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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 covers the activities conducted
during the Japanese fiscal year 2021 (i.e., April 2021 to
March 2022).

Masaaki Kimura launched a new laboratory,
“Nuclear Many-body Theory Laboratory,” in October
2021 to further strengthen nuclear theory activities
cooperating with experimental programs at Radioactive
Isotope Beam Factory (RIBF). Yoshitaka Hatta has
been appointed as Group Leader of Theory Group in
RIKEN BNL Research Center (RBRC) as of May 2021.

Two years have passed since restrictions on social
activities were first imposed due to the coronavirus
crisis. However, we are yet to know what changes the pandemic will bring for us in future.

The COVID-19 vaccination drive began in 2021 along with implementation of other measures to prevent the spread
of the virus. Although we managed to overcome a huge rise in the coronavirus cases last summer, we had to face the
spread of a new variant, Omicron, at the end of the year. The emergence of new variants of coronavirus counters the
effect of the vaccine. However, this cannot be prevented. Therefore, it is imperative to find ways to adapt to living
alongside the coronavirus.

Our society is progressively becoming polarized in the way people think: “virus” vs “vaccination,” “justice” vs
“Injustice,” “restriction” vs “ease,” “wealth” vs “poverty,” “authentic” vs “fake,” and “nation” vs “individual.” Because
science and technology always seek “authenticity,” according to me, the pandemic has not significantly changed how
science and technology is viewed. I believe that science and technology originate from curiosity and ideas of an
“individual” and its end goal is welfare of humanity. Consequently, I anticipate that science and technology connecting
“individual” with humanity will play a vital role despite the pandemic.

Many outstanding research results were obtained at RNC last year, some of which took less than a year since their
inception, while others were the fruition of research that took more than several decades. We will continue to strive to
contribute significantly to research, which we hope will yield results in future.

Eleven press releases were disseminated in FY2020. Selected strides made in 2020 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. It is noteworthy that these were achieved not only the in-house researchers and engineers in
RNC but also by collaborating users at RIBF, RBRC, and Rutherford Appleton Laboratory. “Measurement of neutron-
rich high-dense matter pressure,” published in Physical Review Letters is a result obtained with the STRIT TPC in the
SAMURAI magnet to give the information on equation-of-state in asymmetric nuclear matter. The heavy-ion beam
breeding successfully created a new type of Satsuma mandarin orange, which will have a huge impact on the orange
market in Japan. RNC has started delivering 2''At for an investigator-initiated trial at Osaka University Hospital for
refractory thyroid cancer.

Colleagues of RNC were awarded: Tomoko Abe for the “IAEA Women in Plant Mutation Breeding Award,” and
Ryo Taniuchi for “Inoue Research Award for Young Scientist.” “Young Scientist Award of the Physical Society of
Japan” was given to Tokuro Fukui, Junki Tanaka and Takumi Yamaga. Masaomi Tanaka was awarded the “RIBF
Thesis Award.” “Student Presentation Award of the Physical Society of Japan” and “2021 Symposium on Nuclear Data
Poster Presentation Award” were given to Akira Hirayama and Kenta Sugihara, respectively. The “2021 RIKEN
Awards” included the “EIHO Award,” which was given to Kazuhide Tsuneizumi ef al. “BAIHO Award” was given to
Tadaaki Isobe and Junki Tanaka, and “OHBU Award” to Momo Mukai and Minori Tajima.

SOV

Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science
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RNC'’s initiatives in the ImPACT program

The ImPACT Program

Since 2007, Radioactive Isotope Beam Factory
(RIBF) ! has been one of the world-leading heavy-ion ac-
celerator facilities for low-energy nuclear physics. RIBF
has contributed to the expansion of the nuclear chart by
producing more than 150 new isotopes and has provided
a multitude of opportunities to discover new phenomena
originating from high isospin asymmetry. In parallel to
such pure nuclear physics activities, a new and national
program of nuclear engineering was launched for social
benefits. In the period of 2014-2018, the program en-
titled “Reduction and Resource Recycling of High-level
Radioactive Wastes through Nuclear Transmutation”?)
was carried out as one of the InPACT R&D programs
conducted by the Cabinet of Japan.

Since Hideki Yukawa left the Japan Atomic Energy
Commission in 1957, the nuclear physics and nuclear
engineering communities have been separated in Japan.
The incident of the Fukushima Dai-ichi Unit in 2011,
however, impelled Japanese nuclear physicists to seri-
ously consider possible contributions to nuclear engi-
neering. In 2014, a demonstration experiment was per-
formed with RIBF. In this experiment, the inverse kine-
matics with energetic radioactive-isotope (RI) beams of
137Cs and ?°Sr was employed to study spallation reac-
tion to find an efficient reaction pathway for reduction
of the radioactivity.?) The experiment provided an op-
portunity to the physicists and engineers to work to-
gether. The potentials of RI beams at RIBF were also
demonstrated, and the fundamental reaction data ob-
tained with RI beams were found highly useful for de-
signing an accelerator-based transmutation system.

High-level radioactive waste has two main compo-
nents: long-lived fission products (LLFPs) and minor
actinides (MAs). The transmutation of MAs has been
studied in detail for the purpose of reprocessing spent nu-
clear fuel under the concept of using fast-breeder reactors
or accelerator-driven systems. The LLFP nuclides are
supposed to create risks in the geological disposal strat-
egy because their half-lives are much longer than those
of MAs. However, the transmutation of LLFPs has not
been studied extensively. Considering the present sit-
uation of R&D activities in the field of the radioactive
waste, the InPACT program was jointly proposed by the
nuclear physicists and engineers, to focus on accelerator-
based transmutation of LLFPs.

The ImPACT program emphasized on the “resource
recycle” of radioactive waste. Thus, 1°"Pd and %Zr were
highly prioritized as objectives. The program consisted
of five projects as follows:

Project-1: Development of separation and recovery
technologies,

Project-2: Production of nuclear reaction data and new

nuclear reaction control methods,
Project-3: Reaction theory modeling and simulation,

Project-4: Evaluation of the nuclear transmutation sys-
tem and development of elemental technologies, and

Project-5: Process design concept by nuclear engineers.

All the projects were managed coherently, and Project-2
and Project-4 were conducted by RIKEN Nishina Cen-
ter.

An overview of the activities in Project-2 and -4 is
presented in this article.

Transmutation Reactions for Accelerator System

To design an accelerator system for the transmuta-
tion, the possible reactions for the transmutation were
intensively discussed at an early stage of the InPACT
program.

First, we adopted nuclear reactions, not electromag-
netic reactions. In the case of nuclear reactions induced
by “hadron” particles, which interact strongly with LLFP
nuclei, several reactions, such as spallation, knockout re-
actions, are applied with reaction cross sections of the or-
der of 1 barn. Conversely, in the case of electromagnetic
reactions, the reaction candidate is only the photoab-
sorption process (v,n), and its cross section is approxi-
mately 0.2 barns for LLFPs. To induce the (v, n) reac-
tion, secondary high-energy photons, of which energy is
more than 10 MeV, should be produced by high-energy
electron beams through the bremsstrahlung process in a
converter material or through the inverse Compton pro-
cess with intense laser lights. However, the high-energy
photons are wasted to create the electron-positron pairs,
simply because the cross section of the pair creation is
10 barns, much higher than that of the photoabsorp-
tion. Thus, most of the electron-beam energy is wasted
in creating the electron-positron pairs, not in transmut-
ing LLFP nuclides significantly.

Next, several types of nuclear reactions were consid-
ered for transmutation and were categorized with respect
to transmutation throughput and reaction controllabil-
ity. The candidate reactions are spallation reaction, neu-
tron knockout reaction, such as (n,2n), and muon cap-
ture reaction. The spallation reaction induced by high-
energy proton- or deuteron-beams is very promising in
terms of throughput, but it is not excellent in terms of
controllability. When the spallation reaction is applied,
the beams are irradiated directly to LLFP materials,
and the target thickness is determined from the stop-
ping range of the beams. Higher energy beams lead to
thicker targets, and hence, the throughput is increased
as a function of beam energy. However, according to the
results obtained in Project-2, higher beam energy pro-
duces more nuclides as spallation products, because a

-S1 -



RIKEN Accel. Prog. Rep. 55 (2022)

higher energy beam deposits higher energy in the target
nuclei, and the higher deposited energy in the nuclei is
used to emit more protons and more neutrons from the
nuclei. Thus, in the case of the spallation reaction, the
optimal beam-energy should be carefully considered in
terms of not only the throughput but also the costs nec-
essary to treat radioactive nuclides produced in LLFP
materials after long-term irradiation.

The neutron knockout reaction is induced by high-
energy neutrons with energy more than 8 MeV. In the
case of even-odd separated LLFP, especially for the Pd
nuclides, the neutron knockout reaction has very high
reaction controllability. After the even-odd separation,
105Pd and 197Pd are left as nuclear waste (1°°Pd is a sta-
ble nuclide, and °7Pd is a long-lived one). The (n,2n)
reaction produces °4Pd and '°°Pd which are both sta-
ble, and (n, 3n) reaction also could be applied to produce
103pd and 19Pd. The 93Pd nuclide is not stable, but its
half-life is as short as approximately 17 days. The neu-
tron energy range appropriate for (n,2n) is 8-18 MeV,
and it gives the cross section of approximately 2 barns.
Higher energy neutron beams also induce (n,3n). The
high energy neutron beams could be created by high en-
ergy deuteron beams via breakup reaction. The broad
energy range of neutrons is very useful because this leads
to the generation of high flux neutron for transmutation.
The target thickness for the neutron knockout reaction
is determined from the mean-free path of the reaction,
which is of the order of 100 g/cm? in Pd metal.

The other reaction candidate is the negative muon cap-
ture reaction. The negative muon capture process also
has high reaction controllability. A negative muon is a
unique particle, which interacts electromagnetically and
can form a muonic atom where, like an electron, the neg-
ative muon is trapped by a nucleus. Then, the muon is
captured by a proton inside the nucleus by weak inter-
action, and the proton is converted to a neutron. The
capture probability per muon is almost 100% for Z >
40 nuclides, when the negative muons are implanted to
the material with Z > 40. Because s muon is approx-
imately 100 times heavier than an electron, the energy
transfer in the process is rather high, and a few neutrons
are emitted from the nucleus. Hence, the muon cap-
ture has reaction controllability for the proton number
and decrements the number by one. This feature of the
muon capture is very useful for chemical separation. In
the case of Pd with atomic number of 46, the products
are only Rh with atomic number of 45. Although the
negative muon is very promising in terms of controllabil-
ity, the production of a muon is rather energy consum-
ing; the production of one muon needs 5 GeV. A negative
muon is created through decay of a negative pion, and
the pion is created by a high-energy nuclear reaction, for
example, proton induced nucleus collision, in which the
proton energy should be higher than 300 MeV. The pion
production cross section highly depends on the energy
of beams and isospin of beams. Accelerator facilities for
muons, such as TRIUMF, PSI, RAL, and J-PARC, de-
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liver high-energy and intense proton beams with energy
of more than 500 MeV, and the target thickness is limited
to avoid pion capture in the target. These facilities are
not optimized for negative muon productions. Instead of
proton beams, deuteron beams can produce four times
more negative muons than proton beams because of the
isospin effects.

Negative muons are also useful to produce 14 MeV
neutrons via muon catalyzed fusion of d + ¢. In the pro-
cess, one muon can create approximately 100 14 MeV
neutrons. Thus, the energy cost for a 14 MeV neutron is
approximately 50 MeV. This value is smaller than that
in case of an accelerated deuteron beam inducing d + ¢
fusion, which is approximately 2 GeV.

Regarding the neutron capture process, it is noted that
neutron capture cross section for 197Pd is higher than 1
barn at a neutron energy below 100 keV and 10 barns at
10 €V to 1 keV. Thus, neutrons produced via spallation
reaction are also very useful for transmutation. In the
case of the even-odd separation scheme for the Pd nu-
clides, the neutron capture changes '°°Pd and '°7Pd to
106pd and '%8Pd, respectively, which are both stable nu-
clides. Thus, a combination of the knockout reaction and
neutron capture could lead to high throughput for trans-
mutation. Considering all the above, we have decided to
design an accelerator system for deuteron beams. The
deuteron beams are utilized for a variety of applications:
spallation reaction in direct irradiation as well as spalla-
tion neutron production, high energy neutron production
via the deuteron breakup reaction, and efficient produc-
tion of negative muons.

Nuclear Reaction Data with RIBF

Project-2 aimed to produce reaction data of the LLFPs
that could be evaluated and utilized as input for a sim-
ulation code as part of Project-3. As introduced in the
previous section, all the possible reactions for transmu-
tation were discussed: proton-, deuteron-, and neutron-
induced reactions and muon capture reactions.

In the case of direct irradiation of charged-particles
into an LLFP material, an energy-dependence study of
the reaction is quite important because of the stopping
power in the material. This argument is also applied
for the high-energy neutron-induced spallation reaction.
A challenge for the energy-dependence study is to build
a bridge over the Fermi energy; at a lower energy, the
collective natures of the reaction are dominant and at a
higher energy, the nucleon-based natures become domi-
nant.

According to the experiences in the previous experi-
ment of 37Cs and ?°Sr,?) the reaction study for proton-,
deuteron-, and neutron-induced reactions was conducted
in inverse kinematics at RIBF under a large domestic col-
laboration comprising the University of Tokyo, Tokyo In-
stitute of Technology, Kyushu University, Miyazaki Uni-
versity, Niigata University, and RIKEN. Compared with
the traditional activation method via normal kinematics
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Fig. 1. Reaction study for long-lived fission products at RIBF in the InPACT program. Major spec-

trometers such as, ZeroDegree, SAMURAI, and S

with stable beams and RI targets, the inverse kinematics
technique gives clear particle identification for reaction
products and easy control of RI beam energies for the
study of energy-dependence. In addition, we do not have
to prepare RI targets but stable-isotope targets, such as
protons and deuterons. All these advantages of inverse
kinematics result in reaction data of excellent quality at
RIBF.

As shown in Fig. 1, intense beams of LLFPs, such as
107pq and ?3Zr were produced at the in-flight separa-
tor “BigRIPS” via fission reactions with a uranium beam
accelerated at Superconducting Ring Cyclotron (SRC),
and then were delivered to three spectrometers (ZeroDe-
gree, SAMURAI, and SHARAQ), which were utilized
to identify and analyze the reaction products.’ ) Ze-
roDegree is suitable for inclusive measurements with rel-
atively heavy fragments. SAMURAI has a wide accep-
tance in both momentum and scattering angle for reac-
tion products. Hence, semi-exclusive measurements were
performed to detect reaction products as well as neutrons
in the projectile frame. At the SHARAQ spectrome-
ter, CNS, the University of Tokyo and RIKEN worked
together to develop an efficient deceleration scheme for
RI beams. A new device “OEDO” 1% was installed in
the SHARAQ beamline to control emittance growth by

HARAQ, were utilized.?)

transverse RF electric fields. An operation mode of
BigRIPS was developed to realize energy-decelerated
beams.'*'?) The combination of OEDO and energy-
decelerated beams successfully led to a reaction study
at an energy of 20 MeV /nucleon.

