines a sensor manufactured at BNL and a read-
out ASIC manufactured in France. In addition, we will
develop a sensor with Hamamatsu Photonics K. K. in
Japan. Simulation calculations for design evaluation
in combination with the ePIC detector are in progress.
(3) Discussion of contributions to the Free Streaming
DAQ system will proceed.

(BNL)

EIC-ROCO AC-LGAD

A\ Wirebonded

Fig. 2. A test board of the AC-LGAD.

Discussions are underway for cooperation with the
Asian region, particularly the South Korean and Tai-
wanese groups, which began in late 2022. In addi-
tion to the three subsystems mentioned above, we will
also deepen regional cooperation on projects led by
other Asian groups. Cooperation between the nuclear
physics and high-energy physics fields will also be ex-
panded and developed in the future.
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Impact studies for transverse spin measurements at the EICT

R. Seidl*!

The ECCE proposal was one of three proposals for
the project detector of the Electron Ion Collider to be
built at Brookhaven national laboratory. It has since
been chosen and forms the baseline of the ePIC collab-
oration that has been formed recently. One of the goals
of the EIC is the extraction of the three-dimensional
transverse spin and momentum structure of the nu-
cleon. These can generally be accessed via semi-
inclusive deeply inelastic scattering (SIDIS) events
where in addition to the scattered lepton also a final-
state hadron is detected and its transverse momentum
and azimuthal asymmetries are extracted. Within the
ECCE proposal several full detector simulations were
performed using GEANT4 and PYTHIAG as generators.
While transverse momentum dependence is reasonably
described in the generator, transverse spin effects are
not included. Those were artificially included based on
global fits of existing data by reweighting each event
according to these parameterizations. In doing so az-
imuthal single spin asymmetries such as the so-called
Sivers and Collins asymmetries could be generated and
reconstructed after the full simulations.

An example is shown in Fig. 1 for the Collins asym-
metry of charged pions in two kinematic example bins
as a function of the hadron fractional momentum z.
In the higher = bin, where x describes the momentum
fraction the struck parton carries, a sizeable asym-
metry is visible for both charges. The reconstructed
asymmetries are able to reproduce these results rather
well, suggesting little smearing of all kinematic vari-
ables involved. Extrapolating these simulations to the
expected accumulated luminosities of 10 fb~! and as-
signing discrepancies between generated and recon-
structed asymmetries as maximal systematic uncer-
tainties, the expected precision of the EIC measure-
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Fig. 1. Example of the positive (generated: black, recon-
structed: green) and negative (generated: blue, recon-
structed: purple) pion Collins asymmetries as a func-
tion of momentum fraction z, in three example bins of
DIS variables 2 and Q2 in 5 GeV x 41 GeV e-p colli-
sions. For simplicity, transverse momentum was inte-
grated over.
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ments can be evaluated, as shown in Fig. 2. These
expected uncertainties can then be fed into the afore-
mentioned global fits to extract the impact of the EIC
measurements on the transverse polarization of quarks
in the nucleon, its integrals the tensor charges, and the
Sivers function, as previously performed in Ref. 1). It
was found that the ECCE detector proposal fullfills
the requirements of the Yellow Report? well and the
impact on the transverse spin and momentum struc-
ture of the nucleon is immense. As example the im-
pact on the uncertainties of the tensor charged for up
and down quarks is shown in Fig. 3 in comparison
to the current precision and the Lattice QCD predic-
tions. Eventually, discrepancies between Lattice and
measurements could hint at physics beyond the stan-
dard model once the phenomenological description is
sufficiently improved.
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Fig. 2. Expected uncertainties for positive pion Collins
asymmetries in three transverse momentum bins as a
function of momentum fraction z, in three example bins
of DIS variables # and Q% in 5 GeV x 41 GeV e-p col-

lisions.
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Fig. 3. Expected impact on the tensor charges under in-
clusion of the expected ECCE uncertainties. The small
differences between Yellow Report and ECCE impact
values arise from the different pseudo-data sets result-
ing is slightly different central values.
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Zero degree calorimeter for the ePIC experiment

S. Shimizu*!*2? for the EIC Japan group

The Electron Ion Collider (EIC) is the next collider
scheduled to be built at the Brookhaven National Lab-
oratory in US. It collides electrons and protons or nu-
clei and will provide a powerful measure to examine
the structure of protons and nuclei. In 2022, a new
collaboration was formed, named ePIC, as an experi-
ment at the interaction point IP6. The ePIC detector
will be a multi-purpose detector, with suites of detec-
tors in the far-forward and far-backward regions of the
ion-beam direction.

The Zero Degree Calorimeter (ZDC) is one of the
far-forward detector systems. It is used to detect pho-
tons and neutrons coming from the interaction point.
The ZDC enables measurements for several key EIC
physics programs?) such as exclusive vector meson pro-
duction in e+ A collisions or spectator-neutron-tagged
e + d deep inelastic scattering. Its first design was
considered for EIC in the previous report.?) It com-
prises a crystal calorimeter and three types of sampling
calorimeters.

The same ZDC design was adopted to the ePIC de-
tector as a baseline ePIC ZDC design. In the ePIC
collaboration, a new software framework was devel-
oped and the ZDC design was migrated there. Figure 1
shows a schematic of the ePIC detector including the
ZDC.

A few details of the ZDC design are examined and
discussed: material of the crystal calorimeter, radia-
tion resistance of photon detectors, and placement of
the ZDC.

The material of the crystal calorimeter was studied
by simulation. Two materials were compared: LYSO
and PbWOQy, where the former has a >100 times higher
light yield but is more expensive with respect to the
latter. Considering the photon counting effect, the
comparison showed no large difference in the cluster
finding efficiency. Worse energy resolution was ob-
served for PbWOy, but it is still acceptable for the
physics requirement of 20%. As far as the performance
of the calorimeter system is sustained as designed,
PbWOy can be used for the ZDC crystal calorimeter.

The crystal calorimeter requires photon detectors
to detect light in the crystal, and avalanche photo-
diodes (APDs) are the first candidate for the ZDC.
Hamamatsu APDs S8664-55 were irradiated at RANS,
RIKEN Accelerator-driven compact Neutron Sources,
to test their radiation resistance. Following two days
of irradiation, the estimated dose on the APDs is 1012~
10'? neutrons/cm?.®) All the irradiated APDs seem to

*1 RIKEN Nishina Center
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Fig. 1. A schematic of the ePIC detector, observed from the
downstream of the ion beam line, as implemented in the
ePIC software framework. The ion beam goes from the
left side top to the right side bottom as indicated by the
arrow. The large disks are calorimeter endcaps of the
ePIC main detector. The ZDC is the set of rectangular
solids at the bottom right. In the far-forward region,
only the ion beam line is shown.

lose their function. With the EIC operation for a third
of a year, the EIC ZDC is expected to be exposed to
8 x 10'? ngq/cm? per year.?) The APDs do not have
sufficient radiation resistance for the EIC ZDC and an-
other technology is needed.

The ePIC ZDC will be situated between the electron
and ion beam lines. Its placement was revised follow-
ing consultations with experts in US. The ZDC has
a limited space to place the front-end system close to
the ZDC. Discussion on the readout system has started
and is ongoing.

In summary, the previously reported ZDC design is
adopted to the ePIC detector and discussions on sev-
eral aspects is ongoing for realization of the design.
The ZDC effort is also in close contact with the ALICE
FoCal development,* which had several test-beam ex-
periments conducted in 2022, as the same technique
will be used in ZDC sampling calorimeters.
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Centrality dependence of charm and bottom quark suppression
in Au + Au collisions at RHICT

T. Hachiya*!*? for the PHENIX Collaboration

Charm and bottom quarks, collectively referred as
heavy flavor, are a clean probe to study the properties
of quark-gluon plasma (QGP) produced in high-energy
heavy-ion collisions. Because of their large mass, heavy
quarks are predominantly produced at the initial stage
of the collisions. Once produced, heavy flavors lose their
energy as they propagate through the QGP. The en-
ergy loss of heavy quarks is expected to be suppressed
by “dead cone” effect, where gluon radiation caused by
bremsstrahlung is suppressed at an angle smaller than
the mass-to-energy ratio of the quark.!) Thus, energy
loss is expected to follow the mass ordering of quarks and
gluons, AE, > AE, g > AE. > AE},. The PHENIX ex-
periment previously observed the different suppression of
electrons from charm and bottom hadron decays in min-
imum bias Au + Au collisions at /syy = 200 GeV.?

This article reports the centrality dependence of charm
and bottom quark suppression measured at PHENIX.
Using the high-statistics dataset recorded in 2014 and
the updated p + p reference from 2015,>) the nuclear
modification factor, Ra4 (a ratio of yields in Au + Au to
p + p after normalized by number of binary collisions) of
the charm and bottom electrons in four centrality classes
(0-10, 10—20, 20-40 and 40-60%) of Au + Au collisions
can be measured with improved precision compared with
our previous results.?)

Heavy flavor electrons are measured using the central
arm PHENIX detector. An inner silicon tracker, VTX,
measures the distance of closest approach of the electron
track, DCAp, to the collision vertex in the transverse
plane. Using the different decay lengths of charm and
bottom hadrons (er = 123 um for DY and 455 pm for
BY), electrons from these decays are statistically sep-
arated by the DCAp. The measured electron samples
contain not only heavy flavors but background electrons.
The main background is photonic electrons which are
photon conversions and Dalitz decays of light neutral
mesons. The background is mostly rejected by the anal-
ysis cut with the hit-pair on VITX as the electron pairs
from the photon conversions produce hits that are close
to each other. The remaining backgrounds are estimated
through the full GEANT detector simulation and sub-
tracted from the measured electron samples. The elec-
tron samples are separated by the unfolding, which si-
multaneously fits the transverse momentum pr spectrum
and DCA7 distributions.

Figure 1 shows R4, in 0-10% central Au + Au colli-
sions. The blue and green lines represent the bottom-
and charm electrons with 1-sigma uncertainty bands,

T Condensed from the article in arXiv:.2023.17058
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Fig. 1. Raa for charm and bottom electrons compared with
the theoretical models.

respectively. Significant suppression is seen for both
charms and bottoms at high pp. Charm suppression is
stronger than bottom suppression for pr = 2-5 GeV/ec.
The result was compared with the models that expect a
mass ordering of energy loss in QGP. All models repro-
duce the data reasonably within large uncertainty.

The centrality dependence of the suppression is stud-
ied using the number of nucleon participants in the col-
lision (Npart). Figure 2 shows Raa vs Npay for three
different pr intervals. There is no suppression for both
charms and bottoms in low py. The mid-pr region shows
a clear suppression of charm hadrons but no bottom sup-
pression. The high-py region shows an increasing sup-
pression of both charms and bottoms.
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Fig. 2. Raa charm and bottom electrons as a function of
Npart for three pr intervals.

In summary, PHENIX studied the centrality depen-
dence of charm and bottom suppression. A clear differ-
ent suppression was observed at pr = 2.5 GeV/c. The
suppression pattern is consistent with the models that
expect mass ordering of energy loss.
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Study of v, depending on multiplicity with ZDC energy event
categorization

R. Takahama*!*2 for the PHENIX Collaboration

The PHENIX experiment was operated at BNL-
RHIC, which collides heavy ions at relativistic energy
to create a hot state in a second. In this state, quarks
and gluons are deconfined, and this state is called
quark-gluon plasma (QGP) the collective motion of
QGP is known. In hydrodynamic models, the detailed
azimuthal correlation structure of emitted particles re-
sulting from the collective motion is typically charac-
terized by its Fourier components, known as the elliptic
flow (vy).")

In the past decade, some results have suggested
the possibility of QGP-like matter creation during ex-
tremely high multiplicity events in a lighter collision
system than that of heavy ions.> 7 However, the mech-
anism of that possibility has not been revealed. One
helpful fact is that the ridge structure and collective
motion are measured only in extremely high multi-
plicity events, where multiparton interactions become
more relevant.®)

The effect of multiparton interactions in heavy ion
collision is of interest to us. Selecting events with the
same number of participating nucleons in the collision
is crucial to study the multiparton interaction effect
because much more nucleons interact in heavy ion col-
lisions than in proton-proton collisions. We can not di-
rectory measure the number of participating nucleons
because they change to new particles after interactions.
However, the number of spectator (not participated in
collision) neutrons can be directory detected by the
zero degree calorimeter (ZDC). In high-energy heavy-
ion collisions, most of the spectator nucleons outside of
the overlap region are causally disconnected from the
matter produced by the participating nucleons, so we
measure the energy of spectator neutrons captured by
ZDC. We classify the events with the number of par-
ticipating nucleons in the collision as in p + p collision
by selecting the events with the same energy measured
by ZDC, thus creating a simple situation to study mul-
tiparton collision. Furthermore, the multiplicity has a
width at some ZDC energy sum events. We assumed
that the effect of the multiparton interaction makes
this width. If the multiparton interaction effect is more
relevant, a larger multiplicity should be obtained from
events with the same number of participating nucle-
ons. Because vy increases as a function of the number
of tracks in p + p collision,” vy will be larger in events
where the multiparton interaction effect is more rel-
evant. Analyzing vy as a function of multiplicity at
the same energy in the ZDC detector can tell us if the

*1 RIKEN Nishina Center

*2 Division of Nature Physics, Nara Women’s University

_52-

multiparton interaction effect is worth consideration in
heavy ion collision.