Enhancement of element production by incomplete fu-
sion reaction with weakly bound deuteron was observed
at 50 MeV /nucleon,”) as shown in Fig. 2, and the in-
cident energy was much higher than the energy scale of
complete fusion reaction. The reaction mechanism could
be applied to produce a higher Z element by increasing
the atomic number by 2 via heavy loosely bound nuclei
such as YBe and %He. Another highlight is a deduction
of neutron capture reaction via the Trojan horse method
with a low energy RI beam at 20 MeV/nucleon.13) In
future, the new method can be widely applied not only
for nuclear engineering but also for nuclear astrophysics.

All these data stimulated theoretical works, and the
JAEA nuclear data group developed a new data library
“JENDLE/ImPACT-2018” for proton- and neutron-
induced reactions up to 200 MeV /nucleon.!) The new
library has been built in as a package of PHITS simula-
tion code.'®

A test of 197Pd transmutation with macroscopic quan-
tities was conducted with normal kinematics by utilizing
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a low energy deuteron beam at the AVF cyclotron at
RIBF.'®) Almost 100% enriched °"Pd was prepared as
a target and irradiated for several days. After the irradi-
ation, the reaction products were identified from gamma-
ray and ICP-MS measurements. The production yields
were found consistent with PHITS predictions.'®)

Accelerator System

Project-4 proposes an accelerator-based transmuta-
tion system for LLFPs, and focuses on three objectives:
(1) to design an accelerator system with a possible trans-
mutation scenario, (2) to develop essential technologies
for a high-power accelerator system, and (3) to encour-
age ideas for new high-power and energy-saving acceler-
ators. Four activities by the RIKEN Nishina Center are
selected and briefly introduced.

Linear accelerator system ImPACT2017

Delivering high-energy and intense deuteron beams is
essentially important for the nuclear transmutation as
described in the second section. The next question is the
intensity of deuteron beams. In the existing facilities in
operation, the maximum intensity of proton beams is of
the order of 1 mA. As discussed in the InPACT project,
the beam intensity necessary for the transmutation is
at least 1 A, which is three orders of magnitude higher
than that of the present facilities. It should be noted that
1 A corresponds to approximately 1 mol/day. If all the
beams contribute to the transmutation, the throughput
would be approximately 100 g/day for the mass number
of 100, which corresponds to 36 kg/year.

To achieve a 1-A deuteron beam, we have made a
conceptual design for a linear accelerator system called
“ImPACT2017,”') as shown in Fig. 3. There are a few
key aspects of ImPACT2017. First, the system does not
start with a radio-frequency quadrupole (RFQ). Second,
the RF cavity of the linear accelerator is made as a single
cell. The RFQ device is convenient and widely employed
because a single RFQ device has three functions: beam
bunching, acceleration, and focusing. However, a small
beam aperture of RFQ (~1 c¢m) limits the beam current
due to the space charge effect. Thus, we must develop
other types of acceleration scheme, which is capable for
a large size beam. To accelerate a high-intensity beam,
we must supply high RF power to the cavities. A stan-
dard configuration has several cells in one cavity, and the
RF power is supplied to the cavity through RF couplers.
Each RF coupler has a limitation for transmitted power;
hence, many RF couplers should be attached to the cav-
ity. In this case, a multi-cell configuration may cause
problems in operation. Decrease the number of RF cou-
plers is significant for reasonable operation of the linear
accelerator, and we have decided to employ a single cell
configuration for the cavity. Further details of the new
idea are found in Ref. 17).
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and squares, respectively. Enhancement of the 1% 104 Ag
cross sections with deuterons is clearly observed at the
incident energy of 100 MeV, i.e., 50 MeV /nucleon for
deuterons.

RED of key technologies for high-power accelerator sys-
tem

As essential components for high power accelerator
systems, a superconducting RF cavity for low-velocity
charged-particles, material-free window-system for vac-
uum sealing, and liquid-target system for production
targets have been developed by the RIKEN accelerator
group.

R&D of a quarter-wave superconducting RF-cavity for
low-velocity charged-particles'® is essential to achieve
low power consumption and space-saving. A prototype
of the cavity was designed, constructed, and tested. The
cavity was successfully cooled down to 4 K with liquid
He, and acceptably high values of @ (~10°) and acceler-
ation electric field (up to 9 MV /m) were achieved. Based
on the experiences in this R&D process, the linear accel-
erator RILAC has been recently upgraded by installing
a similar type of superconducting RF-cavities.'®)

A plasma-window with a diameter of up to 20 mm was
developed as the material-free window system for vac-
uum sealing. The achieved pressure and the V-I char-
acteristics as a function of diameter were investigated.
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Detailed information can be found in Ref. 20).
The new idea of a target accepting the high intensity
beam was proposed and published as patent.?!)

Summary and Future Perspectives

The ImPACT program ran from 2014 to 2018 as the
first step in the nuclear transmutation of LLFPs and suc-
cessfully stimulated the interest of the nuclear chemists,
nuclear physicists, accelerator physicists, and nuclear en-
gineers in Japan. The program created new data as well
as new ideas. In the second step, it is necessary to iden-
tify R&D items and proceed. For example, the trans-
mutation scenario with high-energy neutrons still needs
nuclear reaction data with ?Tc and other nuclides. In
addition, 1-A Linac would be highly desirable. R&D for
a target to accept the very intense deuteron beam must
be conducted in the future. It should be noted that these
R&D can be linked to our future of pure nuclear physics,
where high intensity beams may become necessary. The
methodology of inverse kinematics can also be extended
to a reaction study for MAs.

In the program, as an alternative scenario, a trans-
mutation with 14 MeV neutrons produced via muon-
catalyzed fusion was also discussed; for which, an ef-
ficient production of negative pions has been proposed
with an FFAG accelerator.22) To promote further the
muon scenario, production cross sections of negative pi-
ons with a deuteron beam would be highly desirable. A
negative muon was also recognized as a charming parti-
cle that causes muon capture reaction and changes the
atomic number of nuclei capturing the muon. Based on
the muon capture reaction, a new application of muons
was proposed to produce the isotope **Mo for medical
use, where 2Tc in the waste is utilized as the substance
for 9°Mo production via muon capture.??) Experiments
of muon capture were organized at the facility of RCNP
Osaka University, RAL muon facility, and J-PARC. The
results are being published.242%)

The future role of nuclear reactors is being intensively
discussed in conjunction with the realization of a carbon-

RIKEN Accel. Prog. Rep. 55 (2022)

free society to avoid global warming. However, risk man-
agement in reactor operation has become a serious con-
cern since the Fukushima incident, and the cost of nu-
clear energy has increased. Regardless of the promotion
of or opposition to nuclear energy, the problem of high-
level radioactive waste needs to be solved because the
waste already exists. In Japan, approximately 18,000-
tons of spent fuel exists, and the location for the geo-
graphical disposal has not been decided. Mitigating the
risk of the waste is an important issue because this neg-
ative legacy should be left to posterity. Pure nuclear
physics is now playing an important role in realizing a
radioactive-waste free society.
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Investigation of a new production and separation technique for RI
beams at BigRIPS, “In-separator two-step method”

H. Suzuki,*! N. Fukuda,*! H. Takeda,*! Y. Shimizu,*! M. Yoshimoto,*! K. Yoshida,*! Y. Yanagisawa,*! and
H. Sato*!

A new production and separation method of neutron-
rich medium-heavy radioactive-isotope (RI) beams “in-
separator two-step method” was proposed, and its use-
fulness was investigated. The beam intensities of such
RIs produced by this new method are expected to be
higher than those produced by the standard method, in-
flight fission of a 233U beam, when its intensity reaches
the goal value of 2000 particle nA in the RIBF upgrade
project and RI-beam total rates are limited at 1 kHz by
data acquisition (DAQ).

In the standard method, as shown in Fig. 1(a), an
objective RI beam (e.g., 12®Pd) is produced by in-flight
fission at the FO Be target. When the magnetic rigidity
(Bp) of the first dipole is set at the momentum peak of
128Pd to maximize its yield, the total rate of the sec-
ondary beams becomes too high for DAQ or detectors
even with the current 238U-beam intensity of 80 particle
nA. To reduce the total rate below 1 kHz, the Bp setting
should be higher than the momentum peak. The '28Pd
yield decreases with such adjustment; however, the to-
tal rates can be decreased more efficiently. When the
primary-beam intensity increases in the future, this Bp-
setting shift should be larger. Thus, the 2Pd yield will
increase only by a factor of 9, although the ?*3U-beam
intensity will be 25 times larger than the current.

To produce the RI beams more efficiently within the
total-rate limit, the in-separator two-step method was
proposed, as shown in Fig. 1(b). The Be target is divided
into two at FO and F2 for the first and second reactions,
respectively. In the first step, less-exotic Rls (e.g., 133Sn
and neighboring RIs) relative to the objective RI are
produced and roughly separated. In the second step,
the objective RI is produced at the secondary target at
F2 and separated.

Secondary
target

neighboring

Fig. 1.

Schematics of RI-beam productions at BigRIPS. (a) Standard method.

Through a simulation, the '2®Pd yield with the new
method is expected to be ~3 times larger than that ob-
tained using the standard method with a 2000-particle
nA 238U beam and 1-kHz total-rate limit.

A test experiment was performed at BigRIPS. The
yield of 128Pd with the new method was measured with
2- and 3-mm Be targets located at FO and F2, respec-
tively, and 2- and 4-mm degraders at F1 and F5, re-
spectively. The RI beams along the central trajectories
in the first and second stages were 33Sn and '28Pd, re-
spectively. The measured '?®P (total) rate was 0.19 Hz
(1 kHz) per 2000 particle nA. For comparison, the 28Pd
yield obtained using the standard method was simulated
with the LISE*+ code.”) A 5-mm F0 Be target, 5-mm F1
degrader, and 1-mm F5 degrader were used. Here, the
sums of thicknesses of the targets and degraders were
the same in both the methods. The '2®Pd rate was esti-
mated to be 0.074 Hz per 2000 particle nA. From these
results, an improved setting with the new method was
obtained to produce ?®Pd, under the conditions of the
2000-particle nA 238U beam and the 1-kHz total-rate
limit.

The region in the nuclear chart where the new method
is favorable will be searched using the LISE*™ simula-
tion. However, we have found that some problems should
be solved to perform reliable simulations. First, the mo-
mentum distribution and yields of fission products from
2381 are not reproduced well. Second, the RI production
cross-sections from RI beams are not well known, except
for a '¥2Sn-beam case.?) For further investigation, such
basic data should be measured experimentally.

References
1) O. B. Tarasov, D. Bazin, LISE™™ site, https://lise.
nscl.msu.edu/lise.html.

2) H. Suzuki et al., Phys. Rev. C 102, 064615 (2020).

An objective RI beam is

produced from a 233U beam in one step. (b) New method, “In-separator two-step method.” An objective RI
beam is produced via less-exotic Rls with two targets in two steps.
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Three quasiparticle isomers in odd-even 159 161Pm: Calling for
modified spin-orbit interaction for the neutron-rich regiont

R. Yokoyama,*'*2 E. Ideguchi,*>*® G. Simpson,** Mn. Tanaka,*? Y. Sun,*® C. -J. Lv,*® Y. -X. Liu,*¢
L. -J. Wang,*” S. Nishimura,*® P. Doornenbal,*® G. Lorusso,*® P. -A. Séderstrom,*® Z. Y. Xu,*11*2 J. Wy, *10+8
T. Sumikama,*® N. Aoi,*>*® H. Baba,*® F. L. Bello-Garrote,*'? G. Benzoni,*'? F. Browne,*'4*® R. Daido,*!?
Y. Fang,*'® N. Fukuda,*® A. Gottardo,*16*17 G. Gey,*'8*8 S. Go,*! S. Inabe,*® T. Isobe,*® D. Kameda,*®
K. Kobayashi,*'® M. Kobayashi,*! I. Kojouharov,*?° T. Komatsubara,*?!*22 T. Kubo,*® N. Kurz,*?° I. Kuzi,*?
Z. Li,*10 M. Matsushita,*! S. Michimasa,*! C. B. Moon,*?* H. Nishibata,*!® I. Nishizuka,*® A. Odahara,*!°
Z. Patel,*8*25 S. Rice,*®*? E. Sahin,*'? H. Sakurai,*®*!! H. Schaffner,*?6-*8 L. Sinclair,*?6*® H. Suzuki,*®
H. Takeda,*® J. Taprogge,*?"*?8 Zs. Vajta,*?3 H. Watanabe,*?*8 and A. Yagi*1®

Nuclear properties of neutron-rich rare-earth nuclei
at Z ~ 60 could be the possible key to answer one
of the longstanding astrophysical questions: the forma-
tion of the A ~ 160 (rare-earth) peak observed in the
elemental abundance distribution. From the nuclear-
structure perspective, the formation of a peak in ele-
mental abundance originates in extra stability of local
nuclei. For example, in r-process, the neutron magic
number N = 82 and N = 126 are responsible for the
prominent abundance peaks at A =~ 130 and A =~ 195,
respectively. Mumpower et al. identified that the nu-
clear properties of nuclei at N = 100 are critical to
the rare-earth peak formation.? In the case of the de-
formed rare-earth nuclei, a large shell gap between Nils-
son single-particle orbitals stabilizes the nuclear shape
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Fig. 1. Excitation energies of the isomers in (a) ***Pm and
(b) **'Pm compared with the PSM calculation with the
modified Nilsson parameters.

at large deformation. Several theoretical works have
predicted the existence of the deformed shell gaps at
N =~ 100.%) Recently, a 6~ v(5/2[523] @ 7/2[633]) state
was discovered in '02Gdgg,) indicating the large shell
gap at N = 98.

The spectroscopic study on neutron-rich rare-earth
nuclei was performed at RIBF using the in-flight fis-
sion of 23%U®* beam. The delayed v rays were
measured using a Ge detector array, EURICA.Y Ac-
cordingly, we discovered new quasi-particle isomers in
159’161Pm98,100. The 3-gp isomers involve one quasi-
proton plus two quasi-neutrons near the Fermi surface
as shown in Fig. 1. A calculation employing the pro-
jected shell model (PSM)® was performed to under-
stand the isomers. The observation of the (17/2+) iso-
mers cannot be explained by the PSM calculation with
traditional Nilsson parameters. We demonstrate that
to explain the observation, the strength of the spin-
orbit interaction needs to be changed according to the
neutron number in exotic nuclei, as suggested by Liu et
al.%) Furthermore, we also confirmed that the reported
deformed shell gap at N = 98%) is present both in even-
even and odd-mass nuclei.

References

1) M. R. Mumpower et al., Phys. Rev. C 86, 035803 (2012).

2) S. K. Ghorui et al., Phys. Rev. C 85, 064327 (2012).

3) D.J. Hartley et al., Phys. Rev. Lett. 120, 182502 (2018).

4) P. A. Séderstrom et al., Nucl. Instrum. Methods Phys.
Res. B 317, 649 (2013).

5) Y. Sun, Phys. Scr. 91, 043005 (2016).

6) Y. X. Liu et al, J. Phys. G 47, 055108 (2020).



I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 55 (2022)

Pairing forces govern population of doubly magic **Ca from direct
reactions’

F. Browne,*! S. Chen,*?*!*3 P, Doornenbal,*! A. Obertelli,***?>*! K. Ogata,*5*” Y. Utsuno,*®%* K. Yoshida,*’
and the SEASTAR2017 Collaboration

In exotic nuclei, the proton-neutron attraction be-
tween orbits of the same angular momentum, but
different intrinsic spin directions (j> = ¢ + s and
j< = £ —s) can affect the evolution of single-particle
energies.!) Tensor-driven shell evolution is responsible
for the emergence of two non-canonical nuclear magic
numbers, N = 34 in **Ca? and N = 16 in 2*0.%) In
these nuclei a lack of m0f7/, and m0ds5/, occupation,
respectively, allows their neutron j. orbits to increase
through the absence of the tensor attraction.

Single-proton knockouts from the valence orbital of
#5F (240 plus one proton in 70ds,5) have shown a re-
duction of spectroscopic strength to the ground state
compared to expectation.®) The explanation of this
was due to the mixing of the neutron configurations re-
sulting from the tensor attraction between the w0ds
and v0ds 5 orbitals. In *>Sc (*Ca plus one proton in
70f7/2), a similar erosion of the N = 34 shell gap is
observed (e.g. Ref. 5)), therefore, a similar reduction
of spectroscopic strength as in 2°F might be expected.

A primary beam of "°Zn of intensity 240 particle nA
was accelerated to 345 MeV /nucleon and underwent
fragmentation on a 10-mm-thick °Be target. From the
secondary beam, ®>Sc isotopes were selected and trans-
ported to the MINOS LH, target system where they
underwent knockout reactions at ~200 MeV /nucleon.
Populated states of *Ca were measured through ~y-ray
detection with the DALI2*" array, and invariant-mass
spectroscopy through detection of residual nuclei and
their emitted neutrons in the SAMURALI set-up. Par-
allel momentum distributions were measured to deter-
mine the ¢-value of the knocked out proton.

Level energies were calculated from the nuclear shell
model employing the GXPF1Br interaction.?) Theoret-
ical cross sections to states were calculated from DWIA
estimates multiplied by shell model spectroscopic fac-
tors, which quantify the overlap of the °Sc and °*Ca
wavefunctions. A comparison between the observed
and predicted cross sections is shown in Fig. 1.

T Condensed from the article in Phys. Rev. Lett. 126, 252501
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Despite the shell model calculations showing a sig-
nificant amplitude of excited neutron configurations in
the ground-state of ®*Sc, removing the 70 f; /2 valence
proton populated predominantly the ground-state of
54Ca. This counter-intuitive result is attributed to the
off-diagonal matrix elements of the pairing interaction
leading to a dominance of the ground-state spectro-
scopic factor.®) Owing to the ubiquity of the pairing
interaction, this argument should be generally appli-
cable to direct knockout reactions from odd-even to
even-even nuclei.
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Fig. 1. (Top panel) Observed cross sections to states fol-
lowing the *>Sc(p, 2p) reaction. Above S,, the cross sec-
tions are shown at the energy centroids of fitted values
and likely represent contributions from several states.
States with conclusive ¢-value assignments are colored
accordingly, otherwise are black. (Bottom panel) Theo-
retical predictions of state energies and their population
cross sections. Contributions to cross sections from pro-
ton removals from the different orbitals are indicated.
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Structure of "B studied by the quasifree neutron knockout reaction’
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The halo structure of weakly bound nuclei has been
a topic of great interest in recent decades not only as a
novel phenomenon in itself, but also provides an impor-
tant terrestrial model system to study the correlations
and properties of dilute neutron-rich matter.?)

In the present work, we have studied the structure
of the halo nucleus "B by using the quasi-free (p,pn)
reaction. This study concerns a kinematically complete
measurement, combining the high-intensity beams pro-
vided by the RIBF and the state-of-the-art detector
instruments including the vertex-tracking liquid hydro-
gen target MINOS, in-beam ~-ray spectrometer DALI2,
and the SAMURALI spectrometer.?)

Shown in Fig. 1 is the relative-energy (FEy ) spec-
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Fig. 1. 6B Fo spectrum fitted with a sum of four reso-
nances (inset is a zoom-in view of the 0—-1 MeV region).

trum of B+n. It is well fitted using four 5B reso-
nances, after considering the experimental acceptance
and resolutions. For each state of 1B, the transverse
momentum distribution and production cross section
were analyzed by the distorted-wave impulse approxi-
mation (DWIA) reaction model.>) And the correspond-
ing 1515 and 0ds/2 spectroscopic factors of the knock-
out neutron were thus determined, giving a surprisingly
small 1s1 /5 component (~9%) in '"B.

Our finding of such a small 1s; /5 component and the
previously reported halo features in "B (e.g., Ref. 4))
can be well explained by the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc),”
revealing a definite but not dominant halo component in
I7B. Our result gives the smallest s- or p-orbital compo-
nent among known nuclei exhibiting halo features and
implies that the dominant occupation of s or p orbitals
is not a prerequisite for the occurrence of halo. The
halo component, whether or not dominant, results in a
distinctive diffused surface and, thus, manifests itself in
reactions sensitive to the surface properties.
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Probing the symmetry energy with the spectral pion ratiof

J. Estee,* 123 W. G. Lynch,*>*3 C. Y. Tsang,*?*3 J. Barney,*"*?*3 G. Jhang,*1*?*3 M. B. Tsang,*>*3
R. Wang,*? M. Kaneko,*!** J. W. Lee,*1*5 T. Isobe,*! M. Kurata-Nishimura,*' T. Murakami,*!*** H. Baba,*!
G. Cerizza,*!*2*3 N. Fukuda,*! B. Hong,*> T. Kobayashi,*® P. Lasko,*” J. Lukasik,*” A. B. McIntosh,*®
H. Otsu,*! P. Pawlowski,*” H. Sakurai,*! C. Santamaria,*"*? R. Shane,*? D. Suzuki,*! S. Tangwancharoen,*?
Z. G. Xiao,* S. J. Yennello,*®*10 Y. Zhang,*” for the STRIT Collaboration

and D. Cozma

Many neutron star properties, such as the proton frac-
tion, reflect the symmetry energy contributions to the
equation of state that dominate when neutron and pro-
ton densities differ strongly. To constrain these contribu-
tions at suprasaturation densities, we measure the spec-
tra of charged pions produced by colliding rare isotope
tin (Sn) beams of 270 MeV /nucleon with isotopically en-
riched Sn targets at RIBF.

Light charged particles, including 7~ and 7+, were de-
tected in the STRIT time projection chamber,"?) placed
inside the SAMURAI spectrometer.?) Charged parti-
cles were identified by their electronic stopping powers
dE/dxr and magnetic rigidities.?) We focus on the most
central collisions with the highest charged particle mul-
tiplicities while retaining good statistical accuracy, cor-
responding to impact parameters of b < 3 fm.")

Using ratios of the charged pion spectra measured
at high transverse momenta, we deduced the symme-
try energy constraints of 42 < L < 117 and 32.5 <
So < 38.1 MeV. We used the dcQMD semiclassical
quantum molecular dynamics model,”) which has pro-
vided reasonable predictions of the pion multiplicities
and ratios in the previous publication.?) By interpo-
lating the results of dcQMD calculations (typical ex-
amples are shown in Fig. 1) with various values for
L and Amj,,, i.e. the scaled difference between neu-
tron and proton effective masses, we fit the single ratios
SR(w~/7t) = [dM(7x~)/dpr]/[dM (7T)/dpr] for both
the neutron rich !32Sn+!?4Sn system and the nearly
symmetric 1%Sn+112Sn system at pr > 200 MeV/c,
where we could avoid complications arising from poorly
determined A baryon potentials. The results suggest
a representative symmetry pressure of Pgy, = 12 +
10 MeV/fm? at p/po = 1.5. These L values are smaller
than the values L = 206 4+ 37 and Sy = 38.3 &= 4.7 MeV
") extracted from a new measurement of the neutron skin
thickness of 2°5Pb,®) but close to the values 70 < L < 101
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Fig. 1. Single pion spectral ratios for **>Sn + '2*Sn (top) and
108Gn + 1128n (bottom) reactions. The curves are dcQMD
predictions from different L and Amy,, values listed in the
bottom panel. Taken from the published article.

and 33.5 < Sy < 36.4 MeV?) extracted from charge ex-
change reactions and elastic scattering.
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Rapidity distributions of Z = 1 isotopes and the nuclear symmetry
energy from Sn + Sn collisions with radioactive beams at
270 MeV /nucleon’

M. Kaneko,*"*2 T. Murakami,*"*? T. Isobe,*! M. Kurata-Nishimura,*! A. Ono,*® N. Ikeno,** J. Barney,*>
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Y. Zhang*!® for the STRIT Collaboration

Heavy-ion collisions at intermediate energies provide
a unique laboratory probe for the nuclear symmetry
energy at suprasaturation densities. A copious pro-
duction of light cluster nuclei is one of the distinc-
tive characteristics in this energy domain, and needs
to be understood for reliably extracting the symmetry
energy.!) This is because an explicit consideration of
cluster correlations in the collision dynamics may in-
fluence physical quantities sensitive to the stiffness of
the symmetry energy, such as the neutron-proton dy-
namics and the consequent charged pion ratio.?) Thus,
we measured the rapidity distributions of hydrogen iso-
topes emitted from head-on collisions of 32Sn + 124Sn
and 1%8Sn + 128 systems at 270 MeV /nucleon with
the STRIT time projection chamber®) installed inside
the SAMURAI magnet at RIBF.

The experimental results are compared with the
antisymmetrized molecular dynamics (AMD) calcu-
lations, and the measured rapidity distributions can
be reasonably reproduced by the model after adjust-
ing the in-medium two-nucleon cross section and the
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Fig. 1. Double ratio for the cluster-to-proton relative yield
in the *2Sn + !?YSn system divided by that in the
10881 + 1128n, and the AMD predictions for two cases
of the symmetry energy. Left: the deuteron-to-proton
double ratio (DRg/p). Right: the triton-to-proton dou-
ble ratio (DR;/p)-

bound phase space for A = 2,3 clusters. To investi-
gate the dependence on the symmetry-energy stiffness,
two cases of the symmetry energy with slope parame-
ters L = 46 MeV and L = 108 MeV were assumed in
calculations. Figure 1 presents the deuteron-to-proton
and triton-to-proton double spectral ratios (DR, and
DRy ) together with the AMD predictions. A posi-
tive slope of the rapidity-dependent double ratios in-
dicates a partial isospin mixing between the projectile
and target nuclei. Asshown in the right panel of Fig. 1,
the experimental DR/, supports the calculation with
L = 46 MeV, rather than L = 108 MeV. The adjust-
ments applied in calculations do not significantly in-
fluence DR/, and its symmetry-energy dependence.
To constrain the symmetry energy more accurately, a
more comprehensive set of data including global ob-
servables, e.g., collective flows, will be analyzed, and
a comparison with different models for deducing theo-
retical uncertainties is desired.
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Estimation of radiative half-life of 22°"Th by half-life measurement of
other nuclear excited states in 22°Tht

Y. Shigekawa,*! A. Yamaguchi,*>*3 K. Suzuki,** H. Haba,*! T. Hiraki,** H. Kikunaga,*®> T. Masuda,**
S. Nishimura,*! N. Sasao,** A. Yoshimi,** and K. Yoshimura*4

The first excited state in the 22Th nucleus (22™Th)
has an excitation energy of ~8 eV.1"4 This low-lying iso-
meric state allows the laser excitation and spectroscopy
of the nucleus, potentially leading to an ultraprecise op-
tical nuclear clock.?) This radiative half-life of 229 Th,
which determines the natural linewidth of the nuclear
transition between the ground state and 22™Th, is an
important parameter to estimate the performance of the
nuclear clock. The radiative half-life has yet to be deter-
mined experimentally; however, it can be estimated from
the reduced transition probabilities B(X ) of the inter-
band transitions between the 5/21([633] and 3/27[631]
rotational bands beginning with higher excited states
than 22 Th by applying the Alaga rule.%) The Alaga
rule states that the ratio of two B(X\) values for a pair
of intra- or inter-band transitions equals the ratio of the
squares of Clebsch-Gordan coefficients based on the as-
sumption of the separable rotational motion of a nucleus.
In this study, we measured the half-lives of the excited
states in the 5/27[633] and 3/2%[631] bands to determine
the B(X\) values required to estimate the radiative half-
live of 229mTh.

To determine the half-lives, we performed a coinci-
dence measurement between « rays and « particles emit-
ted from a 233U source, as described in Ref. 7). First, we
obtained the time trace of the 42.43-keV + rays follow-
ing the 4783.5-keV « particles (see Fig. 1 in this paper
and Fig. 2 in Ref. 7)). By fitting a single exponential
decay function convoluted with a Gaussian function to
the time trace, the half-life of the 42.43-keV state was
determined to be 169(4) ps, which is consistent with the
value of 172(6) ps reported previously.®) Next, we per-
formed fitting to the time trace of the 54.70-keV ~ rays
following the 4729-keV « particles, yielding a half-life of
103(12) ps. Moreover, by selecting the 97.14-keV + rays,
we obtained a half-life of 883(9) ps. From the weighted av-
erage of these values, the half-life of the 97.14-keV state
was determined to be 93(7) ps. In the same manner, the
half-life of the 71.82- and 163.25-keV states were deter-
mined for the first time to be 120(40) and 220(30) ps by
fitting to the time traces of the 71.82- and 66.12-keV -~y
rays following the 4754-keV and 4664-keV « particles,
respectively.