Our goal is to analyze vs as a function of multiplic-
ity using the ZDC energy sum event categorization in
Au + Au collision data taken at \/syny = 200 GeV in
the PHENIX experiment. Such an event categoriza-
tion has never been used to analyze vs, so we worked
on the reaction plane angle calibration to make its dis-
tribution flat. Figure 1 shows the reaction plane angle
distribution after calibration of the one of the event
classes. A fitting to these distributions with a straight
line gave a x2/ndf of approximately 1.0. We checked
the flatness for all event classes for all runs and finally
confirmed that the calibration had been done success-
fully. We are now at the stage of analyzing vy as a
function of multiplicity using calibrated events. The
results will be published in the near future.
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Fig. 1. Reaction plane angle distribution after calibration
in events whose the number of normalized FVTX tracks
is larger than 0.50 and less than 0.55. Left: with no
ZDCe event selection. Right: events in 900 < ZDCe <
910.
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Completion of Bus-Extender development for sSPHENIX INTT
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sPHENIX is a second-generation experiment at Rel-
ativistic Heavy-Ion Collider. It is scheduled to start in
2023 to explore the properties of quark-gluon plasma.
The INTermediate Tracker, INTT," is a silicon strip
detector placed in a tight and confined space near the
beam pipe. INTT measures more than 1000 particles
in a collision. Large amount of raw data is sent to the
later read-out electronics placed more than 1.1 m away
from INTT with a curving path for signal processing
at high speed. It is difficult for commercial cables such
as flex flat cable and co-ax cable to satisfy all the re-
quirements listed below. We developed a special data
cable namely “Bus Extender (BEX)” for INTT based
on flexible printed circuits (FPC).

The requirements for BEX are: (1) length of 1.1 m,
(2) high-density signal lines (128 lines/5 cm), (3) high-
speed data transfer of 200 Mbps by LVDS with 100 Q2
differential impedance, (4) flexibility, (5) mechanical
reliability, and (6) radiation hardness. We developed
BEX for five years to satisfy all the requirements. In-
stead of the standard polymide, liquid crystal polymer
(LCP) was used for the substrate to reduce loss of sig-
nals transmitted at high speed. The design of BEX
was optimized by the printed circuit simulation. The
prototype BEX was made for testing. BEX consists of
four metal layers including signal, power, and ground
layers laminated by glue. The uniformity of width for
signal lines is measured to be 122 + 2 pm.

Using the prototype BEX, the electrical performance
is measured with S-parameters, differential impedance,
and eye-diagram and compared with the simulation.
Figure 1 shows S-parameter for insertion (SDD21) and
return loss (SDD11). The data and simulation are
labeled as “meas” and “em,” respectively. From the
comparison, the simulation successfully reproduced the
overall behavior of the data. The eye-diagram is often
used to visually inspect the margin of the signal pulse.
By comparing the mask (gray hexagonal shape) which
represents the minimum requirement of the margin,
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Fig. 1. Insertion and return loss.

the measured eye diagram satisfied the requirement as
shown in Fig. 2. The differential impedance was esti-
mated as 95 €2 by the time domain reflectometry. The
result is slightly lower than the requirement but ac-
ceptable.

File Control Setup Measure Analyze Utilities Help

Start/Stop Test
O

Fig. 2. Eye-diagram.

The mechanical reliability was evaluated by the peel-
ing and the thermal shock test using the FPC samples
with the same configuration. The peel strength be-
tween the laminated two layers was measured by a ten-
sile tester. The result was more than 16 N/cm and in-
dicates BEX has sufficient strength. We also compared
the strength with radiation exposure by 5 k Gy and
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found no change. This indicates that the impedance
of BEX was not changed by irradiation. The thermal
shock test aimed to check the long-term stability. BEX
was exposed with —15°C and 75°C for 30 min. with
5 min. interval. The rapid change in temperature puts
physical stress with expansion and contraction. The
electrical resistance of the signal line is increased if the
signal line is damaged. After 1000 thermal cycles that
are equivalent to 8 years of use, we found no resistance
change. These mechanical performances are detailed
in Ref. 2).

After the evaluation of the prototype, we performed
the mass production of 130 BEXs. The issue with low
yield rate was investigated and the tiny dust caused
mis-formation of lines.? A visual inspection fixture
was also developed to monitor the line formation dur-
ing production. As a result, the mass production was
completed with almost 100% yield. In summer 2022,
all the BEX was assembled to the INTT barrel. INTT
and BEX are ready for sPHENIX data taking in April
2023.
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Development of graphical user interface application for
sPHENIX-INTT LV system
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We create a Graphical User Interface (GUI) that
allows you to operate the Low Voltage (LV). A con-
trol panel based on the Graphic User Interface (GUI)
application is under development to operate the LV
power for a Read Out Card (ROC), i.e., an electron-
ics to read out from the INTermediate Tracker (INTT)
detector. The INTT is one of the three tracking de-
tectors in the sPHENIX experiment, which is sched-
uled to go live in the spring of 2023. The ROC is a
multi-functional circuit board and consists of as many
as 3000 surface mount components. Thus ROC re-
quires a couple of different voltages to distribute rele-
vant voltage(s) to each component. There are 13 LV
distribution modules assigned to power 8 ROCs. Each
module occupies a single VME slot and supplies a pre-
set voltage up to 10 output channels. Thus a single
ROC power is provided by the multiple distribution
modules with various voltage settings. The LV distri-
bution module can be operated from a remote server
(KEPServer!)) and its output voltage and current can
be readout from the KEPServer. The GUI has been
developed using the commercial application called “Ig-
nition Designer”??) which runs on an Ignition Gate-
way PC. The KEPServer and the Ignition Gateway
are linked to the OPC interoperability standard.

Shown in Fig. 1 is the main control panel of the LV
control GUL. It is still under development. The panel is
designed to be operated in the interactively. Clickable
buttons are implemented to turn on/off all powers (11
channels) for ROC-1 at once.

Only first ROC(ROC1) has already been imple-
mented in the image, but the plan is to introduce new
buttons for ROC2, ROC3 ...ROCS8. The black but-
tons on the left with numbers from 1 to 11 represents
the slot number of the LV distribution module. The
table on the right of the panel displays the history of
abnormalities. It shows the channel and the time. In
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Fig. 1. The main control panel of the INTT LV distribution
modules.

order to avoid the main control panel being too busy
with too many buttons and voltage/current displays,
a “Detail” button is implemented on the bottom left
corner of the panel. A new pop-up panel, as shown
in Fig. 2, appears on the screen by clicking the Detail
button.

Rocl

ALL OFF

Volts Amps

Back

Fig. 2. A new pop-up panel appears by clicking “Detail”
button on the main control panel.

This panel displays the latest current and voltage
values of each channel of a given ROC. Further devel-
opment is planned to change the color of buttons to ex-
press the power on/off status of each channel following
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the same color coordinate manner of the main control
panel. The green rectangles with SLOT number are
also implemented to function as interactive buttons,
allowing each channel to turn on/off independently.
This GUI is still under development, so we would like
to create buttons that can control other ROCs and
ROC detail screens in the future.
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Detection efficiency of sSPHENIX-INTT by cosmic ray measurements
and its timing dependence
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INTermediate Tracker (INTT) is one of the three
tracking detectors for the sSPHENIX experiment, which
will be started in April 2023 at the Relativistic Heavy
Ton Collider (RHIC) in Brookhaven National Labora-
tory. It comprises 56 ladders, each comprising two sil-
icon strip sensor modules. One module is divided into
26 cells, and each containing 128 readout strips.

To measure the detection efficiency of INTT, we
executed beam tests three times. Although the ex-
pected efficiency is approximately 100%, the observed
efficiency was 96.0 £ 0.5% as the result of the sec-
ond beam test at Fermilab Test Beam Facility (FTBF)
in 2019.Y The RHIC beam bunches are synchronized
with 9.4 MHz clock and so as INTT readout elec-
tronics. However, some hits can fall into possible sig-
nal processing glitch between subsequent beam clocks
(BCO) because the FTBF beam is asynchronous to
the RHIC-BCO. To verify the hypothesis, we executed
the third beam test at the ELPH facility at Tohoku
Univ. in 2021. We upgraded the DAQ system from
a nominal Window-based DAQ to a CAMAC-based
TDC for the timing measurement of INTT hits w.r.t.
the BCO. As a result of this test, we obtained an ef-
ficiency of 99.56 4+ 0.06%.2 Unfortunately, the timing
dependence measurement was unsuccessful because we
discovered the beam rate exceeded the DAQ processing
speed limit, and recorded data were unreliable. There-
fore we should measure the detection efficiency and the
BCO dependence in low beam rate conditions. The
best way is to repeat the measurement with cosmic
rays.

For cosmic rays measurement, we put three INTT
ladders in a dark box, and two scintillation counters
are set above and below the box for external triggers
(Fig. 1). The internal clock of the readout electronics
is used as BCO. We call the ladders from top to bot-
tom L1, L2, and L3. CAMAC measured the ADC of
scintillation counters and BCO timing.
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Fig. 1. Setup for cosmic rays measurements.

The efficiency of L2 layer is defined as Eq. (1). Er-
rors were calculated by the binomial distribution.
ZN(Llhit N L2p;: N L3hit)

ZN(Llhit n L3hit)

L2 Efficiency = (1)

The observed detection efficiency is 99.54 & 0.06%,
reproducing the 2021 beam test result, by requiring
some zenith angle range to be nearly vertical. Then
these event samples were classified into 11 relative
phase categories w.r.t. BCO, and the efficiency in each
phase was evaluated as shown in Fig. 2.

Detection_efficiency_every BCO

efficiency

0.998

0.996

0.994

0.992

0.90 | e e e e e e —— —

Fig. 2. Detection efficiency of every BCO.

In summary, we confirmed that the detection effi-
ciency of INTT exceeds 99%, and it has no dependence
on BCO.
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MIP measurement for mass production of sSPHENIX-INTT ladder
with a positron beam
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The sPHENIX experiment will start in 2023 at the
Relativistic Heavy Ion Collider in Brookhaven National
Laboratory. Intermediate Tracker (INTT) is one of the
three tracking detectors used in the experiment, which
consists of 56 ladders of silicon strip detectors. A half
ladder is divided into 26 cells which consist of two types
of silicon sensors with different strip lengths, and each
cell includes 128 read-out FPHX chips.!)

In 2021 at ELPH, Tohoku University, we performed
a test beam experiment to evaluate the performance of
mass production ladders.?) We used the y-ray beamline
at the facility, and irradiated a positron beam with a
momentum of about 1 GeV. Three halves of a ladder
were used, and two scintillators were installed upstream
and downstream of them, respectively.

We evaluated the performance of silicon sensor by de-
tecting Minimum Ionizing Particles (MIP). The noise
contamination to the MIP region in the energy deposit
spectrum is crucial to achieve good signal-to-noise ra-
tio. The FPHX read-out chip converts the height of the
signal generated by the sensor into a 3-bit ADC. As a
preparation of the signal AD conversion process, the 8-
bit DAC threshold values (called DAC value) are preset
with approximately 4 mV step. When the signal is pro-
cessed, a corresponding DAC value is assigned and set
in a data stream as a 3-bit ADC data. The ADC value
relates to energy loss of a traversing charged particle. It
is important to observe the entire energy deposit spec-
trum with a good resolution though, it is not possible
by using the built-in 3-bit ADC of FPHX chip. A se-
ries of sequential measurements were executed to scan
through the full DAC range by setting the DAC to cover
only narrow range but fine pitch in one measurement.

In the data analysis, events which have too many hits
away from the beam spot were removed. Only hits on
a single strip were analyzed. A hit with the highest
ADC value was excluded from the full ADC spectrum
reconstruction event samples because the hit could be
an overflow value. We reconstructed ADC distribution

*1 RIKEN Nishina Center

*2 Department of Physics and Astronomy, Purdue University
*3  Department of Physics, Rikkyo University

*4  Department of Mathematical and Physical Sciences, Nara
Women’s University

Japan Atomic Energy Agency

Tokyo Metropolitan Industrial Technology Research Institute
*T Center for High Energy and High Field Physics and Depart-
ment of Physics, National Central University

Department of Physics, National Taiwan University

Physics Department, Brookhaven National Laboratory

*H
*6

*8
*9

-58 -

of a cell in the upstream ladder obtained from 8 runs.
Then the distribution was normalized by the number
of entries in two overlapping bins, shown in Fig. 1(a).
Then we took the average over each overlapping bin,
letting each ADC distributions of narrow region con-
nect smoothly with the spectrum of adjacent region. It
was performed in order from the smallest ADC config-
uration to obtain one energy deposit spectrum.
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Fig. 1. (a) The ADC distribution obtained from 8 runs by
normalizing entries in overlapping bins. (b) The energy
deposit spectrum with the fitting results.

We applied the Landau-Gaussian convolution func-
tion®) to reproduce the peak shape of the MIP region,
and an exponential function to express the noise con-
tribution. The Landau most probable value indicates
the peak value corresponding to the energy loss of the
MIP. We fitted the energy deposit spectrum with a sum
of their functions and succeeded in reproducing the ex-
perimental data, shown in Fig. 1(b).

The fitting result shows the Landau MPV was
71.13 + 0.43 at the operation bias voltage of 50 V. The
noise contamination in the MIP region from 40 to 136
is estimated to be about 0.3%. Therefore the mass pro-
duction ladder is almost noiseless in the MIP region.

In summary, we obtained one exact energy deposit
spectrum from measurements with 8 different ADC con-
figurations. The experimental spectrum was well repro-
duced by the sum of the convolution function and the
exponential function. Also, the noise contamination in
the MIP region is about 0.3%. This means that the
DAC threshold value can be set low, leading to high
detection efficiency.
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The LV power system of INTT detector at RHIC
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The sPHENIX experiment is an upgrade project
of RHIC’s former PHENIX experiment and aims to
study quark-gluon plasma.) The INTermediate Tracker
(INTT) is one of the sub-detectors of sSPHENIX. INTT
inherits much of the electronics, such as the readout card
(ROC) and FPHX chips,? from the FVTX detector.
The power system of INTT includes the high voltage
(HV) system, which gives the bias voltage to the silicon
sensors, and the low voltage (LV) system, which powers
up the FPHX chips and ROC.

The INTT power system is constructed in a power
crate (Fig. 1). This power crate is used for ladders test-

—

iE
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Fig. 1. INTT power crate system.
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ing and for detector operation. On the top of the crate
is the MPOD module which can produce 100 V as the
high voltage system.

The second top of the crate is the switch distribution
board. There are 13 slots for switch distribution board
in total. Slots 1-11 from the left-hand side are used to
power up the ROCs, and the other two slots are used to
give power to the FPHX power supply system.