We derived the B(X \) values using the obtained half-
lives, experimental 4 branching ratios,’%1% mixing ra-
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Fig. 1. Energy levels of the ??°Th nucleus grouped into ro-
tational bands, as well as the a and ~ transitions used
for determining the half-lives of the excited states (units:
keV).

tios,>19 and internal conversion coefficients.'®'!) First,

for the intra-band transitions, we found that the B(M1)
and B(E2) values of the transitions starting with the
29.19-, 42.43-, 71.83-, and 97.14-keV states were con-
sistent with the values estimated from the Alaga rule.
By contrast, for the transitions starting with the 163.25-
keV state, the B(M1) and B(E2) values deviated from
the estimation based on the Alaga rule, as it often ap-
pears with increasing nuclear spins. Next, to investigate
the validity of the Alaga rule for the inter-band transi-
tions, we calculated the B(M1; 229" Th—22%Th) values
from the B(M1) values of the 29.19—0, 71.83—42.43,
and 97.14—71.83 keV transitions based on the Alaga
rule.  The values obtained from the 29.19—0 and
71.83—42.43 keV transitions agreed with each other
(0.014(4) and 0.013(4) pun?, respectively). This indicates
that the contribution of the Coriolis interactions is in-
significant and the Alaga rule is applicable for the inter-
band transitions between those low-spin states. The
weighted average of B(M1; 229mTh—2298Th) obtained
from these transitions was 0.014(3) px?2, from which
we estimated the radiative half-life of 2?2 Th to be
5.0(11) x 10% s
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Toward ab initio charge symmetry breaking in nuclear energy density
functionals?

T. Naito,*!*2 G. Colo,*3** H. Z. Liang,*"*? X. Roca-Maza,*>** and H. Sagawa*>*2

The parameter sets of energy density functionals
(EDFs) of the nuclear density functional theory (DFT)
are commonly determined phenomenologically to repro-
duce experimental masses and charge radii as well as
nuclear matter properties. To establish a link between
microscopic approaches and EDFs, an ab initio deter-
mination of the parameters of EDFs, as well as their
functional forms, is highly desired. To date, however,
a direct correspondence between ab initio and DFT re-
mains elusive. A sophisticated yet practical approach
to pin down the EDF parameters is to combine the ab
initio and phenomenological EDF calculations.

Even though the isospin symmetry breaking (ISB)
terms are small parts of the nuclear interaction, effects
of the ISB terms on nuclear properties have received at-
tention, while the ISB terms have often been neglected
in EDFs. The ISB interaction can be divided into two
parts: the charge symmetry breaking (CSB) and the
charge independence breaking (CIB) interactions.

Our aim in this study is to propose a comprehensive
methodology to determine the CSB terms in nuclear
EDFs adopting the ab initio results. We implement
the ISB terms in a Skyrme EDF to demonstrate our
methodology. We will show that the mass difference
of mirror nuclei AFE,,; and the neutron-skin thickness
AR, of doubly-magic nuclei calculated by ab initio
methods without and with the CSB terms, once they
are available, enable us to determine the CSB strength
in the EDF with an uncertainty of less than 6%, in-
dependently from other ISB forces such as CIB and
Coulomb forces.

The Skyrme-like CSB and CIB interactions read®)

Tz + T2z

150 (14+yoPs)d (r1 —2)

vesB (11, 72) =

T12T2z
2
respectively, where 7;, is the z-direction of the isospin
operator of nucleon i (i = 1, 2) and P, is the spin-
exchange operator. For simplicity, in the SAMi-ISB
EDF,? yy = 2y = —1 are chosen to select the spin-
singlet channel. The CIB strength uy = 25.8 MeV fm®
has been previously determined using the Brueckner
Hartree-Fock calculation of symmetric nuclear mat-

(1a)
(

vers (11, T2) = uo (14 20P5) 6 (r1 —7r2), (1b)

ter.23) The CSB strength sy = —26.3 MeV fm® has
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been determined to reproduce the isobaric analog en-
ergy of 208Pb.2) In this study, as uo has been already
determined microscopically, we propose a way to deter-
mine sy microscopically. Because the isobaric analog
energy is not available using ab initio methods at this
moment, we focus on alternative well-established ob-
servables: the nuclear radius and mass, which are more
easily accessible than any ab initio method.

The dependence of the mass difference of mirror nu-
clei 8Ca and *8Ni, AE; o, = B8 — ENi48 on the CSB
strength sg is shown in Fig. 1. For comparison, results
calculated with the original SAMi-ISB and experimen-
tal data (AME2020) are also shown using crosses and
horizontal lines, respectively. Remarkably, one can note
that AFy has a strong linear correlation to the CSB
strength sg, and the correlation is universal among the
functionals. Thus, the calculated results are fitted to
AFEiot = a — bsg. As seen in the figure, sg and AF;
are highly correlated (r = 1.000), and the slope b is
almost universal among Skyrme EDFs. Note that the
parameters a and b are determined with a 0.5% error.
Accordingly, among these functionals, the slope b devi-
ates within <6% around the average value of b. Thus,
once the ab initio results for AFE., calculated with-

out and with the bare CSB interaction, AE"/° “® and

CSB . .z .
AEZZ){ , are obtained, using b, we can determine sq

as —sp = (AE:;{ SB _AEY/e CSB) /b.  As the un-

certainty of b is <6%, the expected uncertainty of sq
is also <6%, assuming that the uncertainty associated
with the ab initio calculations is negligible.
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Total reaction cross sections in the island of inversion near N = 407

W. Horiuchi,*"*2 T. Inakura,*® and S. Michimasa**

A systematic analysis of the deformation phenom-
ena of Ti, Cr, and Fe isotopes is performed to under-
stand the nuclear structure in the “island of inversion” V)
near the neutron number N = 40. As large nuclear
deformations are expected in this mass region, we de-
scribe various nuclear deformations using the Skyrme-
Hartree-Fock method in the three-dimensional coordi-
nate space.?) A detailed analysis of the obtained nuclear
structure information not only the quadrupole deforma-
tion but also the hexadecapole deformation increases sig-
nificantly in the island of inversion. This is because of
the excess neutrons occupying elongated intruder orbits.
This characteristic is manifested as a change in the den-
sity distribution at the nuclear surface and can be ob-
served as a significant increase in the total reaction cross
section (oR).

Figure 1 plots the quadrupole (82) and hexadecapole
(B4) deformation parameters of Ti, Cr, and Fe isotopes
as a function of the neutron number N. The results with
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Fig. 1. Quadrupole (82) and hexadecapole (84) deformation
parameters of Ti, Cr, and Fe isotopes calculated with
SkM™ (closed symbols with solid lines) and SLy4 (open
symbols with dashed lines).
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Fig. 2. Total reaction cross sections of Ti, Cr, and Fe isotopes
calculated with SkM™ (closed symbols with solid lines)
and SLy4 (open symbols with dashed lines).

two Skyrme density functionals, SkM*? and SLy4,%
are shown. SkM™* predicts large quadrupole deforma-
tion for N > 34, which is consistent with empirical |fs]
values found in Ref. 5), while the SLy4 results show
less deformed ground states for those isotopes. We
find that the hexadecapole deformation also enhances
for N > 34 with SkM* owing to the occupation of the
[nn,A]Q2 = [330]1/2 Nillson orbit, where the hexade-
capole moment becomes the largest for the most pro-
lately elongated orbitals among the orbits belonging to
the same n, i.e., for n =n, and A = 0.

These different deformations are well reflected in the
density profiles near the nuclear surface and can be dis-
tinguished by total reaction or interaction cross section
measurements. Figure 2 displays the calculated o on a
carbon target at 240 MeV /nucleon of these nuclei. The
cross sections with SkM* are significantly larger than
those obtained with SLy4 for N = 36-40, where the
magnitudes of the nuclear deformations are quite differ-
ent. The difference is at most approximately 2%, which
is significant considering the precision of recent inter-
action cross section measurements was < 1%.% Such a
systematic cross section measurement is desired to clar-
ify the nuclear properties in the island of inversion near
N = 40.
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Asymmetry of antimatter in the proton’

Y. Goto,*! S. Miyasaka,*? K. Nagai,*?> F. Sanftl,*> Y. Kudo,*® Y. Miyachi,*®> K. Nakano,*!*? S. Nara,*3
S. Sawada,** and T. -A. Shibata*!*? for the SeaQuest Collaboration

The structure of the proton is a prototypical ex-
ample of a strongly coupled and correlated system
with quarks and gluons interacting according to quan-
tum chromodynamics (QCD). An essential feature of
QCD is its ability to create matter-antimatter quark
pairs inside the proton that exist only for a very short
time. Their fleeting existence makes the antimatter
quarks within protons difficult to study, but their ex-
istence is discernible in reactions in which a matter-
antimatter quark pair annihilates. In this picture of
quark-antiquark creation by the strong force, the prob-
ability distributions as a function of momentum for
the presence of up and down antimatter quarks should
be nearly identical, given that their masses are very
similar and small compared to the mass of the pro-
ton.)) Here, we provide evidence from muon-pair pro-
duction measurements that these distributions are con-
siderably different, with down antimatter quarks more
abundant than up antimatter quarks over a wide range
of momenta.

In the Drell-Yan process in hadron-hadron collisions,
a quark and an antiquark annihilate into a virtual pho-
ton, which decays into a lepton-antilepton pair.?) The
ratio of the Drell-Yan cross-section on a deuterium tar-
get to that on a hydrogen target has a direct sensitivity
to d(x)/u(x), where 4(z) and d(x) are the distributions
of up and down antiquarks in the proton, respectively,
as a function of the fractional momentum (z) of the
proton. The ratio d/u from the Drell-Yan process was
first reported by NA51 at CERN.?) This result is con-
sistent with the down antiquark dominance reported
in deep inelastic scattering by NMC at CERN.% The
Fermilab NuSea experiment® was able to measure the
z dependence of the down antiquark dominance with
an 800-GeV proton beam in the kinematic range of
0.015 < = < 0.35.

The Fermilab SeaQuest experiment was designed to
investigate the flavour asymmetry at higher x values
than NuSea with the newly constructed experimen-
tal apparatus. With a proton beam at an energy of
120 GeV, liquid hydrogen and deuterium targets, and
a focusing magnet of 10 Tm after the target region, the
experiment was optimized for the study of target anti-
quarks in the intermediate region, with z around 0.3,
by detecting muon (uTp~) pairs from decays of the
virtual photons produced in the Drell-Yan process.

Figure 1 shows the ratios d(z)/a(z) in the proton

t Condensed from the article in Nature 590, 561 (2021)
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Fig. 1. Ratios d(z)/u(x).

(red filled circles) with their statistical (vertical bars)
and systematic (yellow boxes) uncertainties extracted
from the present data based on next-to-leading-order
calculations of the Drell-Yan cross-sections.  Also
shown are the results obtained by the NuSea exper-
iment (open black squares) with statistical and sys-
tematic uncertainties added in quadrature. The trends
between the two experiments at higher z are quite dif-
ferent. No explanation has been found yet for these
differences. The horizontal bars on the data points
indicate the width of the bins.

The present data are reasonably described by the
predictions of the statistical parton distributions of
Basso et al.% (green band) and by the chiral effec-
tive perturbation theory of Alberg & Miller” (cyan
band), which are also shown in Fig. 1. These two cal-
culations emphasize rather different non-perturbative
mechanisms that lead to the differences in d(z) and
@(x). The present data show that d is greater than
@ for the entire x range measured in this experiment.
This provides important support for these and other
non-perturbative mechanisms of the QCD structure of
the proton that were disfavoured by the NuSea results.
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Gluon EMC effects in nuclear matter’

X. -G. Wang,*! W. Bentz,*? I. C. Cloét,*> and A. W. Thomas*!

The European Muon Collaboration (EMC) effect,
which refers to the observation that spin-independent
structure functions of nuclei differ from the naive sum
of structure functions of their constituents, is still
one of the most challenging topics in modern nuclear
physics. Previous calculations’) have demonstrated
that the Nambu-Jona-Lasinio (NJL) model, when used
as an effective quark theory of QCD to describe the
quark substructure of hadrons, successfully reproduces
the unpolarized EMC data across the periodic table.
The key mechanism is the in-medium modification of
the quark substructure of nucleons arising from scalar
and vector mean fields acting on the quarks. The same
framework was used to predict a significant medium
modification of the polarized structure functions - the
polarized EMC effect. An experiment at Jefferson Lab
is planned to measure this effect.?)

While the EMC effects associated with the quark
content of nuclei have been investigated extensively,
there have been very few studies of the nuclear mod-
ification of the gluon distribution or the “gluon EMC
effect.” Exploring such changes is one of the primary
scientific goals of the planned Electron-Ion-Collider
(EIC). In this work we focus on the gluon EMC ef-
fect within the framework of the NJL model and the
QCD evolution of parton distributions. By evolving
our medium modified quark distributions from the NJL
model scale (Q3 = 0.16 GeV?) to a scale of Q? =
5 GeV? by using the QCD evolution code of Ref. 3)
in next-to-leading order (NLO) and next-to-next-to-
leading order (NNLO), we generate the medium mod-
ified gluon distributions.

The solid lines in Figs. 1 and 2 show our previous re-
sults for the unpolarized EMC ratio FzAN/FQN and the
polarized EMC ratio gﬁj/ g1p in nuclear matter. Here
F5 is the average of proton and neutron unpolarized
structure functions in vacuum while Fj) is the same
quantity in nuclear matter, and gy, is the polarized
structure function of the proton in vacuum while gﬁa
is the same quantity in nuclear matter. The dashed
lines in Figs. 1 and 2 show the ratio gﬁ/gp for the
unpolarized case and Ag;‘ /Ag, for the polarized case.
Here g, (Ag,) is the unpolarized (polarized) gluon dis-
tribution in the proton in vacuum while g;,“ (Ag;?) is
the same quantity in nuclear matter.

It is clear from the figures that our analysis pre-
dicts for the first time a sizable gluon EMC effect, both
for the unpolarized and the polarized case. We finally
mention two points: First, our evolved NJL model re-

t Condensed from the article by J. Phys. G 49, 03TL01 (2022)
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Fig. 1. Unpolarized EMC ratios in nuclear matter for the
structure functions (solid line) and the gluon distribu-
tions (dashed line) as functions of the Bjorken variable
z in NLO. The empirical data points are from Ref. 4).
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Fig. 2. Polarized EMC ratios in nuclear matter for the
structure functions (solid line) and the gluon distribu-
tions (dashed line) as functions of z in NLO.

sults for all quark and gluon distributions agree very
well with the phenomenological results of the NNPDF
Collaboration.?) Therefore the assumption that at the
NJL model scale the gluons are frozen into the interac-
tions between quarks is not unreasonable. Second, we
obtain almost the same results by using the Q2 evo-
lution in NLO and NNLO. This reflects the fact that
a/4m, which is the relevant parameter for Q2 evolu-
tion, is sufficiently small to apply perturbative QCD
to models based on quark degrees of freedom.
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Production of highly charged calcium-ion beam using
high-temperature oven

T. Nagatomo,*! Y. Higurashi,*' J. Ohnishi,*! and T. Nakagawa*!

The calcium-48-ion beam is one of the indispensable
beams for studying light nuclei with excess neutrons.
Before the upgrade of RILAC with superconducting
(SC) acceleration cavities?) to provide calcium (Ca)
beams for experiments at RIBF, a Call*t beam was
extracted from a normal-conducting electron-cyclotron-
resonance ion source (ECRIS) with a low-temperature
oven as an evaporator of Ca,? accelerated by RILAC,
following which a Cal®* beam was produced through
a carbon-foil charge stripper. However, due to the up-
grade of RILAC, the charge stripper is no longer avail-
able, because the materials sputtered from the stripper
into the beam pipe are adsorbed on the cryogenic sur-
face of SC cavities, resulting in a serious reduction in
the acceleration voltage. Meanwhile, the ECRIS for
RILAC was also upgraded with the SC technology, and
the performance of the ion source has been improved
significantly. Therefore, we conducted a test to directly
extract Cal'%t ions from the new SC-ECRIS.