The third top of the crate is the FPHX power supply
system which powers up the FPHX chips. The FPHX
power supply system consists of a controlling board and
filtering boards. A controlling board is used to give out
the command to filtering boards (Fig. 2). There can be
up to eight filtering boards in a system. Each filtering
board can power up 8 ladders’ FPHX chips, which in-
dicates that 64 ladders’ FPHX chips can be powered by
one power crate.

NI II TN,

T

Fig. 2. FPHX power system filtering board.

The Switch distribution board and FPHX power sup-
ply system are all connected to the PC by ethernet ca-
bles. One can easily enter the rack PC by using the No-
Machine, ssh through the gateway, or control it locally
using the keyboard and monitor to control the whole sys-
tem. The Switch distribution board can be controlled by
the telnet command line, and the FPHX power supply
can be controlled by a perl script respectively. There is a
written script for controlling whole INTT power system
including HV and LV system, which can turn on and
turn off all the power systems by one command.
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Signature of the gluon orbital angular momentum/

S. Bhattacharya,*! R. Boussarie,*?

The Relativistic Heavy Ion Collider (RHIC) spin
program at Brookhaven National Laboratory has re-
vealed that the gluon helicity contribution AG to the
proton spin sum rule

1

= 1)
is nonvanishing and likely sizable. Together with the
known quark helicity contribution A ~ 0.3, the result
indicates that parton helicities account for a significant
fraction of the proton spin. Yet, there still remain
huge uncertainties about the small-z contribution to
AG = fol dx AG(z). Resolving this issue is one of the
major goals of the future Electron-Ion Collider (EIC).

Another obvious goal of the EIC is to measure the or-
bital angular momentum (OAM) of quarks and gluons
Lg,4. However, progress in this direction is relatively
slow, although there have been a few suggestions') for
experimental observables in recent years. In this re-
port we propose a new and promising observable for
the gluon OAM in Deep Inelastic Scattering and make
a quantitative prediction for the EIC.

Specifically, we calculate longitudinal double spin
asymmetry (DSA) in exclusive dijet production in
electron-proton collisions ep — v*p — j7jp’ where both
the incoming electron and proton are longitudinally
polarized. The part of the cross section which depends
on the proton and electron polarizations takes the form

— 0a,)Re(A243), (2)

where h;, h, = £1 are the electron and proton helici-
ties. ¢;, and ¢4, are the azimuthal angles of the out-
going lepton and the proton, respectively. A, is the
known? twist-2 amplitude for dijet production. As
is a twist-3 amplitude which contains the OAM and
which is calculated for the first time in this work. The
details can be found in the published letter. Here we
show the final result after certain approximations

Re(AzAZ)

{H(l)*+ 24% 27_[(2)*
Tt

1
= SAS £ AG+ L + Ly,

da"?™ ~ h,hy cos(¢r,

(3)

e, —Hgn*ﬁg]

where ¢, is the transverse momentum of the two jets
which are assumed to be symmetric and 4p? = Q2
is the photon virtuality. Hél’z), L, and H, are the
Compton form factors of the unpolarized gluon gener-

alized parton distribution (GPD), the gluon OAM and
n

x fRe
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the gluon helciity GPD, respectively. We observe an
interesting interplay between the gluon OAM and the
gluon helicity. The latter contribution was missed in
the previous calculation of a related observable.!)

In Fig. 1, we show our numerical result for the cross
section for the EIC kinematics at d¢ = ¢;, —¢pa, =0
for Q% = 2.7 GeV? plotted as a function of skewness
¢ (longitudinal momentum fraction the proton loses in
scattering). We see that the OAM and helicity con-
tributions are comparable in magnitude, but with op-
posite signs. This is consistent with the theoretical
prediction® that the gluon OAM and gluon helicity
parton distributions cancel in the small-x region. For
larger values of Q2, our result (3) predicts that the two
contributions add up. This can be tested in experiment

by varying Q2.
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Fig. 1. Spin-dependent part of the cross section at Q% =
2.7 GeV? as a function of the skewness variable £. The
‘OAM’ and ‘Helicity’ contributions come from the L4
and H, terms in (3), respectively.

In conclusion, we have made the first quantitative
prediction for an observable sensitive to the parton
OAM at the EIC. Our result adequately demonstrates
the feasibility of accessing the gluon OAM from DSA.
It also emphasizes that, due to the admixture of the
gluon helicity contribution, in order to extract the
OAM reliably, one needs an accurate determination
of AG(z) down to x ~ 1073.
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QST algebra

Y. Akiba*!

The standard model (SM) successully describes the
nature, but it has at least 25 free parameters. Sim-
ple formulas with no free parameter for 24 SM pa-
rameters have been reported:!) 15 particle masses,
4 Cabbibo-Kobayashi-Maskawa (CKM) quark mixing
parameters, 3 neutrino mixing angles, the fine struc-
ture constant, and the strong coupling constant. More-
over, the quarternion-spin-isospin (QST) model that
predicts these formulas,? and their implications of
gravity and cosmology® have also been reported. This
article reports an update of the model.

In the QST model, the Planck time, ¢, = 5.3912 X
10~% s, is the minimum time period in nature. ¢ is
a fundamental constant of nature, similar to the speed
of light in vacuum ¢ and the Planck constant /. Con-
sequently, the Planck length I, = ctp is the mini-
mum distance in nature; therefore, a spacetime point
has a finite minimum size, and the number of space-
time points in a finite volume is also finite. Thus, each
space-time point can be numbered.

In the QST model, the change in the state from a
spacetime point |n) to the subsequent spacetime point
|n + 1) is described as

|n+1>:(1+dSEA ) (1+Z6 dSEA) In),

where dSTA[n] = Zép[n]dS’EA is the change in the
state from |n) to |n + 1), and dp[n] = 0 or 1, and
dS’EA(p = 1,--+,49) are operators that are denoted
as elementary actions (EAs). This implies that each
spacetime point is associated with a 49-dimentional
vector space that describes the physical action, and
an EA is the basis of the vector space. We denote this
vector space as the EA space. Here the coefficient of
dSEA is not a real number; however it is limited to
either 0 or 1. This inidicates that the coefficient field
of the EA space is not real R, but a finite field Fy =
{0,1}.

In the QST model, an EA is a 48-fold product of
operators that we denote as primordial actions (PAs).

dSEA [Xpl v sz VeV Xp4s}

where V is a binary product operator in the model anal-
ogous to the wedge product A in the exterior algebra,
ka are PAs, and [] represents a “reduction” operator
that evaluates a vee product in term of normal prod-
uct. A PA is one of the following 64 operators.

—e,i,1},

{I*a¥ 1%, eT?, i, elle=lre eird —eI¢ —ei, ¢,

where ¢ is the sign operator. If Xqu = inXp then
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X,(eX,) = TX,(¢X,). The reduction operator evalu-
ates a n-fold vee product of PAs as follows

e If more than one of the X,’s are identical

(X, V-V X, ] =0.

o If X, pr,l XPMXW for any k (1 <k <mn),
(X, V---VX,]=0.

° IfX ka+1 = ka+1X for all k (1 <k <mn),
(X, V- VX, | =X, - Xp,.

The change of physical state from |n) to |n + N) is
expressed as

In+N) = (14+dS%A[n+ N —1])(-- - (1+dS®[n])|n)

In the model, it is shown that the product of any two
EAs vanishes, that is, dSEAdSZIEA = 0. Thus

*exp(Z(i
n+N-—1
|n + N) —exp< Z dS[k >

This formula represents the physical action from one
spacetime point |n) to another spacetime point |[n—+N)
along with one path. Thus, the physical state |t¢) is
the sum of all of such actions.

|z ¢) Zexp (Z dSTA K] ) |z;),

where the first sum runs over all possible paths
from|z;) to |zy). This equation corresponds to the
following path integral formula

ty) = / Do exp (idS[g)) |t

= [poesn (i [ cigata)

This indicates that an EA dS’EA corresponds to a term
of Lagrangian as follows

1+ dSBA k] = exp(dSBA k] S*EA)

dSPA & Lyd'a

In the QST model, all terms of the standard model
Lagrangian are derived as one of the 49 EAs.

A paper describing the QST model is still in
progress.
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Twelfth-order QED contributions to the muon g—2

R. Yamazaki*!'*2 and M. Nio*%*1

The anomalous magnetic moment of the muon, a, =
(9n — 2)/2, has occupied a central role in testing the
validity of the standard model of elementary parti-
cles (SM). The new measurement of a, at Fermilab)
is consistent with that at Brookhaven,?) and the long-
standing tension between experiment and theory re-
mains unresolved. The average of the two experiments
and the SM prediction® are given as

a,(Exp) = 116 592 061 (41) x 1071, (1)
a,(SM) = 116 591 810 (43) x 10—, (2)

respectively, and the difference is (251 4 59) x 107!
corresponding to 4.2 o.

The theoretical prediction of a, has been calculated
by considering all three forces of SM. The contribution
from the quantum electrodynamics (QED) is dominant
and has been determined up to the tenth order of the
perturbation theory. It has been considered sufficiently
well known as its uncertainty is 1.0 x 107!2. The as-
signed uncertainty was derived from the rough estimate
of the leading-order contribution of the twelfth-order
term. Recently, we have calculated, not guessed, the
two types of Feynman diagrams shown in Fig. 1 that
are supposed to give the leading contributions in the

twelfth order.

Fig. 1. Some Feynman vertex diagrams of the twelfth-order

QED containing light-by-light scattering subdiagrams.

Because the muon is about two hundred times heav-
ier than the electron, enhancement factors arise in some
QED contributions to a,. One famous origin of the
enhancement is a light-by-light scattering vertex dia-
gram (LL6), in which an external magnetic photon is
attached to an electron loop. Another is a vacuum-
polarization subdiagram (VP) consisting of an electron
loop. The left diagram of Fig. 1 is a combination of
two enhancement mechanisms of the twelfth order of
the QED perturbation theory. We have calculated its
numerical contribution taking into account all possible
insertions of three second-order VPs (P2s) to LL6. In
addition, diagrams with insertions of one fourth-order
VP (P4) and two P2s to LL6 were calculated. The co-
efficients of (a/7)%, where « is the fine-structure con-
stant, are obtained as follows:

*1 Department of Physics, Saitama University
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al!? [LL6')_P2()P2(9P2(9)] = 2415.256 (53), (3)
all? [LL6'®) P2 P2(9P2(9)] = 367.974 (15), (4)
al!? [LL6') P4 P2(9)] = 1451.106 (91), (5)

where a superscript (e) or (p) of LL6, P2, or P4 in-
dicates a species of its fermion loop. The sum of the
three gives the leading contribution of the twelfth-order
QED:

6
(9) % 4230 = 0.665 x 10712, (6)
™

It is within the uncertainty assigned to the QED con-
tribution to a.

A new enhancement mechanism appears at the
twelfth order. The right diagram of Fig. 1 (LL6_LL6)
contains a “child” LL6 as a subdiagram. When the
mass of an external fermion is much heavier than that
of a loop fermion, the slope of F} form factor of LL6
has a large enhancement factor®)

2
o () < 40000. (7)
qQ:O me

It is uncertain that such a critical enhancement fac-
tor exists in the LL6_LL6 contribution to a,. Therefore,
we calculated LL6_LL6 without any approximation ex-
cept for numerical integration. The 360 Feynman ver-
tex diagrams of the gauge-invariant set LL6_LL6 can
be reduced to sixteen independent integrals. Fach of
the integrands consists of about 50 MByte text files. In
principle, no renormalization is required for LL6_LL6.
However, to conduct numerical integration, an inte-
grand needs ultra-violet (UV) counter terms that cancel
the UV divergences of a child LL6 vertex subdiagram
and a light-by-light scattering subdiagram (LL). The
UV counter terms we constructed are the form factor
Fy(0) for a child LL6 and the light-by-light scattering
tensor I1#¥77(0,0,0,0) for a LL. The sum of the UV
counter terms exactly vanishes when all gauge-invariant
diagrams are summed up. The numerical calculation
has been performed, and the result will be reported
elsewhere.

Numerical calculations were conducted on RIKEN’s
supercomputer HOKUSAI BigWaterfall. This work
was partly supported by KAKENHI 16K05338,
20H05646, and 22K03646.

m2 dFy (QQ)
Edg?
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Demonstration of multiplexing lobster-eye optics

Y. Zhou,*"*3 T. Mihara,*"*? T. Tamagawa,*!*?*3 and K. Uchiyama*!*3

Wide-field X-ray monitor is essential in astronomy to
catch short-time events, such as gamma-ray bursts,®
and neutron-star mergers.?) The all-sky X-ray monitor,
MAXI,? which we have operated on the ISS since 2009,
has proven its usefulness. As an extension of MAXI to
the soft X-ray band and precise-imaging, we introduced
the multiplexing lobster-eye (MuLE) optics.?) we have
recently performed verification experiments of MuLE
for the first time. In this report, we present the angular
resolution of MuLE obtained with Ti Ka (4.5 keV) X-
rays.

The test setup is shown in Fig. 1. We used micro
porous optics (MPOs) made by NNVT company with
R = 750 mm and the size of 43 mm square. The CMOS
image sensor was Gpixel 400BSI-TVISB, whose size was
22.5 mm square. X-rays through the three MPOs focus
on a single CMOS placed on the focal plane at a radius
of R/2, where R was the curvature of MPO. The field-
of-view of a mirror is 3 deg x £1.5 deg. Each mirror
was centered at 0 deg, 9 deg and 18 deg like stepping
stones. We added the other side at —9 deg and —18 deg
to make one unit. Using 3 units, the whole +20 deg x
+1.5 deg sky can be covered. This CMOS has a good
energy resolution. We measured the energy resolution
of the CMOS for Ti Ka to be AE/E = 3.7% (FWHM)
with single-pixel events at room temperature.

Seg-0 Seg-1//
. i/ Seg-2 , .
% ./ photo image
’ Seg-0

LE mirrors/—

R/2 <

CMOS focal plane /JS g

Fig. 1. MuLE experiment and X-ray images of three LE.
The brightness corresponds to X-ray intensity.

We showed the focus images in Fig. 1 right. The
distance of the Ti X-ray generator to the MPO was
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3.85 m. The focal length was measured as 345 mm for
this diverging light. In our experiment, the CMOS was
set in this distance. Focal length for the parallel light
was calculated to be 379 mm. It is close to the designed
value (375 mm).

2 MPOs were placed on a mount, and measured Seg-0
and Seg-1 first. The Seg-0 mirror was rotated clockwise
around the optical axis by 10 deg, while Seg-1 was 0 deg
upright. The direction of the cross arm identifies the
MPO which the X-ray comes from. After we measured
Seg-0 and Seg-1 we moved the whole mount so that the
Seg-1 MPO can locate Seg-2. Then we measured Seg-
2. Although Seg-1 and Seg-2 are the same MPO, the
image of the Seg-2 was rotated anticlockwise by 10 deg
in Fig. 1 for understanding.

A demerit of the MuLLE is that the CMOS is placed
in a slanted way for the Seg-1 and Seg-2, which makes
the image worse in the X direction in our setting.

By fitting the peak of the core in the image, the width
of the focus can be measured. The angular resolution
(o) was shown in Fig. 2. It distributed between 4 ar-
cmin to 8 arcmin, which is acceptable. Some jumping
data points are due to irregularities on the LE surface.
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Fig. 2. Incident X-ray angle and position resolution (o).

This report demonstrated the MuLE system worked
as expected. MuLE system can be used in small satel-
lites or ISS payloads to compensate for the soft X-ray
performance of MAXI.
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Direct determination of the activation energy for diffusion of OH
radicals on water icef

A. Miyazaki,*! M. Tsuge,*! H. Hidaka,** Y. Nakai,*? and N. Watanabe*!

Physicochemical processes such as surface reactions
of radicals, photolysis by ultraviolet (UV) irradiation,
and ion bombardment on interstellar icy grains are
indispensable for chemical evolution during star for-
mation. The chemical evolution begins in molecu-
lar clouds where the temperature is as low as 10 K.
In molecular clouds, the hydrogenation of primordial
atomic and molecular species is crucial because hydro-
gen atoms can migrate and encounter reaction partners
on the grain surface even at ~10 K.'"7) During temper-
ature elevation in star-forming regions, heavier species
can diffuse on the ice and many types of complex or-
ganic molecules (COMs) are considered to be produced
through reactions among heavier species, particularly
radicals. Thus, the behavior of radicals on the ice sur-
face should be investigated to understand the forma-
tion pathways of COMs. OH radical would be one of
the most abundant radicals on ice surface as they can
be produced through photolysis of HoO and hydrogena-
tion of O atoms on the ice surface. Therefore, OH radi-
cals are expected to participate in various physicochem-
ical processes on ice surface. However, conventional
methods for detecting OH radicals, such as Raman, in-
frared, and electron spin resonance spectroscopies, are
not applicable because of their low detection efficiencies
and non-surface selectivity. In this study, we applied a
combination of photostimulated desorption (PSD) and
resonance-enhanced multiphoton ionization (REMPI)
to facilitate direct detection of OH radicals on the ice
surface.®) Using this PSD-REMPI method, we deter-
mined the activation energy for diffusion (E4p) of OH
radicals on compact amorphous solid water (c-ASW),
because the surface diffusion of radicals often becomes
a rate-limiting process in reactions involving radicals.

The ¢-ASW samples were deposited on a sapphire
disk at 100 K by introducing the water vapor into an ul-
trahigh vacuum chamber (~10~% Pa). After the prepa-
ration of ASW sample, OH radicals were produced via
photolysis of water molecules using a deuterium lamp
in the temperature range of 54-80 K. In this photoly-
sis, H2O is dissociated mainly into H + OH with minor
channels, Ho + O and 2H + O, and as secondary prod-
ucts, Hy and O are also produced on the surface. To
avoid the undesired effect of these species other than
OH, the experiments were performed at temperatures
above 54 K where hydrogen and oxygen cannot stay
on the surface. The OH radicals on the sample surface
were detected with the PSD-REMPI method.®) The OH

t Condensed from the article in Astrophys. J. Lett. 940, L2
(2022)
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radicals were photodesorbed by weak-pulsed laser radi-
ation at 532 nm from an Nd:YAG laser. The photon en-
ergy at 532 nm is below the dissociation energy of HoO.
Photodesorbed OH radicals were selectively ionized by
the (2 + 1) REMPI process above the c-ASW surface
and detected with a time-of-flight mass spectrometer.
We performed two types of measurements. In the first
measurement, the OH intensities were monitored dur-
ing UV exposure. We monitored the OH intensities in
the steady state during UV irradiation. In the other
measurement, the OH intensities were measured fol-
lowing a particular period of UV exposure. Note that
we can selectively monitor OH radicals based on one-
photon chemical process.®

When monitoring OH during UV exposure, we found
that the OH intensities in steady state gradually de-
creased with the temperature of c-ASW in the range of
approximately 60-80 K. We experimentally confirmed
that OH radicals were lost through OH-OH recombi-
nation rather than thermal desorption of OH. The re-
combination rate should be limited by the diffusion of
OH radicals on the c-ASW surface because the radical-
radical reaction itself is barrierless. By analyzing the
recombination rate with the Arrhenius type formula,
the activation barrier of surface diffusion, Fgp, was
evaluated to be 0.14 £ 0.01 eV (1650 + 60 K). Further-
more, in the other measurement of OH monitoring after
UV exposure, the OH intensities decreased with time
after UV termination. Again, considering that this de-
crease is dominated by OH-OH recombination, we de-
rived Eg to be 0.13 £0.01 eV (1540 £ 80 K). This
value is consistent with the previously obtained value.

Under a simple assumption that the activation energy
of diffusion has the single value of 1650 K, the OH radi-
cals can migrate over 100 nm on the icy dust within 105
years at temperatures above 36 £ 1 K. The present re-
sults suggest that OH reactions start at approximately
36 K and become important in the warming-up of star-
forming regions. Note that we do not exclude the
possibility that the OH radicals drift to a certain ex-
tent through shallower sites even at temperatures below
36 K.
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Polarized X-rays emitted from a magnetar?

K. Uchiyama,*!*? R. Taverna,*® R. Turolla,*®*6 F. Muleri,** J. Heyl,*®> S. Zane,*S L. Baldini,*"*®
D. Gonzalez-Caniulef,*> M. Bachetti,*® J. Rankin,** I. Caiazzo,*'° N. D. Lalla,*'' V. Doroshenko,*!?
M. Errando,*!? E. Gau,*!? D. Kirmizibayrak,*> H. Krawczynski,*!2 M. Negro,*14*15 M. Ng,*!16 N. Omodei,*!!
A. Possenti,* T. Tamagawa,*"*2*17 and M. C. Weisskopf*'® on behalf of the IXPE magnetar WG

Magnetars are neutron stars with ultra-strong mag-
netic fields. Magnetars exhibit steady X-ray pulsed
emissions with a luminosity of approximately 1033
1035 erg s, spin period P of approximately 0.1-12 s,
and large spin-down rates P of approximately 10714
10719 s s71. This translates into magnetic fields of up
to B approximately 10'® G, assuming a conventional
spin-down model. The external magnetic field of mag-
netars is expected to have a toroidal component that
twists the field lines. Because charged particles must
flow along the closed magnetic field lines to sustain the
field, the star magnetosphere becomes optically-thick
during resonant Compton scattering (RCS).") Because
of its strong magnetic field, magnetar X-ray emission
is linearly polarized in two normal modes, namely, the
ordinary (O) and extraordinary (X) modes, and upon
reprocessing via RCS, X-mode photons become domi-
nant.

4U 0142 + 61 is the brightest persistent magnetar
with an unabsorbed flux of 6 x 107!! erg s~ cm™2
in the 2-10 keV range. Here, we report on the po-
larimetric observation of 4U 0142 + 61 conducted by
the Imaging X-ray Polarimetry Explorer (IXPE) from
January 31, 2022 to February 27, 2022 for a total on-
source time of 840 ks.

Results are shown in Fig. 1 in the form of a polar plot
where the polarization degree (PD) is the radial coor-
dinate and polarization angle (PA) the azimuth. The
measured PD is 15 £ 1% at low energies (2-4 keV).
At 4-5 keV PD becomes consistent with zero and then
increases to 35 + 7% at 5.5-8 keV. The PA is approxi-
T
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Fig. 1. Polar plot showing the energy dependence of the
measured PD and PA. Contours enclose the 68.3% con-
fidence level regions. Stars indicate the corresponding
PD and PA calculated using the RCS model.

mately 50° East of North at energies below 4 keV and
swings by 90°, settling at 40° West of North, above
5 keV.

The polarization pattern as a function of energy,
with a minimum of PD and swing of PA by 90° at
approximately 4-5 keV, suggests that the X-ray emis-
sion from 4U 0142 + 61 is characterized by two distinct
components polarized in two different normal modes.
The low-energy component is thought to be produced
by thermal surface emission while the high-energy
component by photons up-scattered in the magneto-
sphere. The measured polarization fraction at high
energies (35% at 5.5-8 keV) is indeed compatible with
the theoretical expectations of the RCS model and
suggests that X-mode photons dominate. Although
the measured polarization fraction at low energies (2—
4 keV) differs from the predictions of published theo-
retical models,? we found that the radiation emitted
from a condensed® equatorial belt results in a predom-
inance of O-mode photons with PD of approximately
15%.

In conclusion, the positive detection of polarized
emission from 4U 0142 + 61 by IXPE further sup-
ports the magnetar model. In particular, the distinc-
tive energy-dependent pattern can be explained by as-
suming emission from the bare condensed surface re-
processed by RCS in the twisted magnetosphere.
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Production of high intense Ca-ion beam for RILAC II acceleration

T. Nagatomo,*! Y. Higurashi,*! J. Ohnishi,*! and T. Nakagawa*!

Calcium(Ca)-48-ion beam is indispensable for study-
ing light nuclei with excess neutrons. The #8Ca beam
was obtained from RILAC as an injector for RIBF ac-
celerators before the upgrade of RILAC with supercon-
ducting (SC) acceleration cavities.!) The injection line
for the RIBF cyclotrons was removed owing to the con-
struction required for the upgrade, and has not been re-
stored at present. Currently, the only way is to use RI-
LAC II, which is mainly used to inject heavy ion beams
(krypton, xenon, uranium), as the injector for RIBF.
Despite the global shortage of *8Ca (natural abundance
= 0.187%) samples, it is estimated that low-level en-
riched samples (~20%) will be available within 2 years.
However, the low enrichment of 20% implies that only
20% of the produced Ca beam can be used. Therefore,
in accordance with the Ca beam acceleration scheme
using RILAC II, we conducted a test to extract ultra-
intense Ca''*-beam above 100 A from a SC-ECR ion
source (SC-ECRIS).

The experiment was conducted using an SC-ECRIS
for RILAC (R28G-K),%®) which exhibits the same per-
formance as that of RILAC II. An ion-extraction volt-
age of 13.00 kV was applied to fit to the acceleration
scheme. We selected a high-temperature oven (HTO),*
which was used in the previous Ca'®6t beam production
last year with good results.?) Compared to the previous
test, because the Ca''* has a lower charge state, the
stable plasma conditions, such as the electron temper-
ature and ion confinement time, differ. The magnetic
mirror was set to lower field strength than the Ca!6+
case, similar to the Ref. 6), resulting in the decreased
electron temperature. Natural CaO samples were pre-
pared using the same procedure as in a previous study.?
Two evaporation methods to obtain the neutral Ca gas
were attempted: direct heating of the sample at tem-
peratures up to 2000°C (DH), and use of the redox
reaction of 3Ca0 +2Al — 3Ca+ Al O3 to lower the Ca
evaporation temperature (RR). The DH method is the
same method as in the Ca'St beam production, and
RR is a common method as presented in Ref. 6). The
temperature was controlled by the applied power on
the HTO (Pyro). Oxygen (O2) and helium (He) gases
were tested as support gases (SGs) to maintain a stable
plasma. The total microwave power with frequencies of
18 and 28 GHz, P;.t., as well as the SG flow rate were
adjusted to optimize the beam intensity and stability.

Table 1 summarizes the obtained intensities of 4°Ca-
ion beam extracted from R28G-K along with the exper-
imental conditions. The data for the ionic charge state
(QQ = 16 are obtained from a previous study.”) Here,
Istart and Igop Tepresent the beam intensities at the
beginning and end of the operation (duration time At),

*1 RIKEN Nishina Center
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Table 1. *°Ca ion beam intensities with the charge state Q
together with the some experimental conditions such as
the support gas (SG) and the Ca evaporation method
(Meth.). Measurements were performed over a period of
At. See text for other abbreviations.

Q SG Meth }DtotA PHTO At [start Istop

kW W  hours pA  pA
11 O DH 3.4 900. 9.3 242,  204.
11 O2 DH 2.7 800. 14.3  101.  59.
11 O2 RR 2.8 190. 17.9 74. 33.
11 He RR 2.1 190. 7.7 105.  90.
16 O, DH 3.0 720. 16.3 84. 85.
16 O DH 3.0 660. 39.7 35. 70.

16 O DH 3.0 600. 37.1  25. 30.

respectively. As shown in Table 1, in all cases of Cal'6*,
the beam intensity gradually increased, and eventually
reached to constant values. However, the Ca''t beam
intensity tended to decrease with the elapsed time. This
trend is more pronounced in the Oy case than in the
He case. Note that, in the previous study,” the Cal6+
beam intensity was also tested with He support gas;
however, it was found to be only half that of the O,
support gas. The DH method seems to cause a chemi-
cal reaction between the tungsten crucible and the CaO
sample at elevated temperature of ~2000°C. From the
M/Q analyses using the analyzing magnet, when the
Pygro is 700 W, the heavy-ion beams, which appear
to be tungsten ions, are not noticeable; however, as
the Pygro is increased to 800 W and 900 W, they be-
come more pronounced. Owing to the chemical reac-
tion, the RR method, which can be used at lower tem-
perature, is preferable to produce low-charge Ca ion
beams. Although the measurement time was not suffi-
ciently long, the consumption rate of Ca was estimated
to be ~0.7 mg/h using the RR method using the He gas
to produce a Ca''* beam of approximately 100 pA.
This study has only just begun, and the search for
conditions that reduce the Ca consumption is ongoing.