It is also necessary to reduce the consumption of the
Ca sample as much as possible because of the recent
worldwide shortage of *Ca samples. Various ovens
to evaporate Ca2 % were developed worldwide, but we
selected a high-temperature oven (HTO)%) because it
was able to achieve a high enough temperature to di-
rectly decompose the CaO sample. We tested whether
a Cal8T beam of sufficient intensity can be obtained
with a small Ca consumption using the HTO as the
evaporator.

The experiment was conducted using an SC-ECRIS
for RILAC (R28G-K).%7) The magnetic mirror was set
to the same field as that for the uranium-beam produc-
tion, which is suitable for producing multiply charged
ion beams. An ion-extraction voltage of 9.99 kV was
applied to fit to the case of “8Ca-ion acceleration. A
tablet-shaped CaO (natural Ca) sample, which was cal-
cined at 1000°C for 2 h in the ambient atmosphere, was
placed directly into a tungsten crucible of HTO, which
was surrounded by a molybdenum heat shield. In ad-
dition, by calcining with an HTO heating power below
200 W for 6 h in vacuum (~ 10~ Pa) in R28G-K, Hy0
and COg, which were contained in the CaO sample,
were completely eliminated.

High-intensity 4°Cal*-ion beams were successfully
extracted from R28G-K as a function of the total power
of microwaves at frequencies of 18 and 28 GHz to heat
the ECR plasma, as shown in Fig. 1. The ECR plasma
was stabilized by the Os support gas. The heating
power of HTO (Puyto) was changed from 300 W to
720 W, and the corresponding consumption rates (C.R.)

*1 RIKEN Nishina Center
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Fig. 1. Obtained *°Ca'®T-beam currents as a function of
the total power of the 18- and 28-GHz microwaves. The
red, black, and blue points show HTO heating powers of
600, 660, and 720 W, respectively.

are summarized in Table 1. The results clearly indi-
cate that C.R. depends on the transmission efficiency
through the accelerators and the beam lines, and we ex-
pect to provide a Ca-ion beam of more than 0.5 particle
1A on the target with a Ca consumption of 0.5 mg/h.
Furthermore, we plan to study other support gases such
as Ny and different crucible shapes to improve the ion-
ization efficiency to reduce the Ca consumption further.

Table 1. Total consumption of the CaO sample AW as a
function of the HTO heating power Puro and the op-
eration time At¢. The consumption rate (C.R.) was es-
timated from the ratio of the atomic weights of Ca and
0.

Puro(W) At(hours) AW (CaO, mg) C.R.(Ca, mg/h)

300. 167.0 6. 0.03

600. 71.3 23. 0.23

660. 40.6 29. 0.51

720. 18.6 20. 0.78
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First transport of unstable nuclei into SCRIT system

Y. Abe,*! T. Ohnishi,*! S. Ichikawa,*! A. Enokizono,*!*2 R. Ogawara,*!*3 K. Tsukada,*'**3> H. Wauke,*!*4
M. Watanabe,*! and M. Wakasugi*!*3

The electron-beam-driven RI separator for the SCRIT
(ERIS)Y at the SCRIT electron scattering facility? is an
online isotope separator system. It is used to produce
low-energy RI beams via photofission of uranium. This
year, we transported a pulsed !'37Cs beam, which was
produced by a surface-ionization ion source and using
ion-stacking and pulse-extraction systems,®%) into the
SCRIT system. We report the results obtained from the
experiments.

Details of the RI production method and the surface-
ionization ion source of the ERIS are reported in Refs. 4)
and 5). In the measurements, self-made 43 uranium car-
bide disks®) were used as production targets. The total
amount of uranium was approximately 28 g. We mea-
sured the production rate of Cs isotopes using a particle
identification (PID) system® located at the exit of the
FRAC? to estimate the rate of 37Cs, because the life
of 137Cs is extremely long to measure y-rays. In the
measurements, the electron beam power was adjusted to
approximately 1 W to reduce background events. The
target and the ionization chamber were heated to 1500—
2000°C by resistive heating. The electric currents ap-
plied to the ionization chamber and the target heater
were 120 A and 750 A, respectively. Ionized RIs were
extracted by the exit grid of the ionization chamber, ac-
celerated to 10 keV, and transported to the PID system.
PID was performed by measuring specific y-rays corre-
sponding to the decay of the RIs using a Ge detector.
The measurement process is reported in Ref. 7). Fig-
ure 1 shows the isotope dependence of the rate of Cs
obtained from the experiments. The mass dependence is
similar to the trend reported from the ALTO®), which is
expected to become flat for masses lower than 139. From
this result, the rate of 37Cs ion is estimated as approxi-
mately 1 x 10° atoms/s with an electron beam power of
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Fig. 1. Isotope dependence of rate of Cs. Electron beam
power is approximately 1 W. Total amount of uranium

is 28 g.
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1 W under the ionization chamber and target condition.

After adjusting the electric currents of the ionization
chamber and target heater to 150 A and 900 A, respec-
tively, the rate of the Rls increased by approximately one
order, and we transported the '37Cs beam to the SCRIT
system by monitoring it using Faraday cups in the beam-
line. To produce '37Cs ions, an electron beam was irra-
diated was at a power of approximately 15 W. The pro-
duced '37Cs ions were stacked in the ERIS with a 50 ms
stacking time. The pre-pulsed '37Cs ions were injected
into the FRAC and subsequently stacked and extracted
from the FRAC as a pulsed beam in a cycle of 1 s. The
pulsed 37Cs beam was successfully transported from the
FRAC to the SCRIT system with approximately 100%
transmission efficiency by carefully adjusting the opti-
cal parameters. Figure 2 shows the signal of the 137Cs
beam at the position monitor located at entrance of the
SCRIT device. The number of 137Cs ions transported to
the SCRIT system was 9.8 x 10% atoms/pulse. The yield
of 137Cs may be improved by optimizing the optical pa-
rameters from the ERIS to the FRAC and the stacking
conditions of the FRAC. It can also be increased by op-
timizing the temperature of the ionization chamber and
the target heater.

500

N

o

o
ey

w
o
o
—
~——

N
o
o

Voltage [mV]
N
8
o

0 kil Ll / La
v

" |
Lt Haad ) !

oy

A0 —%5 o o5 1 15 2

Time [ms]

Fig. 2. Signal of *"Cs beam at position monitor located at
entrance of SCRIT device.

The ERIS is almost ready for the world’s first electron
scattering experiment with unstable nuclei, which will
be conducted in the future.
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Performance study of wide dynamic range photon detection system
using Ge detectors for muonic X-ray spectroscopy

R. Mizuno,*! T. Ikeda,*? S. Go,*? T. Y. Saito,*! H. Sakurai,*!*2 M. Niikura,*! T. Matsuzaki,*? and

S. Michimasa

We are planning spectroscopy of the muonic atom of
heavy nuclei and muon-induced fission reaction. The
energy of muonic X rays of heavy elements, such as
actinides, is above 6 MeV.!") Therefore, we develop a
wide dynamic range X-ray and ~-ray detection sys-
tem to detect such high energy X-rays. Evaluations
of the detector’s efficiency and energy resolution are
required to understand the performance of the detec-
tor in a wide dynamic range. While standard ~-ray
sources can be used to evaluate detector performance
in low energy regions below 1.8 MeV, there are no
sources available for above a few MeV. Therefore, we
performed an experiment using the 992-keV resonance
in the 27Al(p, v)?®Si reaction, primarily because the re-
action emits several v rays over a wide energy range
from 1.5 to 10.8 MeV, and their energies and relative
intensities are well known.?)

The experiment was performed at the RIKEN Pel-
letron facility. The proton beam at 1 MeV irradiated
a 0.8-pum thick Al target. The energy loss of the beam
in the target was estimated as 36 keV. The target
thickness and beam energy were sufficient to induce
a 992-keV resonance and not excite the nearest reso-
nances at 937 and 1025 keV. The proton beam inten-
sity was approximately 300 nA, and the measurement
time was 6.5 h. The experimental setup is shown in
Fig. 1. The photon detectors in the system consist of
high-purity Ge detectors with high energy resolution.
Two Ge detectors, GMX80 (Ortec) and GX5019 (Can-
berra), were used for y-ray detection. GMXS80 and

\

Fig. 1. Photograph of the experimental setup. Two Ge

detectors were set next to the target and at an angle of

90-degrees to the beam.
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GX5019 are an n-type 80% coaxial detector and a p-
type 50% coaxial detector, respectively. The distances
from the target to the detectors were 5 cm (GMX80)
and 10 cm (GX5019), respectively. To suppress the
Compton component, the main background of the Ge
detector’s spectrum, BGO detectors were used as a
Compton suppressor. In this experiment, GX5019 was
surrounded by the BGO Compton suppressors to test
the performance of Compton suppression in such a
high energy region. Signals from the detectors were
acquired by a waveform digitizer (Caen V1730B).
The spectrum of the ~-ray energy acquired with
GX5019 after Compton suppression is illustrated in
Fig. 2. Figure 2 shows 13 y-ray peaks in 1.5-10.8 MeV
obtained more than 1000 counts for each peak for less
than 3% statistical accuracy. Single escape peaks (SE)
and double escape peaks (DE) were also observed in
the spectrum. Detailed analyses of the vy-ray spectrum
are carried out to estimate the Ge detectors’ photo-
peak efficiencies and energy resolutions. Accordingly,
we will discuss the performance of the photon detec-
tion system in a wide energy range below 10.8 MeV.
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Fig. 2. y-ray energy spectrum measured by GX5019 sup-
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511 keV to 10.7 MeV can be observed. In the spec-
trum, SE (DE) means single (double) escape peaks cor-
responding y-rays.
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Development of inspection system for bus extender cable of
RHIC-sPHENIX INTT detector

H. Imai,*!*6 Y. Akiba,*! D. Cacace,*?> K. Cheng,*® H. En’yo,*! T. Hachiya,*!** S. Hasegawa,*"*> M. Hata,**
T. Kondo,*” C. Kuo,*® H. -S. Li,*® R. -S. Lu,*® E. Mannel,*?> C. Miraval,*> M. Morita,*!*4 1. Nakagawa,*!
Y. Nakamura,*"*6 G. Nakano,*'*6 Y. Namimoto,*"** R. Nouicer,*? G. Nukazuka,*! R. Pisani,*> M. Shibata,*!*4
C. Shih,** M. Shimomura,** M. Stojanovic,*® Y. Sugiyama,** R. Takahama,*"** W. -C. Tang,*> M. Watanabe,**
and X. Wei*®

The sPHNEIX experiment is scheduled to begin
at Brookhaven National Laboratory (BNL) in 2023,
study quark-gluon plasma (QGP) by using a heavy-
ion accelerator.’). We have developed a long, high-
signal-line-density, flexible substrate cable to transmit
data from one of the tracking detectors, INTermediate
Tracker (INTT), to a downstream data-processing cir-
cuit board. The cable is called Bus Extender (BEX),
which is 111 cm long and comprises 124 signal lines
separated by a space of 130 pm.

After five years of research and development, the ca-
ble is meets the specifications required by sPHENIX in
terms of both mechanical and electrical performances.
However, there is one remaining technical issue, namely,
a poor yield rate (30-50%) in mass production mainly
due to dust contamination during signal-line pattern-
ing. The contaminated dust causes abnormal patterns
in the signal lines, which tends to result in either short
or broken signal lines. The anomaly used to be manu-
ally inspected using a magnifying glass during the pro-
totyping stage of the cable, which is not practical for
mass production because of the large area (a pattern
sheet accommodates four BEXs and the size is about
120 cm x 25 cm) to be inspected for 120 BEXs in to-
tal. The motivation of this study was to establish a
semi-automated process for pattern inspection.

For this purpose, we developed an inspection fixture,
which consists of a high-resolution microscope camera
on a moving aluminum frame, as shown in Fig. 1. The
aluminum base frame is set along the BEX signal line,
and the camera moves along the base frame, as shown
with the red arrow. A pattern image taken by the cam-
era is then analyzed using a pattern-recognition soft-
ware developed by us. The algorithm for anomaly de-
tection from the image is as follows. First, the color
image is converted to black and white. Next, the num-
ber of pixels for each line and space in a direction per-
pendicular to the signal lines is counted for both black
and white zones and fill number of pixel histograms,
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Fig. 1. Inspection fixture and camera for the signal-line pat-
tern of BEX.

respectively, to evaluate the mean and standard devia-
tions of the number of pixels as references. Finally, the
algorithm detects anomaly spots on the image, where
the pattern deviates by more than 50 from the refer-
ence. The process described above is repeated to scan
through the 111-cm-long signal lines. One of the abnor-
mal patterns detected with this algorithm is indicated
using the red circle in Fig. 2. This technique facilitated
inspections in mass production, which would have been
impossible otherwise.
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Fig. 2. Example of anomaly spot and histogram of signal-
line pattern detected by the algorithm.
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Simple cubic self-assembly of PbS quantum dots by fine ligand control?

J. Liu,*! K. Enomoto,*! K. Takeda,*! D. Inoue,*! and Y. -J. Pu*!

Colloidal quantum dots (QDs) have attracted substan-
tial attention due to their characteristic optoelectronic
properties based on the size confinement effect.!) They
are also known to self-assemble into highly ordered su-
perlattices.?) The geometry of such self-assembled QDs
has been explored to better understand the ensemble
effects on their optical and electrical properties.?) Ac-
cordingly, it is essential to prepare two-(2D) and three-
dimensional (3D) QD superlattices with different geom-
etry for their solid-state device applications.

Most colloidal quantum dots with a quasi-spherical
shape readily self-assemble into 3D face-centered cubic
(fcc) or body-centered cubic (bec) superlattices.*) In con-
trast, 3D simple cubic (sc) superlattices are difficult to
obtain from sphere-like QDs because of their relatively
low packing fraction of 0.52 and the low stability by en-
tropy.?) Therefore, sc superlattices have been expected
to have different optical and electronic properties from
other packing structures, and the quest has been on
to achieve 3D self-assembled sc superlattices. Here, we
achieve the selective control of the geometry of the quasi-
spherical PbS QDs in highly-ordered 2D and 3D super-
lattices: Disorder, sc, and fcc by selectively removing
the ligands from the QD surface through gel permeation
chromatography (GPC).

The uniform sphere-like PbS QDs with an average di-
ameter of 7.3 nm were synthesized. The QD sample was
purified once by precipitation/redissolution process prior
to the GPC process (before-GPC). In the GPC process,
the eluted QD solution was collected in 5 consecutive
portions (GPC-1 to GPC-5).

The thermogravimetric analysis (TGA) was carried
out to evaluate weight ratios of oleic acid (OA) lig-
ands bound to QD surface (Fig. la) which gradually
increase from GPC-1 to GPC-5. To further determine
the ligand density, the atomic Pb/S ratios of GPC-2 and
before-GPC were obtained from Rutherford backscatter-
ing (RBS) spectrometry in RIKEN Pelletron accelerator
facility (Fig. 1b).9) An average Pb/S ratio (1.27) com-
bined with TGA results was used for estimating the lig-
and density. The TGA results (Fig. 1¢) demonstrate that
the ligand density of the PbS QDs gradually increases
from GPC-1 (0.6 nm~2) to GPC-5 (7.1 nm~2) and that
the GPC method can precisely and continuously control
the ligand density of the PbS QDs. We also estimated
the ligand density by nuclear magnetic resonance spec-
troscopy. The obtained results are consistent with the
ligand density obtained from TGA (Fig. 1c).

Based on the difference in their ligand density, the 2D
self-assembly of these QDs was achieved by drop-casting
dilute solutions onto solid substrates. GPC-1-5 formed
2D superlattices with different and unique geometries.

t Condensed from the article in Chem. Sci. 12, 10354 (2021)
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Fig. 1. (a) TGA curves of before-GPC and GPC1-5; (b) RBS
spectra of GPC-2 and before-GPC; (c¢) Ligand density of
PbS QDs as a function of the GPC fraction; The scan-
ning electron microscopy (SEM) images of the supercrys-
tal surfaces for GPC-2 (d) and GPC-5 (e); inset: their
2D self-assembled TEM images and SEM images of 3D
supercrystals.

GPC-1 QDs showed a random assembly due to insuffi-
cient ligands on the QD surface. However, GPC-2 QDs
(inset of Fig. 1d) formed a square self-assembled geom-
etry without the fusion between QDs. Also, the GPC-2
QDs in the square superlattice are highly oriented along
QD [100] facets. The GPC-3-5 QDs with sufficient lig-
ands formed the hexagonal assemblies with non-oriented
facets (inset of Fig. le).

Furthermore, the long-range-ordered 3D self-assembled
supercrystals for GPC-2 and GPC-5 QDs were prepared
by solvent evaporation. GPC-5 QDs can form triangular
or hexagonal fcc supercrystals with a hexagonal arrange-
ment on the crystal surface (Fig. le). It is noteworthy
that GPC-2 QDs self-assembled in cubic supercrystals
with sc packing on account of finely controlled ligand
removal by GPC, which is usually difficult for quasi-
spherical QDs.

In this report, we develop GPC as a method to control
the ligand density of the quasi-spherical PbS QDs and
achieve the selective control of the geometry of QDs in
2D and 3D superlattices: Disorder, sc, and fcc. The pre-
cise control of QD self-assembled geometry is expected
to greatly improve the performance of next-generation
semiconductor devices and photocatalysis.
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Co-precipitation behaviour of single atoms of rutherfordium in basic
solutions’

Y. Kasamatsu,*! K. Toyomura,*' H. Haba,*? T. Yokokita,*! Y. Shigekawa,*! A. Kino,*' Y. Yasuda,*!
Y. Komori,*! J. Kanaya,*? M. Huang,*?> M. Murakami,*? H. Kikunaga,*> E. Watanabe,*! T. Yoshimura,**
K. Morita,*? T. Mitsugashira,*® K. Takamiya,*® T. Ohtsuki,*® and A. Shinohara*!

In heavy atoms, the relativistic effects are strong,
which would result in deviations of their chemical be-
haviours from those expected by simple extrapolation
of the characteristics of the lighter homologues.?) It
is very challenging to perform chemical experiments
on the heavy elements, because their nuclides are pro-
duced with extremely low production rates and tend to
decay rapidly; only one atom can be usually treated at
a time. Thus, rapid transportation system of the nu-
clear reaction products and automated chemical sepa-
ration apparatuses specialized for such elements are
needed. Chemical studies of heavy elements have
mainly been conducted by two-phase partition meth-
ods. In particular, the formation of fluoride, chloride,
nitrate, and sulfide complexes of Rf has been investi-
gated in solution chemistry.!)

We focused on a precipitation approach to study
heavy element chemistry. In a previous study, a co-
precipitation method with Sm, 10-20 pg, was devel-
oped, and the method was applied to various elements
using a multiple radiotracer source. The yields of
co-precipitate formed in solutions with several con-
centrations of ammonia (NHj) and sodium hydroxide
(NaOH) were determined for elements from various
groups in the periodic table.?) From the consistent co-
precipitation yields with their properties in hydroxide
precipitation and ammine complexation, it was con-
cluded that the hydroxide and ammine complexation
of heavy elements can be qualitatively investigated on
the basis of their co-precipitation behaviours with Sm.
Based on these findings, the purpose of the present
study is to investigate the co-precipitation behaviour
of Rf with samarium hydroxide and get an insight into
the properties of its hydroxide and ammine complex
formation.

261Rf was produced by the 24¥Cm(*#0, 5n) reaction
using the AVF cyclotron at RIKEN RIBF. '®Hf was
simultaneously produced to check the status of the
online filtration apparatuses? by monitoring Hf be-
haviour. After dissolution of the transported nuclear
reaction products in the dissolution apparatus, a basic

T Condensed from the article in Nature Chem. 13, 226 (2021)
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Fig. 1. The Y values of **'Rf and '®Hf (a) and those of
887y, 175Hf, and 2**Th (b).

solution (aq. NH3 or NaOH) was added to produce the
hydroxide precipitate. The co-precipitation yields, Y,
were determined from the radioactivity of precipitate
and total radioactivity.

The co-precipitation yields evaluated for 26!Rf and
169Hf are shown in Fig. 1(a). The yields of ®8Zr,
175Hf, and 228Th previously obtained? are also shown
in Fig. 1(b). The co-precipitation yields of *9Hf de-
termined in this study typically agreed with previously
obtained values for '"®Hf, suggesting that the online
experiment on 26'Rf was successful. In dilute OH~
solutions (aq. NHj3), the Y values of all the elements
were high (76-100%), suggesting predominant precip-
itation. This indicates that the chemical properties of
Rf allow for the formation of a hydroxide precipitate;
namely, we extrapolate that Rf would form a hydrox-
ide precipitate if in macro amounts. This behaviour
is typical of the hydroxides of group 4 elements, pre-
cipitation as M(OH),; (M** = metal ion of group 4
element). In addition, the yield of Rf in concentrated
NHj3 solution was not markedly lower than the yields
in other concentrations, suggesting that Rf does not
strongly coordinate with NHg3 molecules, similar to its
homologues. In concentrated OH™ solutions (NaOH),
the Y values of Zr and Hf decreased with increasing
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OH™ concentration due to the formation of hydrox-
ide complex ions such as [M(OH)5]~ and [M(OH)g]?~,
whereas the yields of Rf and Th remained high. In-
deed, the solubility products of [M(OH)s5]~ (log K5 =
[M(OH)s5]~ /[OH] ") for Zr, Hf, and Th are —3.6, —3.2,
and —b5.8, respectively, and this sequence is consistent
with their Y values obtained with 6.0 M NaOH. We can
deduce that log K5 of Rf would be lower than those of
Zr and Hf. Tt suggests a weaker tendency of Rf toward
hydroxide complexation than those of Zr and Hf.
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Sodium ascorbate protects 2! At-labeled antibodies from reactive
oxygen species damage'

S. Manabe,*1*2*3 H. Takashima,** Y. Koga,***> K. Onuki,*® R. Tsumura,** T. Anzai,** N. Iwata,**
M. Yasunaga,** Y. Wang,*” T. Yokokita,*” Y. Komori,*” D. Mori,*” H. Haba,*” H. Fujii,*® and Y. Matsumura**

Radioimmunotherapy (RIT) is synonymous with next-
generation antibody medication. a-particles are partic-
ularly suited to RIT on account of their potent linear
energy transfer (LET) and short path range. Among the
several a-emitter nuclei, 211 At is preferable to the rest
owing to its short half-life (7.2 h) and inability to yield
cytotoxic daughter isotopes during decay. Successful de-
livery of a-particles to the tumor site is a key requisite
for effective cancer treatment, which can be achieved by
using specific antibodies against tumor antigens.

We investigated 2'!At-labeled antibodies for cancer
therapy.!) Briefly, 2'*At, generated by the RIKEN AVF
cyclotron, was conjugated to trastuzumab, a therapeu-
tic antibody targeted against breast and stomach can-
cer. 2MAt was immobilized onto trastuzumab carry-
ing trimethylstannyl benzoate via an 2! At-Sn exchange
reaction, followed by purification using size-exclusion
column chromatography. However, using sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analyses, we discovered that the 2! At-labeled
trastuzumab thus obtained was damaged. Further, flow
cytometry revealed that the binding affinity of 2'!At-
labeled trastuzumab to human epidermal growth factor
receptor 2 (HER2) expressing SK-BR-3 cells was drasti-
cally compromised (Fig. 1).

We speculated that damage to the 2'! At-conjugated
antibodies may have been caused by reactive oxygen
species (ROS), that were generated from water radiol-
ysis by a-particles released from 2!'At. Consequently,
we established an ROS detection system based on the
chemiluminescence luminol assay. Aqueous 2!!'At solu-
tions tested positive in the luminol assay, thereby indi-
cating the presence of ROS. Further, the assay revealed
the quenching of ROS in the presence of 6 x 1072 mg/mL
sodium ascorbate.

211 At-labeled trastuzumab in the presence of more
than 6 x 1072 mg/mL sodium ascorbate was stable
as seen using SDS-PAGE analyses, and its binding
affinity was maintained. In addition, WST-8 assays
demonstrated more potent cytocidal effects of 2!'At-
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Fig. 1. SDS-PAGE showing damaged *'* At-labeled trastuzumab
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Fig. 2. Cytotoxic effects of 2! At-labeled trastuzumab.

labeled trastuzumab in the presence of sodium ascor-
bate, against high HER2-expressing SK-BR-3 cells than
those exerted by the immunoconjugate that was not un-
der the protection (Fig. 2). These results conclusively
demonstrated that quenching of ROS is essential for ef-
ficacious RIT. Moreover, the cytocidal effects seemed to
be dependent on the level of HER2 on the cancer cells.
Compared with free 21 At, 2! At-labeled trastuzumab
more efficiently killed SK-BR-3 cells, whereas the cyto-
toxicity was mitigated against MCF-7 cells that express
lower levels of HER2 (Fig. 2).

While the reducing agent L-cysteine demonstrated
similar ROS-quenching activity as sodium ascorbate,
others such as sodium hydrosulfite and maltose, had a
weaker effect.

We therefore conclude that 2'!'At-labeled antibodies
are damaged by ROS that are generated by the action
of 211 At on water. The presence of sodium ascorbate re-
sulted in the quenching of ROS, which prevented 2! At-
labeled antibody damage, and maintained its function.
The present data warrant further studies for develop-
ment of the above-described cancer therapy.

This manuscript has been condensed from the article
in ACS Omega. Figures are reproduced with permission
from American Chemical Society.
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Intratumoral administration of astatine-211-labeled gold nanoparticle
for alpha therapy’

H. Kato,*! X. Huang,*? Y. Kadonaga,*> D. Katayama,*' K. Ooe,*! A. Shimoyama,*? K. Kabayama,*?
A. Toyoshima,*? A. Shinohara,*® J. Hatazawa,** and K. Fukase*?*3

As a local radiation therapy for cancer and in ad-
dition to external irradiation with v-rays or X-rays,
the effectiveness of brachytherapy using a sealed X-
ray source for prostate cancer, breast cancer, uterine
cancer, head and neck cancer, and brain tumors is
well known. However, the invasiveness of the proce-
dure, extra-lesion displacement of the sealed radiation
source, or adverse effects caused by the leakage of X-
rays from radionuclides with a long half-life into adja-
cent organs are problematic issues. a-ray-emitting nu-
clides have a high linear energy transfer (LET) and rel-
ative biological effectiveness and are particularly toxic
to proliferating cells. Because of the short range of
a-ray emitters, normal tissues are minimally exposed
if the radiation sources are appropriately distributed.
211 At is a high-energy a-ray emitter with a relatively
short half-life and a high cytotoxicity for cancer cells.
Its dispersion can be imaged using clinical scanners,
and it can be produced in cyclotrons without the use
of nuclear fuel material.

211At-labeled gold nanoparticle
Au

AuNP
5 (A AUNP-S-mPEG
(/vs\Q,s S\
s+ Au-s

s

S nS
21 ALAUNP-S-mPEG , )

a

Intratumoral administration

Fig. 1. 2! At-labeled gold nanoparticles administered in-
tratumorally. a-ray caused DNA double-strand break
and kill the malignant cells.
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Fig. 2. The radioactivity distributions at 4, 19, and 42
hours after the administration of *'* At-AuNP-S-mPEG
are shown. Strong radioactivity was found at the trans-
planted tumor sites. No systemic accumulation of ra-
dioactivity was observed in any of the organs.

The objective of this study was to propose an effec-
tive nanoseed brachytherapy with significantly reduced
radiation exposure. In the present study, we investi-
gated the systemic and intratumoral distributions and
verified the antitumor effect of 2!! At-labeled AuNP ad-
ministered intratumorally (Fig. 1).

AuNP with a diameter of 5, 13, 30, or 120 nm
that had been modified with poly (ethylene glycol)
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Fig. 3. Changes in the tumor volumes of the C6 glial cells
after intratumoral administration (1.4+£0.4 MBq/tumor
for rats). The C6 gliomas treated with the 5 nm parti-
cles had the lowest growth rate, based on tumor size.
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methyl ether (mPEG) thiol and labeled with 2!1At
(11 At-AuNP-S-mPEG) were intratumorally adminis-
tered to C6 glioma subcutaneously transplanted into
rodent models. A part of 2''At used in this work
was produced in the 2°9Bi(a, 2n)?!t At reaction using
the RIKEN AVF cyclotron. After intratumoral ad-
ministration, 2''At-AuNP-S-mPEG became localized
in the tumor and did not spread to systemic organs
during a time period equivalent to 6 half-lives of 21 At
(Fig. 2). Tumor growth was strongly suppressed by
211 At- AuNP-S-mPEG without any critical side effects.
In the C6 glioma model, the strongest antitumor effect
was observed in the group treated with 2! At-AuNP-
S-mPEG with the smallest diameter of 5 nm (Fig. 3).