References

1) N. Sakamoto et al, Proc. SRF2019, Dresden, Ger-
many (2019), p. WETEBL.

2) T. Nagatomo et al., Rev. Sci. Instrum. 91, 023318
(2020).

3) G. D. Alton et al., Rev. Sci. Instrum. 65, 775 (1994).

4) J. Ohnishi et al, Proc. ECRIS2018, Catania, Italy
(2018), p. 180.

5) T. Nagatomo et al., RIKEN Accel. Prog. Rep. 55, S18
(2022).

6) J. Y. Benitez et al, Rev. Sci. Instrum. 85, 02A961
(2014).



RIKEN Accel. Prog. Rep. 56 (2023)

I1-8. Accelerator

Upgrade of rf control system for RILAC injector

K. Yamada,*! K. Suda,*! T. Ohki,*?> H. Yamauchi,*? K. Oyamada,*? M. Tamura,*?> A. Yusa,*?> K. Kaneko,*? and
N. Sakamoto*!

The RIKEN linear accelerator (RILAC)Y?) and its
downstream superconducting linac (SRILAC)? ac-
tively supply beams for research studies involving su-
per heavy element. The injection section of the RILAC
was constructed in the 1990s and consists of three main
instruments: a buncher, a folded-coaxial-type radio-
frequency (rf) quadrupole linac (FCRFQ),* and a re-
buncher.

The old rf control systems at RIKEN were very poor
in terms of reproducibility and operability, and their old
analog low-level circuits caused a lack of rf voltage and
phase stability. One of the major reasons is that they
are aging, having been manufactured nearly 30 years
ago; another reason is that the resolution is insufficient
because the set values are specified using analog volt-
ages. In addition, the feedback parameter settings must
be adjusted in the circuit itself and cannot be changed
easily during operation. Therefore, we decided to im-
prove the controllability and the resulting rf stability
by upgrading the control system with a programmable
logic controller (PLC) and a new digital low-level (LL)
circuit.

The old control system and wiring were removed and
the new system was installed from July to August 2022,
and the wiring to each control target such as the res-
onators, amplifiers, and DC power supply was con-
nected in September. Figure 1 depicts the front view of
the new control system. The left half depicts the cabi-
net with the PLC and motor drivers, and the right side
depicts the cabinet with digital LL circuits and oscillo-
scopes. All the 12 motors, three for the RFQ resonator,
four for the RFQ amplifier, and five for the re-buncher
resonator, were updated to new stepping motors. All
devices are controlled by a single PLC, similar to other
rf control systems in RIBF. The new control system al-
lows for better reproducible positioning of each drive

Fig. 1. New rf control system for the RILAC injector. The
PLC and motor drivers are visible inside the door.

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
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mechanism, and the frequency tuner, which was previ-
ously operated manually, is now controlled automati-
cally. The rf system is interfaced by EPICS for remote
operation and monitoring, which is connected to the
PLC through a TCP/IP connection.

The digital LL circuit is an original one based on
the circuit for SRILAC,” and it supports a frequency
range of 17-40 MHz. The circuit integrates automatic
gain control, phase-lock loop, and phase difference de-
tection for automatic tuning. These signals acquired
by on-board 16-bit ADCs are 1/Q demodulated using
a field programmable gate array, and a direct digital
synthesizer output is I/Q modulated and output as an
rf signal. Similar to the SRILAC, various parameters
such as the voltage set value, phase set value, and inter-
nal status are read and written by the PLC in parallel
communication with the digital LL circuit. As all com-
munication with the circuit is done digitally, all setting
parameters such as the feedback parameters and thresh-
olds can be set reliably, and the settings can be changed
remotely.

Figure 2 presents a one-day trend graph depicting the
rf voltage and phase stability of the RFQ. It is clear that
the new system has significantly improved the rf stabil-
ity. We plan to replace the analog LL system of the
RILAC and RRC with an equivalent digital LL system
next fiscal year.

Rf voltage Rf phase

‘ ! ki Old analog LL circuit
( ‘\ ‘\ h‘ ‘\‘ \‘
L | O
w“bﬁ F\““““J' s

‘ +0. 1%
. \”I “\IH i \‘\l\ ‘\ |
= 01deg. Wiy iivialiiupt!
‘l \‘Il”\“/
1 +0.1%

= 0.1 deg.
New digital LL circuit
1‘day
Fig. 2. Trend graph for rf voltage and phase of the RFQ
before (upper panel) and after (lower panel) the upgrade.
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Beam profile measurement using helium gas light emission for
superheavy element search experiment?

T. Watanabe,*! A. Kamoshida,*?>*! T. Nishi,*! A. Uchiyama,*' and K. Kaneko*?

The newly constructed superconducting linear accel-
erator (SRILAC)"Y) continues to operate with the aim
of discovering new superheavy elements following the
discovery of 113 Nihonium,? and production medical
radiation isotopes At.?) In this experimental search for
superheavy elements, owing to the demand to extend
the durability of the expensive Cm target to the best
extent possible the accelerated V beam must be ade-
quately widened. Therefore, a He gas light emission
monitor (HeLM) has been introduced to measure the
beam width non-destructively and constantly.

Figure 1 shows the schematic of the differential
pumping system, target chamber for the GARIS-III,
and HeLM. The beam originates from the left side and
hits the Cm targets. As helium gas is flowing in the
target chamber, the electrons of helium gas is excited
by the collision with the beam. By monitoring the
emitted light with a CCD camera when the excited
electrons are de-excited, the beam profile can be ob-
tained continuously. The image data obtained is sent
to an image analysis PC with a video server for digital
processing. These measurements and data analysis are
controlled and programed with LabVIEW and the ana-
lyzed data are shared with a large-scale EPICS control
system.

Differential pumping system Target chamber

1 CCD Camera Mirror
\ Target wheel
T™P T™P View port P .
) ’ View port
2 4 Neaset curtain )
— PIN diode
from | N,
SRILACG
<) >
3 iy
f— —_— ‘
; MBP GARIS-III
o M MBP O ndcsie :
TMP T™MP Faraday cup
1485 mm

Fig. 1. Schematic of the differential pumping system, tar-
get chamber for GARIS Il and HeLLM.

Figure 2 shows the front panels programmed with
LabVIEW and measurement results. Recently, the
beam width measurement with the HeLM and the
beam optics calculation® facilitated the precise beam
size control at the Cm target. Furthermore, the corre-
lation between the beam size measured with the HeLM

T Condensed from the article in Proc. 19th Annu. Meeting

Part. Accel. Soc. Jpn., to be published (2022)
RIKEN Nishina Center

National Instruments Japan Corporation

SHI Accelerator Service Ltd.
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Fig. 2. The front panels programmed with LabVIEW and
measurement results. (a) The integrating the bright-
ness in the direction of travel of the beam and the re-
sult of Gauss fit, (b) image of He gas emission, (c¢) value
of Gauss fit 1o and the deviation from the center, (d)
selection of the fitting region (manual, direct numerical
input) and (e) Record of the Gauss fit 1o.

and elastic scattering counts measured with a semicon-
ductor detector are confirmed to be quite consistent.
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Improvement of the high temperature superconducting properties for
the HTc SQUID current meter

T. Watanabe,*! I. Watanabe,*! and U. Widyaiswari*!

To measure the DC current of heavy-ion beams non-
destructively at high resolution, we have developed
a high critical temperature (HTc) superconducting
quantum interference device (SQUID) beam current
meter for use in the radioactive isotope beam factory
(RIBF). Aiming at its practical use, the HT'c SQUID
monitor was installed at RIBF and a 1 A heavy ion
beam was successfully measuried with 100 nA resolu-
tion with this current meter.™?)

Although we could measure the intensity of a sub-
#A beam, a minimum current resolution of more than
two orders of magnitude lower is required at the RIBF.
With the aim of higher sensitivity and miniaturization
of the SQUID current meter, we have started the in-
vestigation on a new method. Figure 1 shows a new
scheme based on a direct coupling between an induced
magnetic flux and the HTc SQUID.?) To fabricate an
induction ring and a shielding ring, we have been inves-
tigating to coat and molten a thin layer (20-50 pm) of
Bis-Sre-Cay-Cus-0O, (Bi2212) on a Ag substrate. The
critical temperature of Bi2212 must be over 77 K, be-
cause it is cooled at a temperature of liquid Ny. To
confirm the high critical temperature and to realize the
high critical current which is related to the shielding ef-
fect of the environmental magnetic noise, we have been
improving the superconducting properties. We found
the properties of Bi2212 are improved by annealing
it in the high purity Ar atmosphere. To obtain the
better Bi2212 properties, we searched the critical tem-
perature and critical current with a magnetic property
measurement system by changing the annealing tem-
peratures and annealing time. The measured results
are shown in Fig. 2 and summarized in Table 1. The

Shielding Ring

(Coated Bi2212 on Ag substrate)

HTc SQUID

'| Induction Ring
(Coated Bi2212 on Ag substrate)

High permeability
magnetic core

Fig. 1. A new scheme based on a direct coupling between
an induced magnetic flux and the HTc SQUID.g)

*1  RIKEN Nishina Center
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Fig. 2.
property measurement system.

Measured properties of the Bi2212 with a magnetic

Table 1. The obtained critical temperatures and critical
currents.

Anneiled No anneiled
96 82
422 83

Critical temperature (K)
Critical current (A/cm?)

critical temperatures and critical current were greatly
improved by annealing at the temperature of 723 K
for 24 hours in the the high purity Ar atmosphere.
Currently, the Ag substrates of the induction ring and
shielding ring are being coated and molten. Further-
more, a large quartz glass container used for the an-
nealing is also being fabricated.

This work is supported by Japan Society for
the Promotion of Science KAKENHI Grant Num-
ber 19H04403.
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Development of auto-tuning system using Bayesian optimization
for ion optics in primary beam line with 26 electric nA Kr beam

T. Nishi,*! N. Fukuda,*! E. Iwai,*?*3 H. Maesaka,*?> Y. Shimizu,*! T. Sugimoto,***3 T. Sumikama,*' and
A. Uchiyama*!

We started the project to introduce the auto-tuning
system of the accelerator facility to RIBF as reported
last year.!) As a first step in this project, we adopt an
auto-tuning program using sequential learning based on
Bayesian optimization? to the beam line optics from the
SRC to BigRIPS first production target F0, so-called T-
Course.

A test experiment for the project was conducted in
May 2022 with Kr26* beam to develop a new method to
measure beam intensity and beam spot simultaneously
for high-intensity beams. In the method, the phase el-
lipse and intensity of the primary beam are measured
using BigRIPS nominal detectors. Because the direct
measurement with these detectors limits the intensity of
the primary beam, the charge-converted particles cre-
ated by the 1 mm-thick Be target at FO are measured
by downstream detectors. This method enables to mea-
sure, for example, approximately 10 kcps Kr34t beam
at F3 as an indicator of a primary 30 electric nA Kr36+
beam.

In the experiment, Kr3*t was selected by the F1 slit
and measured by PPACs and a scintillator at F3. The
beam intensity was set to approximately 0.001 elec-
tric nA for the 5 different optical conditions to com-
pare with the nominal method, and spot images were
acquired with the viewer target at FO. As a result, they
showed good agreement and we confirmed the measured
values by F3 detectors were good indicators for the pri-
mary beam. Next step, we adjusted the optics of the
T-course using the developed indicators. In the optical
system tuning, it was necessary to finish the measure-
ment and evaluation in a few tens of seconds for each pa-
rameter sets. We converted PPAC data into trajectories
and beam widths within a few seconds using the newly
developed BYACO®) system and passed the data to the
optimization program via EPICS. Finally, we optimized
the currents of doublet quadrupole magnets QDT11a-
b and QDT12a-b with 26 electric nA Kr36* primary
beam to maximize the scintillator count rate and mini-
mize the beam widths at F3. Left panel of Fig. 1 shows
beam spot measured by F3 PPACs before (left top) and
after (left bottom) optimization. As shown in the fig-
ures, the horizontal beam widths are reduced from 1.5
to 1.1 mm (rms) at F3. The transmission efficiency was
also measured for each optics with the Faraday cup at
GO01 and beam dump inside the D1 magnet, and it con-
firmed that both values agree within the errors. Graphs
in the right panel of Fig. 1 show measured and calcu-
lated beam widths at the location of profile monitors in

*1 RIKEN Nishina Center
*2 RIKEN SPring-8 Center
*3  Japan Synchrotron Radiation Research Institute
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Fig. 1. (Top) Before optimization. (Bottom) After optimiza-
tion. (Left) beam spot of Kr®** measured by F3 PPACs.
(Right) Beam widths at the location of profile moni-
tors. Red (blue) marks correspond to horizontal (ver-

tical) beam widths, and circle (square) marks correspond

to the data measured by profile monitors (calculated by

the simulation).

T-Course. The location 10 indicates FO. The calcula-
tion is based on the measured beam phase ellipse at F'3.
As shown in the figures, the measured and calculated
values are in good agreement, except the vertical beam
widths between DMT1 and DMT2. These calculations
also show the optimized ion optics realized the smaller
beam spot at FO.

In conclusion, we developed a new method to mea-
sure beam spot and intensity simultaneously with high-
intensity primary beam. With the method we optimized
ion optics in T-Course and reduce beam spot size at FO,
keeping beam transmission efficiency. This new method
using BYACO opens the possibility of optimizing the
parameters of the beam lines using not only the beam
spot, but also the signal of any downstream detector
(e.g., the signal-to-noise ratio of secondary particles) as
an indicator. We are developing a new algorithm with
safe regions to apply this method for the higher intense
primary beam.
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Development and test operation of the prototype of the new beam
interlock system for machine protection of RIBF

M. Komiyama,*! M. Fujimaki,*! A. Kamoshida,*!*? M. Hamanaka,*> M. Nishimura,*3 R. Koyama,*>
K. Kaneko,*® A. Uchiyama,*! and N. Fukunishi*!