The intratumoral single administration of a sim-
ple nanoparticle, 2'! At-AuNP-S-mPEG, was shown to
suppress the growth of tumor tissue strongly in a parti-
cle size-dependent manner without radiation exposure
to other organs caused by systemic spread of the ra-
dionuclide.
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Activation cross sections of proton-induced reactions on
praseodymium up to 30 MeVT

M. Aikawa,*'*2*3 Y, Hanada,*?>*3 H. Huang,*?>*? and H. Haba*3

The medical radionuclide '4°Nd (Th )2 = 3.37d) is ex-
pected to be used as a 140Nd /14°Pr in-vivo generator for
positron emission tomography (PET).") It can be pro-
duced via charged-particle-induced reactions. Among
the possible production reactions, we focused on the
proton-induced reaction of !'Pr. A survey revealed
three experimental studies of the reaction for '4°Nd pro-
duction.? ¥ However, the experimental cross sections in
the literature are largely scattered. Therefore, we per-
formed an experiment to obtain the cross sections of the
141Ppy(p, 2n)11ONd reaction up to 30 MeV. The produc-
tion cross sections of 41:139mNd and 139Ce were also
determined.

We conducted an experiment using a 30-MeV proton
beam at the AVF cyclotron in RIKEN. We adopted the
stacked-foil activation technique and high-resolution
gamma-ray spectrometry to determine the excitation
functions. The target consisted of pure metallic thin
foils of 1'Pr (99% purity), *2*Ti (99.5% purity), and
2TAl (>99% purity), which were purchased from Ni-
laco Corp., Japan. The "#'Ti foil was used for the
nati(p, x)48V monitor reaction to assess beam param-
eters and target thicknesses. The 27Al foil was inter-
leaved to catch recoiled products. The side lengths and
weight of each foil were measured to obtain the aver-
age thicknesses. The measured thicknesses of the two
H4lpy natTj and 27 Al foils were 68.6 and 68.5 mg/cm?,
9.1 mg/cm?, and 2.2 mg/cm?, respectively. The large
foils were cut into small pieces of 8 x 8 mm? to fit a
target holder. Eighteen sets of the Pr-Al-Ti-Ti-Al foils
were stacked in the target holder, which served as a
Faraday cup.

The stacked target was irradiated with a proton beam
for 15 min. The average intensity and primary energy
of the beam were measured to be 201 nA and 30.2 MeV,
respectively. Energy degradation in the stacked target
was calculated using stopping powers obtained from the
SRIM code.”)

Gamma-ray spectrometry was performed using a
high-purity germanium detector. Each 4'Pr foil was
measured together with the next 27Al foil that caught
the recoiled products. The '4'Pr foils were measured
3-9 times to assess the decay curves of the products.
The cooling times were from 1.7 h to 31.9 d, and the
dead time was maintained below 7.5%.

Cross sections of the "' Ti(p, 2)*®V monitor reaction

T Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 508, 29 (2021)
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Fig. 1. Cross sections of the **'Pr(p, 2n)'*°Nd reaction with
the previous data® %) and the TENDL-2019 values.”)

were derived for comparison with the IAEA recom-
mended values.®) Based on the comparison, the thick-
nesses of the !Pr foils and the beam intensity were
corrected by +2% and —7% within the uncertainties.
The measured thicknesses of **Ti and 27Al were used
without any correction.

10Nd has the ground state (T, = 3.37 d) and the
metastable state at 2.221 MeV (T}, = 0.60 ms). The
isomer fully decays to the ground state via the I'T tran-
sition (IT: 100%). Because there are no measurable
gamma lines from '*°Nd, gamma rays with the decay
of M9Pr (T} /5 = 3.39 min) were instead measured un-
der secular equilibrium with the decay of “°Nd. Direct
production of °Pr during irradiation was negligible
because the cooling times were much longer than its
half-life. We measured the gamma line at 511 keV (I,
= 102%) emitted from the irradiated foils, which were
sandwiched between copper plates to force positron an-
nihilation. The result is compared with those of the
previous studies?* and the TENDL-2019 values” in
Fig. 1. Our excitation function is largely different from
those of the previous studies. The TENDL-2019 val-
ues slightly overestimate our experimental data below
23 MeV.
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Activation cross section measurement of alpha-particle induced
reactions on natural neodymiumf

M. Sakaguchi,*!*2 M. Aikawa,*3>*2 N. Ukon,*4*? Y. Komori,*?> H. Haba,*? N. Otuka,*>*? and S. Takécs*®

Some samarium radionuclides can be used for nu-
clear medicine. '*3Sm (T}, = 46.3 h) is a beta and
gamma emitter available to treat bone metastases.)
1459m (Ty/2 = 340 d) decays with the emission of low-

energy X rays, which is applicable in brachytherapy.?
These samarium radionuclides can be generated simul-
taneously in alpha-particle-induced reactions on natu-
ral neodymium. Highly accurate cross sections of the
reactions are indispensable for practical use. However,
there is only one previous experimental study on the
224 Nd (o, 2)1%3Sm reaction up to 26.2 MeV.?) Further,
the literature survey did not reveal any experimental re-
search on the " Nd(a, )'*°Sm reaction. Therefore, we
measure the cross sections of the alpha-particle-induced
reactions on natural neodymium up to 51 MeV.

The experiment was performed at the RIKEN AVF
cyclotron. The stacked-foil activation technique and
high-resolution gamma-ray spectrometry were adopted
for the experiment. The target consisted of pure metal
foils of ®*Nd (99.0% purity, Goodfellow Co., Ltd., UK)
and "Ti (99.6% purity, Nilaco Corp., Japan). The
thicknesses of the ***Nd and "#*Ti foils were 16.7 and
2.35 mg/cm?, respectively, which were deduced from
the measurement of their weights and surface areas.
Twenty-one Nd and fourteen Ti foils were arranged in
seven sets of Nd-Nd-Nd and Ti-Ti pairs. The second
and third Nd foils and the second Ti foil of each pair
were assumed to compensate the recoiled products. The
124 T foils were inserted for the " Ti(a, ) Cr monitor
reaction to assess the measured beam parameters and
target thicknesses.

The stacked target was irradiated with an alpha-
particle beam for 60 min. The measured beam energy
and intensity were 51.1 4+ 0.2 MeV and 172 nA, respec-
tively. Energy degradation through the stacked target
was calculated using the SRIM code.*) The gamma-
ray spectra were acquired for the recoil-compensated
foils by an HPGe detector without chemical separation.
Measurements were performed several times after cool-
ing from 0.7 h to 4.0 d to follow the decay of the pro-
duced radionuclides with different half-lives. The dis-
tances between the foils and the detector were adjusted
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Fig. 1. Excitation function of the "**Nd (e, z)'**Sm reaction
compared with the TENDL-2019 data.%) No experimen-
tal data published earlier was found in a survey.

to keep the dead time less than 5%.

The derived cross sections of the ®#'Ti(a, ) Cr
monitor reaction were compared with the TAEA recom-
mended values.?) The observed shift on the energy scale
was corrected by changing the thickness of the Nd foils
by —1.5% within its 2% uncertainty to 16.4 mg/cm?.
No additional adjustments were adopted for the data
analysis to determine the cross sections of the alpha-
particle-induced reactions on natural neodymium.

145Sm (T3 /2 = 340 d) can be produced in (o, zn) re-
actions on the stable isotopes of 142:143,144,145,146Nq
below 51 MeV. The gamma line at 61.2265 keV (I,
= 12.15%) emitted with the decay of *°Sm was mea-
sured after cooling for 1.4-4.0 days. The net counts
of the gamma line were corrected by +8.4% because
of the self-absorption effect in the "*'Nd foils. The
cross sections of the "#'Nd(a,z)'%Sm reaction were
derived from the corrected net counts. The result is
shown in Fig. 1 in comparison with theoretical values
from the TENDL-2019 library.®) The TENDL-2019 val-
ues are almost consistent with our experimental data.
Activation cross sections for other radionuclides °3Sm,
151,150, 149, 148m, 148g, 144, 143pyy, and 149, 147N were also

determined.

References

1) 1. G. Finlay et al., Lancet Oncol. 6, 392 (2005).

2) R. G. Fairchild et al., Phys. Med. Biol. 32, 847 (1987).

3) S. Qaim et al., Radiochim. Acta 95, 313 (2007).

4) J. F. Ziegler et al., Nucl. Instrum. Methods Phys. Res.
B 268, 1818 (2010).

5) A. Hermanne et al., Nucl. Data Sheets 148, 338 (2018).

6) A. J. Koning et al., Nucl. Data Sheets 155, 1 (2019).

- 529 -



RIKEN Accel. Prog. Rep. 55 (2022)

I. HIGHLIGHTS OF THE YEAR

Argon-ion-induced mutations in Arabidopsis EGY1 gene affect
chloroplast development in leaf guard cells?

A. Sanjaya,*! R. Muramatsu,*! S. Sato,*! M. Suzuki,*! S. Sasaki,*! H. Ishikawa,*! Y. Fujii,*! M. Asano,*!
R. Itoh,*? K. Kanamaru,*? S. Ohbu,** T. Abe,** Y. Kazama,***5 and M. Fujiwara*1*4

Leaf tissues of higher plants such as Arabidopsis
thaliana contain chloroplasts in the mesophyll and epi-
dermis. Until now, it has been indicated that there
exists a tissue- or cell-type-dependent control of chloro-
plast division in leaves. This raises a fundamental ques-
tion about the control of chloroplast development in the
leaf epidermis, or, more specifically, whether chloroplast
biogenesis-related factors in leaf mesophyll cells play an
equivalent role in the leaf epidermis.

To address this issue, we examined the phenotype
of leaf epidermal chloroplasts using two argon ion
irradiation-derived, pale green mutants of A. thaliana,
Ar50-33-pgl and Ar-28-pgl (egyl-4)."® Both repre-
sent loss-of-function mutants of the Ethylene-dependent
Gravitropism-deficient and Yellow-green 1 (EGY1)
gene, which encodes a thylakoid membrane-localized
protease for chloroplast development in the meso-
phyll.*) Moreover, the defects in the thylakoid structure
and pigmentation in the mutant mesophyll chloroplasts
are known to be pronounced during the later stages of
leaf (seedling) development.3%)

Fluorescence microscopy observations indicated se-
vere chlorophyll deficiency in the chloroplasts of leaf
guard cells and guard mother cells of egy? (Fig. 1).
This finding was in contrast to that observed in mes-
ophyll cells, which retained a considerable amount of
chlorophyll. Labeling of plastids with stroma-targeted
fluorescent proteins revealed that egyl guard cells con-
tained a normal number of plastids; however, their size
was moderately reduced compared to those of the wild-
type guard cells (Fig. 1). Transmission electron mi-
croscopy further revealed that, in the egy! chloroplasts,
thylakoid development was impaired not only in mature
guard cells but also in the guard mother cell (Fig. 2).
Thus, the disorganization of the thylakoid structure and
the reduction in the chlorophyll contents showed a pos-
itive correlation.

Collectively, these observations demonstrate that
EGYT1 is critical for chloroplast differentiation in guard
cells: egyl guard cell chloroplasts apparently exhibit
permanent defects, starting from their development.
This prompts a revision to the current understanding of
chloroplast development, which has been based mainly
from on studies using mesophyll cells.

t Condensed from the article in Plants 10, 1254 (2021)
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Fig. 1. Fluorescence microscopy images of chloroplasts dur-

ing guard cell development in Ar50-33-pgl expressing
a stroma-targeted GFP. Bright field (DIC), chlorophyll
autofluorescence (chl), and GFP images of leaf epidermis
from 18-day-old seedlings are shown. Bar = 10 pm.

Wild-type Ar50-33-pgl

Fig. 2. Transmission electron microscopy analysis of chloro-
plasts in dividing guard mother cells of expanding leaves.
Primary leaves of 10-day-old wild-type and Ar50-33-pgl
plants were analyzed. Guard mother cells (A) and the
chloroplasts therein (B). cp, chloroplast; n, nucleus; s,
starch; v, vacuole. Bar = 2 um (A) and 0.5 pm (B).
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RI beam production at BigRIPS in 2021

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

Radioactive isotope (RI) beam production at the Bi-
gRIPS fragment separator®) in 2021 is presented here.
Table 1 summarizes the experimental programs that
involved the use of the BigRIPS separator in this pe-
riod and the RI beams produced for each experiment.

In the spring beamtime, the 233U beam campaign
was conducted in the first half, followed by the light-
ion beam campaign in the second half.

The 238U beam campaign started in April. A
807Zn beam was produced for a HiCARI experiment
using ZeroDegree spectrometer to study ~-ray spec-
troscopy in the vicinity of double-magic "®Ni. Dur-
ing this experiment, mass measurements with a multi-
reflection time-of-flight mass spectrometer (MRTOF-
MS) located downstream of ZeroDegree spectrometer
were performed symbiotically. “4Ni, "Ni, and “SNi
beams were produced for mass measurements using
the Rare RI Ring. Two BRIKEN experiments were
then conducted. A '5%La beam was produced to mea-
sure masses, half-lives, and [-delayed neutron emis-
sion probabilities. An 2°20s beam was produced to
study [-decay spectroscopy in the vicinity of the N =

126 closed shell. The symbiotic MRTOF-MS experi-
ment was performed again during these BRIKEN ex-
periments. At the end of the 233U campaign, two ma-
chine studies were performed; an in-separator two-step
method to produce and separate neutron-rich mid-
heavy RI beams with a !33Sn beam? and an automa-
tion tuning of the primary beamline using a machine
learning technique with a 233U primary beam.

The light-ion beam campaign was started in May.
In the first two experiments, search for the double
Gamow-Teller giant resonances (DGTGR) in S8-decay
with a '2C primary beam and high precision spec-
troscopy of pionic atoms with a 2H primary beam, the
BigRIPS FO0-F5 section was used as a spectrometer in
the dispersion matched operation to analyze the mo-
mentum of ejected particles produced at the FO target.
8Li, °Li, '°Be, !?B, and 3He beams produced with
the 12C primary beam were used for the ion-optical
tuning and detector setup for these experiments. The
DGTGR experiment was performed with 1B and '>Be
settings. After switching to the 2H primary beam, the
pionic atom experiment was performed with the >He
setting.

Table 1. List of experimental programs with RI beams produced at the BigRIPS separator in 2021.
Primary beam (Period) Proposal No. Spokesperson Course RI beams
NP1912-RIBF181-02 R. Taniuchi ZeroDegree  39Zn
PE21-01 M. Wada ZeroDegree  (symbiotic)
nsy NP1612-RIRING02-02 A. Ozawa Rare RI Ring  7*Ni, 7Ni, "Ni
345 MeV/mucleon NP1612-RIBF148-07 G. Kiss ZeroDegree  °La
(Apr. § - May 5) NP1712-RIBF158-02 J. Wu ZeroDegree  2%20Os
’ PE21-02 M. Wada ZeroDegree  (symbiotic)
MS-EXP21-01 H. Suzuki ZeroDegree  '¥3Sn
MS-EXP21-03 T. Nishi BigRIPS (primary)
C NP1712-RIBF141R1-01  T. Uesaka ZeroDegree  SLi, °Li, °Be, ?Be, 1B
250 MeV/nucleon
(May 20 — May 29) NP1912-RIBF135R1-01 K. Itahashi BigRIPS He
H
250 MeV/nucleon NP1912-RIBF135R1-02 K. Itahashi BigRIPS He
(May 31 —Jun. 9)
‘He NP1712-SHARAQI11-01 K. Miki SHARAQ H
200 MeV/nucleon MS-EXP21-06 S. Michimasa SHARAQ *H
(Jun. 12 — Jun. 21) MS-EXP21-07 K. Yoshida BigRIPS *H
DA21-04-02 H. Otsu ZeroDegree  (BigRIPS tuning only)
NP2012-RIBF199-01 M. Wada ZeroDegree  2®Re
28y NP2012-RIBF202-01 M. Rosenbusch  ZeroDegree ~ Ni
345 MeV/nucleon INSPECTION21-03 K. Tanaka BigRIPS 5Zn
(Nov. 20 — Dec. 3) NP1712-RIBF166-05 T. Sonoda PALIS YIBj
NP1712-RIRINGO1R1-02  S. Naimi Rare RIRing '2*Pd, '»Pd
NP2012-RIBF202-02 M. Rosenbusch  ZeroDegree ~ °Ni

*1  RIKEN Nishina Center
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After switching to a *He primary beam, a search
for three-neutron resonant states was performed with
a 3H beam. A machine study for the development of
a dispersion matched beam transport of the OEDO
beamline was conducted using another *H beam set-
ting. At the end of the light-ion beam campaign, a
machine study was conducted with the two *H beams
and the *He primary beam to investigate the vertical
(Y) axis misalignment.?)

In the autumn beamtime, the 23%U campaign was
conducted again from November. During the BigRIPS
tuning, the performance of a newly developed ioniza-
tion chamber specialized in high-Z beams installed at
F7 was examined with the 23U primary beam.® The
productions of an 23"Np beam and a reduced-energy
uranium beam were also tested. Two MRTOF-MS ex-
periments were then performed in 2°3Re and "Ni cen-
tered beam settings, respectively. A facility inspec-
tion was conducted using a “°Zn beam. A PALIS
experiment was then performed with a '9'Bi beam,
and a Rare RI Ring experiment was conducted with
124pd and '?°Pd beams. The auto-focusing and auto-
centering systems were tested® in the BigRIPS tun-
ing for the next MRTOF-MS experiment. During the
MRTOF-MS experiment with the ”’Ni beam, a serious
problem occurred on the refrigerator of the BigRIPS
separator making it inoperable. The remainder of the
scheduled experiments were therefore canceled.

RI beam production at BigRIPS from the start
of operation in March 2007 is summarized in our
database® available at https://ribeam.riken. jp/ .
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Status of the mass measurement of neutron-rich nuclei at A ~ 50-60
using SLOWRI/ZD-MRTOF

S. Timura,*1*2*3 M. Rosenbusch,*3 A. Takamine,*! D. Hou,***3*> M. Wada,*® S. Chen,*3*6 J. Liu,**
W. Xian,*3*6 S. Yan,*"*3 P. Schury,*? S. Kimura,*! T. Niwase,*®*1*3 Y. Ito,*® T. Sonoda,*! T. M. Kojima,*!
Y. X. Watanabe,*® S. Naimi,*! S. Michimasa,*!? S. Nishimura,*! A. Odahara,*? and H. Ishiyama*!

An RF carpet-type helium gas cell combined with
an MRTOF mass spectrograph, the ZD-MRTOF, has
been installed downstream of the ZeroDegree spectrom-
eter at the RIBF and is under operation as a collabo-
ration between the RNC and KEK/WNSC. Mass mea-
surement using the ZD-MRTOF can be performed par-
asitically during other experiments at BigRIPS. Dur-
ing experiments for gamma-ray spectroscopy (HiCARI
campaign), the first online commissioning of the system
and mass measurements of neutron-rich nuclei were per-
formed symbiotically using the ZD-MRTOF system."2)
The detailed experimental information including the ex-
perimental setup is available in other papers.> % Over-
all, masses of more than 70 isotopes have been measured
successfully. We have completed the analysis and deter-
mination of masses of the measured isotopes.

Figure 1 shows an example of a measured TOF spec-
trum for isobars with A = 56. The ZD-MRTOF yielded
a mass resolving power of approximately 500,000 dur-
ing the online commissioning, resulting in high precision
mass determinations.

At approximately A = 50-60, the masses of 15 ra-
dioactive neutron-rich nuclei have been determined. Fig-
ure 2 shows the measured nuclei indicated with colored
circles on a nuclear chart.

For nuclei enclosed with green circles, the uncertain-
ties of masses determined with the MRTOF are less than
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Fig. 1. Example of measured TOF spectrum on isobars with
A = 56.
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Fig. 2. Nuclei at approximately A = 50-60, for which the
masses were measured using the ZD-MRTOF (circles
with colors: see text).

30 keV but larger than the uncertainties of AME2020.
These determined masses are well consistent with the
values on AME2020 within their uncertainties. For %V,
indicated with a red circle, the uncertainty is approx-
imately 90 keV owing to the low statistics. For nu-
clei enclosed with blue circles, the uncertainties are less
than 30 keV and are smaller than the uncertainties of
AME2020. It is interesting to note that the values of
masses of %%V and 58Ti determined using the ZD-
MRTOF deviate from ones of AME2020 by 100 keV or
more. As a result, the uncertainties of the masses on
seven nuclei can be improved significantly.

These updated mass values enable us to discuss the
magicites for N = 32 and 34 of Sc, Ti, and V isotopes,
using two neutron separation energies, empirical shell
gaps, and other finite difference of binding energies. A
detailed discussion is in progress.
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Highly precise mass measurements of neutron-rich nuclei at
A = 82-92 at ZeroDegree-MRTOF (ZD-MRTOF)

W. Xian,*!*2 M. Rosenbusch,*? S. Chen,*!**2 D. Hou,*>*? S. limura,*>** H. Ishiyama,** Y. Ito,*® S. Kimura,**
T. M. Kojima,** J. Liu,*3 J. Lee,*! H. Miyatake,*?> S. Michimasa,*!® S. Nishimura,** T. Niwase,*”*%*2 S. Naimi,*4
P. Schury,*? T. Sonoda,** A. Takamine,** M. Wada,*?> Y. X. Watanabe,*> H. Wollnik,*® and S. Yan*?

A state-of-art multi-reflection time-of-flight (TOF)
mass spectrograph (MRTOF-MS) coupling to a cryo-
genic helium filled gas catcher (gas cell) was developed
and prepared for on-line tests prior to the launch of the
HiCARI campaign 2020") for ~-ray spectroscopy. For
the first time, the ZD-MRTOF system was operated
on-line running as parasitic experiment downstream of
the ZeroDegree (ZD) spectrometer. Produced by in-
flight fission of 238U primary beam with °Be target, ra-
dioactive ions were selected, identified, and guided by
BigRIPS to the focal plane F8, where the exotic ions
reacted with a secondary target for in-beam ~-ray re-
search. Reaction products were then analyzed using the
7D spectrometer before they were finally entrapped by
the gas cell and measured by the MRTOF-MS.

Abundant stable molecules contribute to strong peaks
with long tails in a TOF spectrum, which causes diffi-
culties identifying the much weaker peaks of the ions
of interest. Benefiting from the introduction of a new
mass filter method,? we obtained low-contaminant-
background with high resolution isobaric TOF spec-
trums, as shown in Fig. 1. In this spectrum, in addition
to isobaric ions from the on-line beam, stable molecules
from background contaminations in the gas were also ob-
served in the same measurement as several species can
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Fig. 1. TOF spectrum at A = 84 with radioactive ions (red)
and stable molecules (blue).
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Fig. 2. Meassured isotopes (A = 82-92) in on-line tests.

be measured simultaneously. Stable molecules provided
isobaric references for extracting masses of ion of inter-
est. On the other hand, the stable molecules also served
as benchmarks for the evaluation of the systematic un-
certainties.

In total, the HICARI campaign 2020 had five sepa-
rate experiments, covering four different regions. The
results introduced in this report were from the data ac-
quired during NP1912-RIBF196 and NP1912-RIBF190.
Among other mass regions, abundant species of isotopes
have been observed in the mass range A = 82-92. In
total, 35 nuclides were measured in a neutron-rich re-
gion of Ga, Ge, As, Se, Br, Kr, and Rb in which 3¢Ga,
86Ge, 89As, 91Se, and ??Br are the most exotic isotopes
(see Fig. 2). Among those isotopes, mass uncertainties
of 86Ge, ?°Se, and 'Se, could be reduced significantly to
less than 5 keV. Moreover, for the first time, the masses
of 88,89 As were unveiled. In addition to radioactive ions,
at least one stable atomic or molecular ion was found for
each mass number, e.g., Kr'H*, $3Kr!H*, 12C37Cl],
etc. The mass deviations of these ions from AME2020
enable an evaluation of system accuracy of the new ZD-
MRTOF system. The weighted mean deviation of the
measured masses from the precisely known values was
found to be approximately only 2 keV, which proves a
very high accuracy for future measurements.
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Mass measurements of neutron-rich nuclei around A = 112 with
ZD-MRTOF-MS system
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T. M. Kojima,** J. Liu,*' H. Miyatake,*? S. Michimasa,*® T. Niwase,***? S. Nishimura,** S. Naimi,**
M. Rosenbusch,*? P. Schury,*? T. Sonoda,** M. Wada,*? Y. X. Watanabe,*? H. Wollnik,*® W. Xian,*?*% and
S. Yan*2*9

The ZeroDegree-MRTOF (ZD-MRTOF) system com-
bined with a gas catcher cell with radio-frequency ion
guide method has been developed at the downstream of
ZeroDegree spectrometer in RIKEN Nishina Center.!)
An online test for this system was performed with fission
reactions symbiotically with the in-beam ~-ray spec-
troscopy experiments? at the end of 2020. The reac-
tion products after the second target at the focal plane
F8 were selected and guided by the ZeroDegree spec-
trometer, then they were captured by the gas cell and
transported to the MRTOF for precise mass measure-
ment. We measured more than 70 masses in total, and
in this work, we concentrated on the masses in the range
of neutron-rich isotopes A = 111-113.

In Fig. 1, an example of the TOF spectra obtained
from the experiments is shown. In the spectra, it can
be seen that the beam’s ions and their 8-decay products
were observed. To fit the peaks in the spectra, a Gaus-
sian function coupled with two exponential tails®) was
employed during the data analysis process. The defini-
tion of the fitting function is shown in Eq. (1),

Ap, (2t72tc +AL)

exp(= o)t <ty

ft)=A-

(1 2
exp(%)

AR(—2t+2tC+AR)

exp(T) t>tr

where A and ¢, are the amplitude and maximum position
of this function, ¢ is the width of the central Gaussian
part, tp (tp = t. — Ap) and tg (tg = t. + Agr) are the
transition points of the left and right side of the Gaussian
function, where the Gaussian function smoothly changes
to an exponential function. The function value and its
first derivative are continuous at the transition points.
Compared to Gaussian and exponential-Gaussian hy-
brid functions, the accuracy of fitting results can be
significantly improved® using the function described in
Eq. (1). We can calculate the ion mass accurately after
measuring the ions’ exact time-of-flight.
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IRy + pfo*

HIRK+

npg+

ipgt CH,AICL

Counts / 3.6 ns

18.2465 18.247 18.2475 18.248 18.249

Time-of-Flight [ms]

18.2485

Fig. 1. An example of TOF spectrum at A = 111 with ra-
dioactive ions and stable molecules. The red line indi-
cates the fit function defined in Eq. (1).

In this work, we measured 15 masses of radioac-
tive neutron-rich nuclei 1'% 113Ag, 1L 13RY 111-113pq,
HITHB3Ry, and 111 112Mo (see in Fig. 2). Compared with
the mass values listed in AME2020, an excellent agree-
ment between our results and previously reported values
has been observed. The mass measurement of '3Ru was
improved, and the ''>Mo mass was measured for the first
time. Based on our results, we investigated the double
neutron separation energy (Sz,) and empirical neutrons
shell gap (02,,), and the results will be presented in a
future publication.

110pq

09 10

109\fo  10NMo

Fig. 2. Nuclei chart A ~ 110, nuclei measured with ZD-
MRTOF are in red square, and the new mass is marked
with a star.
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Improved mass measurement of 2°’Db by decay-correlated mass
spectroscopy
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We present an improved direct measurement of the
atomic mass of the superheavy nuclide 2°"Db. Atoms of
2TDb (Z = 105) were produced online at the RIKEN
Nishina Center for Accelerator-Based Science using the
fusion-evaporation reaction 208Ph(°1V,2n)%"Db. The
gas-filled recoil ion separator GARIS-II was used to
suppress both the unreacted primary beam and some
transfer products, prior to delivering the energetic beam
of 2°"Db ions to a helium gas-filled ion stopping cell
wherein they were thermalized. Thermalized 2°"Db2*
ions were then transferred to a multi-reflection time-of-
flight mass spectrograph (MRTOF) for mass analysis.
An alpha particle detector embedded in the ion time-
of-flight detector allowed disambiguation of the rare
2TDh2+ time-of-flight detection events from background
by means of correlation with characteristic a-decays.
The extreme sensitivity of this technique,’) allowed a
precision atomic mass determination from 22 decay-
correlated events.

In our previous measurement of this nuclide,? metal-
lic Pb targets were utilized, limiting the permissible pri-
mary beam intensity to below 500 particle nA. In this
measurement we tested PbS targets produced via sput-
tering. The targets were capable of withstanding 2 par-
ticle A primary beam without degradation in their per-
formance. This allowed for twice as many events in half
as much time as the previous measurement, while the
MRTOEF’s mass resolving power was significantly im-
proved. Additionally, the implementation of a pulsed
deflector,® inside the MRTOF allowed selective rejec-
tion of transfer products such as 2''Po which had previ-
ously produced some spurious decay correlations.

Using the same correlation method as previously em-
ployed,?) a mass was determined for the detected ion in
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