Continuing from 2021, we are developing a new beam
interlock system (BIS) for machine protection based on
CompactRIOY (hereafter, cRIO-BIS), a product by Na-
tional Instruments, as a successor system to the BIS,?
which has been in operation since 2006. We set up a pro-
totype using one CompactRIO and one expansion chassis
with I/O modules and developed the logic for digital in-
put signals. The prototype signals for both a beam chop-
per and a beam stopper (Faraday cup) immediately after
receiving an alert signal. Details are shown in Fig. 1.

Chopper set/reset signal from the console,
users, devices, etc. 1. Input alarm signal
2. Order to work a beam

chopper

3. Order to work a beam chopper via
dedicated hardwire

#1 (NI-9149)
FPGA (on chassis)

#5 (cRI0-9056)
FPGA (on chassis)

2. Order to set Faraday
cup (FC)

CHopper output
request informatfon

o
o
c

0a-Aejay
(1) nun 21301519
(10) uun 21801 519
(1) nun 21301519
(10) nun 21801519

(0q) yun 21301 19

F(status from EPICS

0a) nun Jaddoy) sig :I

111) wun saddoyd Sig

(1a) nun saddoyp sig

EPICS-LAN

FCstatus Set interlock pattern
/ Monitor signals

3. Insert FC installed upstream of the

N-DIM FC-H31 problematic component
N-DIM FC-H72

4. Output a signal to a beam chopper.
It immediately deflects a beam just
below the ion source.

Fig. 1. Hardware configuration and process flow in the cRIO-
BIS prototype.

The CompactRIO system has three layers for imple-
menting logic for signal control: a field-programmable
gate array (FPGA) layer, which is the most reliable and
capable of the fastest signal processing, a real-time OS
(RT-OS) layer that is positioned in the upper layer of
FPGA and communicates with FPGA, and a Windows-
OS layer that is positioned in the upper layer of them
and communicates with them. FPGA is implemented on
both CompactRIO and its expansion chassis, and RT-
OS is implemented on CompactRIO. The goal of cRIO-
BIS is to stop the beam within 1 ms by outputting a
signal to the beam chopper from an alert signal input.
Thus, interlock logic for signal input/output is imple-
mented on the FPGA. However, signal condition setting
and monitoring do not require the same speed as inter-
lock logic. Thus, they are implemented on the RT-OS
and controlled by using experimental physics and indus-
trial control system (EPICS)?) by setting up an EPICS
server on the RT-OS.

Based on the operational experience of the BIS, cRIO-
BIS implements two types of logic units; BIS Logic Unit

*1 RIKEN Nishina Center
*2 National Instruments Japan Corporation
*3  SHI Accelerator Service Ltd.

(BLU) and BIS Chopper Unit (BCU). The BLU judges
conditions such as mask and holding time for alert signal
input and sends a signal to the BCU to request a signal
to the beam chopper via dedicated hard wire. The BCU
compares the input signal from the BLU and the inser-
tion status of the Faraday cup and outputs a signal to the
beam chopper. Since the BCU is designed to perform not
only the function of BIS but also the role of the existing
chopper signal control panel (it will be decommissioned
in the future), it also receives signals from the console’s
manual switches and user’s devices and outputs signal to
the beam chopper.

After developing the prototype in the control room,
its two stations were installed next to RIBF-BIS sta-
tion 5 in the computer room of the Nishina Building and
next to RIBF-BIS station 1 in the power supply room 2
of the RIBF building. The signal wiring was performed
during the summer maintenance period. Since the proto-
type was planned to be tested in a part of the RIBF-BIS
consisting of 5 stations, we connected the input signals
into the prototype in parallel with the RIBF-BIS and
evaluated its performance. The GUI for signal settings
and prototype monitoring has been developed using the
Control System Studio (CSS)* of EPICS, and the log
system has been developed using the system in RILAC-
operation.?)

After installing the prototype, we measured the re-
sponse time of the system with alert signals generated
experimentally from an actual component and obtained
a result of approximately 250 us (between 229.0 us to
260.0 us). This is consistent with the system’s response
time measurements using test input signals in the control
room. Furthermore, it was confirmed by the test that the
response time could be reduced to less than 200 us by
adding a pull-up circuit to the signal input/output part.
Since the response time of RIBF-BIS measured using the
same signal was approximately 15 ms, we were able to
develop a system that is approximately 100 times faster
than the BIS.

We have started the test operation of the prototype
during the beam service times scheduled in the latter
half of the fiscal year 2022. Some minor corrections were
necessary; however, no major defects were observed.
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Activation of temperature control in the RILAC cooling water

K. Yamada,*! M. Tamura,*? A. Yusa,*?

Fluctuations in cooling water temperature have a
significant impact on the accelerator. For example, a
change in water temperature deforms the cavity res-
onator of the accelerator and changes its resonant fre-
quency, resulting in a slight drift in rf voltage and
phase despite feedback control. This affects the beam,
causing beam loss and making it difficult to maintain a
high-intensity beam. Therefore, we decided to activate
the temperature control of the cooling water system of
RILAC to realize a high-intensity beam and improve
availability.

The cooling water of the RILAC is roughly di-
vided into the ion source system, RFQY system, RI-
LAC? main system, RILAC booster®) /SRILACY sys-
tem, and vacuum pump system. Except for the vac-
uum system, the secondary cooling water was cooled
in the cooling tower, and the primary cooling water,
which recovers heat from the load, was cooled through
a heat exchanger. Some systems had flow control
valves for temperature control, but the majority of
them were disabled. In addition, all the fans in the
cooling tower were constantly rotating, and the tem-
perature of the secondary water fluctuated greatly de-
pending on the condition of the outside air. As a result,
the temperature of the primary water changed several
degrees in one day.

The ion source system was originally temperature-
controlled, but the cooling tower fan was rotated con-
stantly. This secondary water was also used for the
RILAC drift tube cooling system, and the tempera-
ture drop in winter caused a vacuum leak from the
drift tube, resulting in a severe discharge. Therefore, a
temperature controller was added on the control panel
to automatically turn fans ON/OFF at 24 £+ 1.5°C.

The RFQ system had a heat-exchanger bypass valve
on the secondary side, which was sticking and unus-
able. The control panel was modified to add a primary
and secondary temperature controller, and the bypass
valve was replaced with a new one. The cooling tower
fan is now automatically controlled ON/OFF at 23 +
1°C, and the primary temperature automatically con-
trols the bypass valve to keep at about +0.1°C.

The secondary cooling water in the RILAC main sys-
tem cools the resonator system, amplifier system, and
irradiation vault system as the primary side. The num-
ber of cooling tower fans can be controlled by adding
a temperature controller and rewriting the logic con-
troller program by automatically turning them on and
off individually. In addition, the fans are activated in
sequence to reduce damage due to startups. Automatic

*1
*2

RIKEN Nishina Center
SHI Accelerator Service Ltd.
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and N. Sakamoto™*!

control of the heat exchanger bypass valves in the res-
onator and irradiation vault systems was enabled, and
both systems were maintained within +0.2°C.

The SRILAC system was originally a cooling sys-
tem for the RILAC booster, but the automatic control
of the flow control valve had been disabled since the
water leak in 2009. The control panel was modified
to enable automatic ON/OFF control of two fans al-
ternately, and automatic control of the primary tem-
perature control valve was enabled. As a result, the
temperature could be controlled to £0.1°C.

The vacuum pump system used a closed cooling
tower. Previously, the system froze during the cold
winter, requiring repair. Thus, the control panel was
modified, and a temperature controller was added.
Currently, the temperature is controlled at 23 + 2°C,
and there is no longer any concern about over-cooling.

Figure 1 shows an example of one day trend for rf
voltage and phase in the RILAC resonators. The rf
stability is dramatically improved after activating the
temperature control, contributing to a further intense-
beam supply and increased availability.
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Fig. 1. One day trend of rf voltage and phase in the RILAC
resonator no.1 and no.2 before (upper panel) and after
(lower panel) stabilizing the water temperature.
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2022 operational report of the Nishina RIBF water-cooling system

T. Maie,*! K. Kusaka,*! Y. Watanabe,*! M. Kidera,*! K. Kobayashi,*? J. Shibata,*?> K. Yadomi,*?
M. Oshima,*? and H. Shiraki*3

In 2022, the Nishina and RIBF cooling systems were
operated for a slightly longer duration than the accel-
erator. The RIBF cooling system was operated for ap-
proximately 70 days, excluding the time of installation
which was carried out continuously. Other cooling sys-
tems by Nishina (AVF standalone, AVF + RRC, AVF
+ RRC + IRC, and RILACII 4+ RRC) were operated
for approximately less than six months. Except for
some minor problems, the cooling systems operated
stably, and there were no long-term shutdowns of the
accelerator. Complications regarding the SRC vacuum
were experienced during the second half of the RIBF
operating time, resulting in a cooling system operating
time that was less than a year.

The minor problems that occurred are listed be-
low.

1) Cooling tower fan failure

2) Water leakage from the joint of the cooling pipe

) Decline in purity of cooling water due to water
leakage

(4) Cooling water pump motor bearing failure

(5) Equipment shutdown caused by momentary

voltage drop due to lightning (34 times a year)

~—~
w

The afore-mentioned problems occur at approximately
the same frequency every year. We experienced only
minor complications because of proper periodic main-
tenance. Figure 1 shows a photograph of the peri-
odic maintenance of the RIBF cooling pump. Fig-
ure 2 shows a photograph of the disassembly process
of the cooling pump bearing. Periodic maintenance is
planned as usual for the long-term suspension of ac-
celerator operation in summer and winter. See the
previous for details on the maintenance.

The annual cooling-equipment maintenance budget
is extremely low. Maintenance is performed annually
within the budget; however, the deterioration of the fa-
cilities is inevitable. The commodities and spare parts
of the water-cooling pumps that have been used for the
past 15 years are not produced anymore and are dif-
ficult to obtain. Aging cooling equipment is not only
a causes of failure, but also one of the causes of beam
instability in accelerators. Managing the costs of main-
tenance is an important concern for the future.

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
*3  Nippon Air Conditioning Service Co., Ltd.
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Fig. 1. RIBF water-cooling pump maintenance (Periodic
maintenance).

Fig. 2. Pump bearing section disassembly (Periodic main-

tenance).

Reference
1) T. Maie et al.,, RIKEN Accel. Prog. Rep. 55, 65 (2022).
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Relationship between instantaneous voltage drops at RIKEN and
influence on transmission power lines

M. Kidera,*! T. Maie,*! S. Watanabe,*! E. Ikezawa,*! Y. Watanabe,*! and O. Kamigaito*!

A stable supply of electric power is very important
for accelerator facilities. Power outages and momen-
tary voltage drops are unwelcome not only because
they can shut down equipment but also because they
can damage it. In addition, power problems occurring
during the delivery of high-intensity, high-energy ion
beams to the user are serious because they can cause a
shift in the beam trajectory and lead to serious accel-
erator failures. The Nishina Center has a gas-turbine-
type cogeneration system (CGS)Y) in addition to the
power supply an external power company. If there is a
risk of a lightning strike, the CGS is activated to power
the chillers that use liquid He. Information on light-
ning strike hazard is provided by the power company,
which can be found on the internet. In this study,
we report the correlation between the instantaneous
voltage drops at RIKEN and influence on transmission
power lines. Data on the influence on the power lines
were provided by TEPCO Power Grid and data on the
instantaneous voltage drop at RIKEN were provided
by RIKEN’s Facilities Division.

Electricity is generated by nuclear, thermal, and
hydroelectric power plants and transmitted via high-
voltage transmission lines. These power plants are lo-
cated far from RIKEN. The transmission lines from
these power plants are networked to achieve a stable
power supply. Transmission from the power plants is
transformed in the sequence 500 kV, 275 kV, 154 kV,

66 kV, and 22 kV along the transmission path, and
wired to various residential and factory areas. The
voltage of transmission line drawn into a factory or a
commercial facility is determined by the electric power
used by the facility. Electricity delivered to RIKEN at
66 kV from the power company, converted to 6600 V
at a substation on site, and then transformed to 400 V
and 200 V at a voltage transformer in the center. Ta-
ble 1 shows the number of instantaneous voltage drops
at RIKEN from 2017 to 2022, categorized according
to the influence on power lines to each transmission
line. Instantaneous voltage drops at RIKEN due to
lightning strikes on the 500 kV power lines account
for approximately 60% of the total, and approximately
79% if statistics are taken from lightning strikes alone.
Much of the 500 kV power line network is located close
to the power plant and far from RIKEN. Preparation
for instantaneous voltage drops due to lightning strikes
requires attention to not only the nearby lightning ad-
visories, but also to the lightning strikes occurring in
the neighboring prefectures.

Reference
1) T. Fujinawa et al., J. Part. Accel. Soc. Jpn. 8, 18 (2011).

Table 1. The number of instantaneous voltage drops at RIKEN from 2017 to 2022, categorized the influence
on power lines to each transmission line.
Transmission line voltage Lightning strike Accident Other
500 kV 15 1
275 kV 1
66 kV
unknown 2 2

*1  RIKEN Nishina Center
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Status of vacuum pumping systems in accelerator facilities

Y. Watanabe,*! M. Fujimaki,*! Y. Higurashi,*! E. Ikezawa,*! O. Kamigaito,*! M. Kidera,*! T. Nishi,*!
S. Watanabe,*! K. Yamada,*! M. Nishida,*? K. Oyamada,*? J. Shibata,*? K. Yadomi,*? and A. Yusa*?

A vacuum pumping system in the RIBF accel-
erator facility comprises cryopump (CRP) systems,
turbo-molecular pump (TMP) systems, rough pump-
ing systems (mechanical booster pump + rotary pump
[RP]), additional chamber pumping systems, and sub-
pumping systems.? In addition, module-type vacuum
gauges (total pressure gauge [TPG] controller com-
bined with two gauges) are used in almost all vacuum
pumping systems. In this study, we report the mal-
function status of a vacuum pumping system encoun-
tered in 2022. Table 1 lists the number of malfunctions
in the vacuum pumping systems from 2018 to 2022.
The vacuum pumping systems were stable to maintain
and manage in 2021 and 2022, and most malfunctions
of each unit were less frequent than in other years.?

There was only one CRP (pump) malfunction, such
as abnormal noise, vibration, and helium leakage, and
the reason for this decrease is unclear. Furthermore,
only one CRP compressor in the SRC malfunctioned
due to a high environmental radiation dose. The rea-
son for this decrease is due to the use of the exist-
ing old CRP compressor (model: C30V), which has
a higher radiation resistance than the new CRP com-
pressor (model: C30VRT), as long as possible. How-
ever, because the existing C30V is fewer and has been
discontinued by the manufacturer, we plan to relocate
eight of 13 compressors to a location far from the re-
gion of high environmental radiation (from the SRC-
northeast area to the SRC-south area) in 2023.2) Two
new CRP compressors (model; C30VRT and F-50L)
were purchased as spare units due to the existing dis-
continued CRP compressors (model; C30V, CRC-874,
and P-875CA) of the AVF, SRC, RRC, fRC, and IRC.
In the CRP system of AVF, RRC, and SRC, some he-
lium leakages have occurred in some flexible hoses and
couplings which were repaired by installing new parts.

Only one TMP (pump) and one power supply have
malfunctioned due to age-related deterioration, such
as abnormal noise, vibration, and circuit board failure,
and the reason for this decrease is also unclear. In the

update of large TMP systems (5000 L/s), we plan to
replace the large TMP of the RILAC No.4 tank with a
set of medium TMPs (800 L/s, 1100 L /s, and 2400 L/s)
in 2023.

Five malfunctioned RPs were also caused by age-
related deteriorations. Some oil leaks in the small RPs
were repaired as usual by installing new O-rings and
seals.

Age-related deteriorations also caused four malfunc-
tioned TPG controllers. There were no malfunction-
ing TPG controllers when power was restored follow-
ing an electrical power outage in August and October
2022.2) Three malfunctioned gauges were replaced by
spare units due to a contamination of the sensor head.

Almost all vacuum leaks at the RIBF were caused
by age-related deterioration and were repaired by in-
stalling new parts, applying a repair material, or re-
welding. For example, multiple water leaks from the
water-cooling parts in the RRC or SRC cavities were
repaired by re-welding. A vacuum leak of stainless
bellows between the resonator No.2 cavity and a main
chamber of the S-sector magnet in the RRC occurred
for the first time in 2014 and was repaired for the third
time with a sealing agent. Vacuum leaks of multiple
flange welds in the AA6 chamber, installed in the fRC-
IRC beam transport line, and in the RILAC cavities
No.2 and No.6 were also repaired with a sealing agent.
Faraday cup of the C21 chamber, a slit of A0l cham-
ber and an O-ring of the AVF-RF No.2 were replaced
with spare units or new O-ring. Finally, a vacuum leak
due to beam loss damage occurred at a beam duct of
the magnetic deflection channel No.3 in the SRC in
December and is still under consideration.

References

1) Y. Watanabe et al.,, RIKEN Accel. Prog. Rep. 50, 154
(2016).

2) Y. Watanabe et al., RIKEN Accel. Prog. Rep. 55, 67
(2021).

Table 1. Number of malfunctions from 2018 to 2022.
Number of units 2018 2019 2020 2021 2022

a Pump 6 1
CRP Compressor >80 4 6 7 8 5
Pump 1 1

b
™P Power supply > 138 3 8 4 4 1
RP° Pump > 146 5 3 7 1 5
Controller 5 4

d
TPG Gauge > 160 4 6 9 7 3

@ Includes a compressor. © Includes an attached power supply. ¢ Excludes an oil leak. ¢ Includes a controller, Pirani, and cold cathode gauge.

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
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Development of an automatic particle identification system for the
BigRIPS separator

Y. Shimizu,*! N. Fukuda,*! H. Takeda,*! H. Suzuki,*! M. Yoshimoto,*! Y. Togano,*! T. Sumikama,*!
H. Baba,*! and K. Yoshida*!

We are developing a fully automatic system for
radioactive-isotope (RI) beam production based on our
technological developments and experiences to reduce
the operation time. In the present study, we aimed to
automate particle identification (PID) for RI beams.

PID was performed event-by-event using the AF-
TOF-Bp method to determine the mass-to-charge ra-
tio A/Q and atomic number Z of RI beams.") PID
was confirmed by measuring the delayed ~y-rays emit-
ted from isomers. A PID analysis has been performed
with the following procedure:

1.
2.

Find the isomers among RI beams,

Detect the peak energies from the delayed v-ray
spectra of the isomers,

Identify the isomers by comparing the detected ~
energies with the known isomeric 7y energies, and
Determine the calibration parameters for A/Q
and Z.

3.

4.

This analysis procedure was automated using the BY-
ACO ecosystem.?) The information on the isomeric
nuclei observed at RIBF was stored in a relational
database (RDB) based on Microsoft Access 2010.%)
To use this information in the BYACO ecosystem, the
RDB was transferred to a PostgreSQL database on a
Linux server.

The automatic PID system was tested online during
the 132Sn-beam production required for MS-EXP22-
04.% Figures 1(a) and 1(b) show the PID plots without
and with the delayed  coincidence, respectively. The
observation of isomers enhanced the fraction of blobs
in Fig. 1(b) compared with that in Fig. 1(a). PID gates
for the enhanced blobs were created and the delayed
~-ray spectra were obtained, as shown in Fig. 2. The
isomers were identified by scanning the RDB for the
measured peak energies, e.g., blob No. 13 was iden-
tified as '2Sn. The calibration parameters for PID
were determined using A/Q and Z of the identified
isomers. This automatic PID system was successfully
demonstrated. As a result, the operation time became
shorter than that of conventional manual tuning by
15 min.

The current system requires the RI-beam physicist
to confirm that sufficient data have been acquired to
obtain some 7-ray spectra. In future work, we will
fully automate PID for RI beams.

*1  RIKEN Nishina Center
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Fig. 1. Z versus A/Q PID plots (a) without and (b) with
the delayed v coincidence. The automatically generated
gates for the isomers are labeled as 1: '32Te, 2: 34Te,
3: 135 Te, 4: 129G, 5: 139Gh, 6: 13Sb, 7: 1368h, 8: 1263n
9: 127G, 10: 1288n, 11: 12°Sn, 12: 13°Sn, and 13: 32Sn.
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Fig. 2. Delayed 7-ray energy spectrum in coincidence with
blob No. 13, which was found to be *2Sn using the
automatic PID system.
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Introduction and performance evaluation of a new data acquisition
system for germanium detectors

H. Takeda,*! H. Baba,*! N. Fukuda,*' H. Suzuki,*! Y. Shimizu,*! M. Yoshimoto,*! Y. Togano,*! and
K. Yoshida*!

Isomer tagging is an essential technique for unam-
biguous particle identification (PID) in BigRIPS") and
is achieved by detecting characteristic v rays emitted
from known short-lived nuclear isomers. Currently, two
clover-type high-purity germanium (Ge) detectors are
used for this purpose. Data acquisition (DAQ) for
Ge detectors has traditionally been performed with a
CAMAC-based system. However, many CAMAC mod-
ules are aging and becoming difficult to maintain due
to discontinued production. Further failure of the crit-
ical modules could interfere with the isomer tagging.
Therefore, considering an alternative DAQ system has
been an urgent issue recently.

Mesytec MDPP-162) is a promising candidate for the
new DAQ system. It is a VME-based, 16-channel dig-
ital pulse processor with a fast high-resolution time
and amplitude digitizer. Input signals are first am-
plified, filtered, and then digitally reconstructed in
a hardware component, followed by detailed analysis
in a digital signal processing unit implemented in a
field-programmable gate array (FPGA). Among sev-
eral FPGA software modules available for the MDPP-
16, the standard “SCP” module suits our purpose. It
delivers timing and amplitude information for stan-
dard charge-integrating preamplifier signals with 16-bit
(64k) resolution. It can replace all the conventional
shaping amplifiers, peak-sensitive ADCs, timing filter
amplifiers, constant fraction discriminators, and TDCs.

First, we examined the ADC and TDC performance
of the MDPP-16 SCP. The integral non-linearity (INL)
of ADC was less than 0.1%, while the differential non-
linearity (DNL) of ADC was less than 4% over the 20%—
90% range of full scale. The INL and DNL of TDC were
less than 0.001% and 0.03%, respectively. Time slewing
with respect to the pulse height was less than 0.4 ns.
These performance values were comparable to or better
than the current system.

Figure 1 shows a v-ray spectrum of a %°Co source
measured with the MDPP-16 SCP by the Ge detector
used in the actual isomer tagging.

FWHM resolution of the 1332-keV peak was typically
4.7 keV. This value was mainly due to the accumulation
of radiation damage to the Ge crystals over the years
and was the same as that measured with the current
system.

The isomeric v-ray measurement using the MDPP-
16 SCP was performed during the BigRIPS tuning this
autumn. Figure 2 shows an atomic number (Z) ver-
sus mass-to-charge ratio (A/Q) PID plot for a 52Ca-
centered radioactive isotope (RI) beam.

*1 RIKEN Nishina Center
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Fig. 2. Z versus A/Q PID plot of the 52Ca-centered RI
beam. Delayed ~-ray energy spectrum of the 3*Sc isomer
is overlaid in the upper right corner.

The delayed 7-ray energy spectrum of the isomeric
nucleus ®*Sc is overlaid in the upper right corner. The
presence of a distinct 110-keV peak indicates that the
MDPP-16 SCP can be used for isomer tagging.

Finally, we examined long-term stability, which is
also important for practical operations. The energy cal-
ibration was stable within 0.5 keV over several days if
no setting was changed. However, when we changed the
settings, such as thresholds, the calibration was occa-
sionally shifted from a few keV to a maximum of 10 keV.
Based on oscilloscope observations, it is suspected that
the baseline may shift when the settings are changed.
A detailed investigation is in progress. While this issue
must be resolved, the MDPP-16 SCP has the sufficient
performance required for the new DAQ system of the
Ge detectors. We plan to replace the current CAMAC-
based system with the new system as soon as possible.

References

1) N. Fukuda et al., Nucl. Instrum. Methods Phys. Res. B
317, 323 (2013).

2) https://www.mesytec.com/products/nuclear-physics/
MDPP-16.html.


https://www.mesytec.com/products/nuclear-physics/
MDPP-16.html
https://www.mesytec.com/products/nuclear-physics/
MDPP-16.html

II-9. Instrumentation

RIKEN Accel. Prog. Rep. 56 (2023)

Conceptual design of new high-power beam dump for BigRIPS

Y. Togano,*! N. Fukuda,** H. Suzuki,** Y. Shimizu,*! H. Takeda,*! M. Yoshimoto,*! and K. Yoshida*!

A new high-power beam dump situated at the exit
of the first dipole magnet (D1) in the BigRIPS separa-
tor has been designed to absorb a 2 particle pA 238U
beam at 345 MeV /nucleon. The BigRIPS separator is
equipped with beam dumps located both inside and at
the exit of the D1 magnet to intercept unreacted beams
resulting from primary beam + production target re-
actions at the focal plane FO. In the near future, the
RIBF intends to utilize a 2 particle uA 2**U primary
beam, which is 30 times more intense than the cur-
rent 238U beam, in order to produce a greater variety
of exotic nuclei. However, the existing beam dump at
the exit of the D1 magnet (hereafter referred to as the
exit-beam dump) is incapable of safely absorbing such
an intense beam due to insufficient cooling power. For
performing experiments with 2 particle pA 238U beam,
a new high-power exit-beam dump, that utilizes a ro-
tating water-cooled copper drum, has been designed.

The schematic depiction of the newly proposed exit-
beam dump is illustrated in Fig. 1. The drum-shaped
beam dump, measuring 300 mm in diameter and
350 mm in depth, rotates about its central axis to
distribute heat and improve radiation damage result-
ing from the intense beam. The dump is made of a
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Fig. 1. a) Schematic view of the new exit beam dump. b)
Caluculated temperature distribution on the surface of
dump impinged by a 2 particle pA 233U primary beam.

*1 RIKEN Nishina Center
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copper alloy, specifically Cu-Cr-Zr, and is equipped
with 72 screw tubes (M8 tapped) to serve as water-
cooling channels.”) The water flowed in the cooling
channels is pressurized at 1 MPa and runs at a veloc-
ity of 10 m/s, ensuring a high rate of heat transfer be-
tween the cooling water and the copper alloy. This M8
tapped cooling channels have already been equipped
for the present exit beam dump.? The distance from
the surface of the dump to the center of each cooling
channel is 14 mm, and the pitch of the cooling channels
is 12.2 mm. The rotational frequency of the dump is
assumed to be sufficient to achieve a uniform tempera-
ture distribution along the circumference of the dump.

The cooling capacity of the dump is evaluated
through finite element method simulation utilizing the
ANSYS code. The results of the simulation are ap-
praised against the following criteria:? the maximum
temperature of the dump should be less than 350°C to
maintain the radiation hardness of the dump, and the
heat flux at the surface of the cooling channels must
be less than the critical heat flux (55 MW /m?) for sta-
ble cooling of the dump. It is known that copper alloy
keeps good radiation hardness at temperatures below
400°C. Above the critical heat flux, the heat transfer
rate at the cooling channel abruptly decreases as the
surface of the cooling channel becomes covered with
vapor generated by vigorously boiling cooling water.
In the simulation, it is assumed that a 2 particle pA
2387 beam (Q = 867) at 345 MeV /nucleon is directly
impinged on the dump as illustrated in Fig. 1a). The
beam spot on the dump is of an elliptical shape due
to overfocus by the D1 magnet. The ratio of magnetic
rigidities between the 2**U beam and a beam follow-
ing the central trajectory of the D1 magnet is assumed
to be 0.85. The range of the 345 MeV /nucleon 238U
beam in copper alloy is 3.2 mm.

Figure 1b) illustrates the calculated temperature
distribution on the surface of the dump upon the im-
pingement of the 2 particle uA 233U beam. The maxi-
mum temperature of the dump is 159°C and the max-
imum heat flux at the surface of the cooling channel
is 5.4 MW /m?2. These values are below the allowable
temperature and the critical heat flux, indicating that
the new dump can safely absorb the 2 particle pA 233U
beam. The detailed design of the new exit beam dump
is currently underway.
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Energy-degraded beam on BigRIPS FO

H. Otsu,*! N. Fukuda,*! T. Nishi,*! and T. Sumikama*!

Uranium (and Xe, Kr) beams, which are acceler-
ated up to the SRC, have a fixed beam energy of
345 MeV /nucleon because fixed-frequency accelerators
are operated upstream. If a lower energy beam is re-
quired, the beam energy would be lowered with ma-
terial as an energy degrader at the first stage of Bi-
gRIPS. Subsequently, the lower energy beam would be
delivered into the downstream beamline. The energy-
degraded beam would be transported to F2 or F3,
where reaction targets would be placed. The disadvan-
tages of the method are: 1) Transport of a relatively
intense primary beam to F2 or F3 is required for the
measurement of the reaction cross section, which might
be subject to radiation shielding limitations. 2) Reac-
tion products should be separated using downstream
of F3 in BigRIPS, which requires a completely different
approach compared to the measurement of production
cross sections at 345 MeV /nucleon. This in turn might
lead to large systematic errors.

Based on these reasons, the possibility of providing
energy degraded beam to BigRIPS F( was investigated
and tested. A primary beam transport beamline is lo-
cated from the GO1 port to BigRIPS F0O downstream of
the SRC exit. At an intermediate beam profile monitor
port T11 beam can focus in both X and Y directions.
Therefore, if this type of transport optics are used and
an energy degrader material are located at T11, it is
expected that the primary beam can be transported
to the FO focal plane without increasing phase space
of the primary beam largely. Figure 1 shows the cal-
culated transport from T11 to the FO focal plane. In
fact, this transport method has been previously used
in dispersion matching experiments®) for verification
of dispersion matching. Conversely, an energy degrade
material has never been placed here before. This test
was the first attempt to investigate the transport of
energy-degraded primary beam to BigRIPS FO.

SRC-BIGRIPS BEA[

T11

BigRIPS FO

Fig. 1. Beam envelop from the T11 focus to BigRIPS F0. U
beams with three different charge states are transported
in the calculation.

*1  RIKEN Nishina Center
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The energy degrader plate was inserted from one
of the ports at T11l. It made of aluminum with 8
steps, each with a thickness ranging from 1.7 mm
to 9.3 mm. After passing through each steps, ura-
nium primary beam with 345 MeV /nucleon was de-
graded into 300, 250, 200, 150, 100, 75, 50 and
25 MeV/nucleon. When the energy degrader plate
is withdrawn, the 345 MeV/nucleon U beam passes
unchanged with the 86 charge 345 MeV /nucleon U
beam passes unchanged with the 86T charge state. The
beam is then transported to FO by adjusting the mag-
netic field of the dipole magnets DMT2,3 to match the
magnetic rigidity required for the 86 beam.

The U beam that has passed through the energy
degrade plate has a dispersed charge state, and it is
deflected by the DMT2 and DMT3 magnets from T11
and transported to FO as shown in Fig. 1. It can be
observed that a beam with a charge state whose rigid-
ity is tuned to the central trajectory can pass through
the triplet quadrupole magnets between DMT 2 and
3, while beams with neighboring charge states are con-
sidered to be partially blocked by walls in the middle
of the Q magnet.

Tests of the transport were performed as a pro-
gram DAO3 on 2021/11 and 2022/03. Figure 2(a)
shows one of the results on a profile monitor at T21
with the 250 MeV /nucleon transport. The neighbor-
ing charge state was actually observed as a separate
peak on the momentum dispersion axis (X) in the
profile monitor located at T21. The magnetic rigid-
ity was set at 927 in the central trajectory. The re-
sults verified that the beam passing through the cen-
tral orbit is 927 of the charge state, because 91" beam
was observed at neighboring higher momentum while
93T was not observed. In this condition, the beam
spread was confirmed by an alumina fluorescent plate
at FO shown in Fig. 2(bl), which is comparable with
those observed at 345 MeV /nucleon (Fig. 2(b2)). At
150 MeV /nucleon, the condition was not as good as
that at 250 MeV /nucleon and the T21 separation was

a) bT1)

252 MeV/u
.‘Beam on FO Target =

0 {
c.f. 345 MeV/u

Fig. 2. a) Beam profile at T21 with U 250 MeV /nucleon.
bl) Beam spot at FO and b2) that of 345 MeV /nucleon

for comparison.
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not sufficient. The beam spread, as monitored by the
alumina fluorescent plate, was significantly larger than
those at 345 or 250 MeV /nucleon.

In conclusion, the energy degraded beam from
345 MeV /nucleon at BigRIPS FO was successfully de-
livered. This method proved that the energy-degraded
beam can be delivered without using the first stage
of BigRIPS, by utilizing the primary beam transport
beamline from T11. On the other hand, it should be
noted that the use of beams with different charge states
are blocked by the beam duct along the beam line, es-
pecially at DMT2 or Q magnets between DMT2 and 3.
Therefore, the effects of heat and radiation should be
considered, not only for normal high-intensity beams
but also for sufficiently reduced intensity beams.

Reference
1) T. Nishi et al,, Nucl. Instrum. Methods Phys. Res. B
317, 290 (2013).
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FPC board design for TOGAXSI silicon trackers

K. Higuchi,***? J. Tanaka,*! T. Uesaka,*! H. Baba,*! and K. Miki*? for the ONOKORO collaboration

We are developing the detector array TOGAXSIY
for realizing the ONOKORO project? at RIKEN. In
order to accurately measure the angles of particles
emitted from cluster-knockout reactions, it is neces-
sary to track the particles with silicon strip detectors
with good position resolutions. So far, we have per-
formed test experiments using a prototype detector®
and have established a detection and readout method
for light ions. As the next step, we designed an elec-
tronics board for the silicon detector array for TO-
GAXSI. In experiments with scarce radioactive isotope
(RI) beams, it is necessary to maximize the azimuthal-
angle coverage of the detector array covering the cylin-
drical liquid hydrogen target STRASSE® to ensure ad-
equate yields with limited beam intensity. Here, we re-
port the design of flexible printed circuit (FPC) boards
for detecting recoiled protons in cluster-knockout reac-
tions. In order to maximize the azimuthal-angle cov-
erage, six silicon detectors (HAMAMATSU S10938-
5847, size: 51.0 mm x 78.4 mm) are arranged in a
hexagonal shape as shown in Fig. 1. The distances
between the six detectors should be as short as pos-
sible. In addition, these detectors have 100-um strips
in the polar-angle direction with respect to the beam
axis. In terms of noise, it is essential to connect the
APV25s1%) chip, including a preamplifier circuit, to
the same circuit with short wiring (a capacitance of
5 pF or less). The input-pad spacing of the APV25s1
chip was 44 pum and was routed from a 100-um-pitch
silicon detector with a line-strip spacing of 22 pym. The
direction of signal readout is the direction in which the
hexagonal silicon detectors are adjacent, which inter-
feres with conventional planar printed circuit boards
(PCBs). Therefore, we adopted FPC boards that can

Fig. 1. CAD design of the silicon tracker of TOGAXSI.
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be bent 60° over a short distance between the silicon
detector and the APV25s1 chip and designed a circuit
that satisfies these requirements.

The readout circuit is accommodated radially in six
directions between the silicon wafers with respect to
the beam axis. The power supply and output signals
of the APV25s1 chip, and the connectors for supplying
voltages to the silicon wafer are arranged on the up-
stream side of the beamline in the circuit, taking into
account cable insertion/extraction and routing.

In addition, holes are created in the bottom of the
APV25s1 chip to ensure heat conduction and to ef-
ficiently radiate the heat generated by the 300 mW
consumed by one APV25s1 chip. The heat-connection
part of the FPC board is designed to be thermally con-
nected to the mounting frame. The frame is cooled by
a water-cooling pipe introduced into the vacuum.

It was simultaneously confirmed that the azimuthal-
angle coverage was maximized and that the require-
ments for the TOGAXSI silicon detectors, polar-angle
coverages of 36°-67° and 8°-30° and angular resolu-
tions of less than 3 mrad, were fulfilled as listed in
Table 1.

Table 1. Calculated estimates of the polar-angle accep-
tances, polar angle resolutions, and azimuthal-angle ac-
ceptances of silicon detectors for recoil protons and light

ions.

Recoil protons  Light ions
Polar-angle accept. 35.3°-67.5° 8°-30°
Polar-angle resolu. <2.3 mrad <2.0 mrad
Azim.-angle accept. ~65.8% ~T4.7%

At the time of reporting, the FPC board mentioned
above is being manufactured, followed by wire bond-
ing of the silicon wafer and mounting of the APV25s1
chip. We are also designing trapezoidal silicon wafers
and FPC boards for measuring light ions by cluster
knockout reactions.
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Study of the position dependence of the large GAGG(Ce) calorimeter

R. Tsuji,*"*? J. Tanaka,*? T. Uesaka,*? J. Zenihiro,*! Y. Kubota,*? K. Higuchi,***3 T. Sugiyama,*?
S. Kurosawa,** H. Baba,*? S. Takeshige,*> Y. Hijikata,*"*? S. Ogio,*! K. Yahiro,*! and T. Yano*!

A telescope named TOGAXSI array has been de-
veloped for proton induced cluster knockout mea-
surements of reactions with inverse kinematics in
ONOKORO project.n?) It consists of silicon strip de-
tectors and total energy calorimeters which detect
knock-outed cluster and the recoil proton. The re-
quirements of the calorimeter are high energy res-
olution (¢ ~ 1 MeV), durability for high count
rate (<100 keps) and large stopping power because
the knockout clusters which has high energy up to
250 MeV /nucleon are scattered in forward angle with
high count rate. We employed the large GAGG(Ce)
scintillator (35 x 35 x 120 mm?) which has high energy
resolution, high stopping power, fast response and no
hygroscopic nature.

In the pervious work, avalanche photo diodes which
size are 10 x 10 mm? are attached to GAGG(Ce) di-
rectly and the position dependence of the light output
is drastic (~30%).%) The behavior is similar to photon
collection efficiency which is mainly caused by solid an-
gle of photo sensor.*) The suppression of the position
dependence is necessary because it cause worse energy
resolution and linearity. We tested the light guide and
the photo diode (Hamamatsu, S3584-08) which has rel-
atively large effective area (28 x 28 mm?) to suppress
the position dependence as shown in Fig. 1.

The beam test was performed at QST HIMAC to
research the response such as energy resolution and
position dependence in new setup with proton and «
beams at 100-230 MeV /nucleon. The energy resolu-
tion for focused proton beam at 100 MeV is about
1 MeV (o). To measure the position dependence, the
proton beam at 100 MeV was defocused and tracked
by silicon strip detector. The definition of the coordi-
nate is shown in Fig. 1. The position dependence in y
and z direction is suppressed to less than 1% with the
new setup.

Figure 2(a) shows the position dependence in z di-
rection. The position dependence of left and right
light output is relatively small at the region far from
the each photo diodes. On the other hands, the light
output of them decrease and increase near the each
photo diodes. The photon collection efficiency ex-
plains this phenomenon. Figure 2(b) shows the re-
sult of the simulation of the photo collection efficiency
with Monte Carlo simulation. In this simulation, the
photons which are emitted isotropically from the des-

*1 " Department of Physics, Kyoto University
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*3  Department of Physics, Saitama University
*4 NICHe, Tohoku University

*5 Department of Physics, Rikkyo University
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GAGG(Ce)

light guide

Photo Diode

Fig. 1. The setup of GAGG(Ce) calorimeter.
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Fig. 2. The position dependence of the GAGG(Ce)
calorimeter.  (a) The light output measured with
100 MeV proton beam. (b) The photon collection effi-
ciency simulated with Monte Carlo method.

ignated point in the crystal are totally reflected at the
surface of the crystal and light guide and refracted at
the boundary of materials. The behavior of position
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dependence near the photo diodes is similar to the ex-
perimental results but the absolute value is not dupli-
cated. The light outputs of left and right photo diodes
matches at |z| < 30 mm in Fig. 2(a) and it supports
that effect of photon collection efficiency is small at
the region far from photo diodes. Another cause of
position dependence is the nonuniform composition of
the crystal such as concentration of the doped cerium.
The increase of the light output of both left and right
photo diodes around z = —10 mm can be caused by
this effect. In the new setup, the position dependence
in y and z direction is suppressed and the total position
dependence decreases under 4%. With the correction
with silicon strip detectors, the energy resolution can
be improved to under 1% for 100 MeV proton in this
data.
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Integration of VX2740B digitizer into babirl DAQ

S. Ogio,*! H. Baba,*? J. Zenihiro,*! R. Tsuji,*! and T. Yano*! for the ONOKORO Collaboration

We investigate cluster formation mechanism depen-
dent on isotope and the kind of clusters by (p, pX)
cluster knock-out experiments and inverse kinematics
reconstruction with TOGAXSI array,) which named
ONOKORO project.?) Tt is difficult that approximately
100 ch signals from TOGAXSI array are processed in
a conventional analog circuit and combined into out-
put triggers based (p, pX) kinematics. CAEN digitizer
VX2740B is a promising candidate to obtain data from
GAGG scintillators of TOGAXSI array, process complex
logic signals, and generate triggers.

VX2740B digitizer is an 125 MS/s ADC having 64
anal