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PREFACE

The RIKEN Accelerator Progress Report is
the annual report of all the research activi-
ties conducted at the RIKEN Nishina Cen-
ter for Accelerator-Based Science (RNC). This
volume, No. 54, covers the activities con-
ducted during the Japanese fiscal year of 2020
(i.e., April 2020 to March 2021).

Last December, the news of the sad demise of
Prof. Dr. Akito Arima, who passed away on
December 6, 2020, became widespread world-
wide. As many people know, he was a distin-
guished physicist of the nuclear structure the-
ory. As one of the top administrators of univer-
sities and institutes, he contributed toward the
promotion of academic activities in the field of
science and technology; he was also a politician
of the House of Councilors and ministers of the government. He was the President of RIKEN from 1993 to 1998;
during this period, he launched three major research activities at the current RNC: realizing the RI Beam Factory
(RIBF) project, and establishing the RAL branch office for muon sciences and the RIKEN BNL Research Center
(RBRC) for high-energy nuclear physics. Following the commencement of its operation in 2007, the RIBF has
become one of the best facilities worldwide for low-energy nuclear physics. I was incredibly happy to present him
with the achievements of the RIBF at the conference in Shanghai in 2018, as a celebration of his 88" birthday.
Furthermore, he also encouraged international relationships with Asian countries, especially China and Vietnam,
and significantly improved research collaboration. At the RNC Monthly Meeting held on December 9, 2020, all
the RNC members offered a silent prayer in view of his considerable achievements and contributions. As a person,
he was known for his firm philosophy and humanity; he loved nature, physics, and the youth. At this occasion,
I would like to offer my deepest condolences and also express my sincere respect for his guidance across a wide
range of fields.

In 2020, the world was affected by the COVID-19 pandemic. Consequently, given that the coronavirus is car-
ried and spread by people, people’s activities have been severely restricted. Nevertheless, personal relationships
remained intact owing to advances in the Internet. As a result, many discoveries pertaining to human com-
munication through various online/virtual activities have been reported. For instance, all the PAC meetings in
FY2020 were organized remotely. Furthermore, certain symposia and workshops were conducted in a hybrid style
combining in-person and online communications.

Onsite activities, where people and things/facilities interact, form the essence of technological development and
experimental research. It is, therefore, considerably important to implement measures for preventing the spread
of the coronavirus. At the RIBF, we were able to avoid a divide between people and things/facilities, while
sustaining the research activities. Local and domestic staff members realized achievements in terms of developing
facilities and conducting experiments. One such achievement is the upgrade of the RILAC (SRILAC) and the
complete installation of GARIS-III; this represents the completion of the preparation for moving forward with
novel research. Furthermore, we succeeded in increasing the "°Zn and 23*U beam intensities at the SRC, thus
realizing a high-intensity beam for the HHICARI campaign using “tracking” germanium detectors and the mass
measurement, of many unknown nuclei during the MR-TOF experiment performed in parallel.

However, onsite research activities were still stagnant, given the restrictions on people traveling across borders
and overseas. This resulted in a divide between people and things/facilities at the overseas research facilities of
the RHIC and RAL and the joint international research at the RIBF.

Seventeen press releases were issued in FY2020, and selected achievements of 2020 are compiled in the “Highlights
of the Year” section of this volume. These indicate the growing multi-disciplinary activities at the RNC for
science, technology, and innovation. It should be noted that these achievements were made not only by in-



house researchers and engineers at the RNC but also by collaborating users at the RIBF, RBRC, and RAL. The
paper titled “Surface localization of the dineutron in ''Li,” which was published in Physical Review Letters, is a
result of the first spectroscopy with fully completed kinematics measurements conducted at SAMURALI in order
to demonstrate the dineutron component in ''Li. With regard to heavy-ion beam breading, the paper titled
“Improvement of rotifer as the new food item in larviculture” had a significant impact on the society, and the
results were featured as “Godzilla the rotifer” in the Economist magazine issued January 23, 2021.

Awards were also presented to the colleagues of the RNC. Takahiro Nishi was presented with the 17" Annual
Meeting Award of the Particle Accelerator Society of Japan, and Takashi Ichihara was presented with the 2020
JPCERT/CC Certificate of Gratitude, JPCERT Coordination Center. Furthermore, the Nishina Memorial Prize
was awarded to Kazuma Nakazawa, a visiting scientist at the Strangeness Nuclear Physics Laboratory.

With regard to the organization of the RNC, Hiroyuki Ichida and Masanori Kidera were appointed as the Team
Leaders of the Plant Genome Evolution Research Team and the Infrastructure Management Team, respectively,
as of October 2020.

The coronavirus crisis is expected to continue even after 2021. Nevertheless, we are extremely grateful to be
blessed with an environment that allows us to continue with our research. Hence, it is vital that we acknowledge
the mission of RIKEN and aggressively accept new challenges in research and development activities.

Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science
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First Beam from SRILAC

RILAC wupgrade project—Background and
overview

The synthesis and naming of the 113th element, ni-
honium, is one of RIKEN’s most noteworthy achieve-
ments; further, it has had a social impact in that the
new element from Japan was added to the periodic
table of elements.’ ™ This element was produced by
the RIKEN heavy-ion linac (RILAC),* which has been
in operation since 1980 as an injector to the RIKEN
ring cyclotron (RRC) and for stand-alone applications
such as those in atomic physics. In 1996, RILAC was
upgraded to increase the beam intensity in RRC,> )
and in 2001, a booster linac® was installed as part of
the RI Beam Factory (RIBF) project® under finan-
cial support from CNS, the University of Tokyo. This
final step allowed nuclear physics experiments to be
conducted in the RILAC facility.

Following the success of nihonium, research collab-
orations led by RIKEN scientists have set the next
project of synthesizing new elements of atomic num-
bers greater than 118. To this end, metal ion beams
such as vanadium and chromium need to be acceler-
ated. However, the production cross section is ex-
pected to drop to less than a quarter of that for pro-
ducing nihonium, and therefore, beam intensities need
to be increased. In addition, it was estimated that the
acceleration energy will need to be increased. There-
fore, we need to increase the acceleration voltage of

RILAC and beam intensity to initiate the project of
synthesizing the new element.

Large accelerator facilities have contributed to soci-
ety in the recent year in addition to promoting basic
science such as research on super heavy element (SHE).
At RIBF, several efforts have been invested in produc-
ing and distributing radioisotopes for research. One
of the most popular isotopes is 2!1At, and its produc-
tion using AVF cyclotrons is being actively pursued for
future medical applications.'?) 2'1At has a short half-
life of approximately 7 h, and a high-intensity beam
of particles is essential for mass production. However,
the technology for the mass production of 2''At has
not been established. Therefore, the establishment of
a technology for the mass production of useful isotopes
has been added to the objectives of the RILAC upgrade
plan.

The RILAC upgrade project (Fig. 1), which aims to
synthesize new elements and develop technology for the
mass production of useful radioisotopes, was approved
with a supplementary budget in FY2016. Indeed, this
enhancement plan will lead to a considerably higher
intensity of the beam to the RRC, especially the metal
ion beam, compared to that before.

The target performance expected in this upgrade
program is to accelerate ions with M/q = 6 to E =
6.5 MeV /nucleon at more than 2.5 particle pA. To
achieve this goal, we first built a new ion source. The
structure of the ion source is almost identical to the

SC-ECRIS
\__Jm R28G-K —‘
[ |
s [REQ 1 %
) B
ks njolofx(o
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Hot
laboratory
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Fig. 1.
part of RILAC was replaced by SRILAC.
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Overview of RILAC upgrade project. 18-GHz ECRIS was replaced by R28G-K, and a downstream
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28-GHz superconducting electron cyclotron resonance
ion source (SC-ECRIS) that has been operational since
2010.'") There is a risk of damage to SC cavities in
the downstream caused by the high-intensity beams.
Therefore, we decided to limit the emittance in the
low energy beam transport (LEBT) section up to the
radio frequency quadrupole (RFQ) by measuring the
beam emittance effectively.

Second, we replaced the last four normal conducting
cavities in the RILAC booster with ten SC cavities to
increase acceleration energy. Quarter-wavelength res-
onators (QWRs) were used as the SC cavities. A fre-
quency of 73.0 MHz, which is four times the fundamen-
tal frequency of the RIBF, was selected for the SC cav-
ities. This frequency is selected considering its future
application as an RIBF injector. For the SC-QWR,
we developed a 75.5 MHz QWR that cooperates with
KEK under the ImPACT program since FY2014.12)
This experience has been of great help in the upgrade
project.

In addition to the ion source, SC cavities, and re-
frigerator, test facilities of the cavities and a new hot
laboratory building for processing radioisotopes were
constructed. Further, a gas-filled recoil ion separator
(GARIS) -II was moved from the RILAC facility to the
E6 room in the Nishina Memorial Building to start the
SHE experiments as soon as possible.'® Meanwhile,
the RRC resonator was modified to solve the problem
of insufficient voltage at the RRC,™ which had been
a bottleneck in increasing beam intensity. This modi-
fication greatly contributed to the large increase in the
uranium beam intensity for the BigRIPS experiments.

The construction of the ion source completed in
March 2018 and the installation of the SC cavity in
March 2019; this was followed by the construction of
the control system of the SC cavities and the com-

. =
] ~q.

IIN SC-ECRIS
id R28G-K [

‘ 5kW gyrotron
||| system (28 GHz)
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Fig. 2. Photograph of R28G-K and microwave generators
(18-GHz klystron amplifier and 28-GHz gyrotron sys-
tem). Extracted ion beams are analyzed by the dipole
magnet and transported to the accelerator cavities of
RILAC.
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solenoids

Plasma chamber

Fig. 3. Schematic cross section of the R28G-K. The large
volume plasma chamber is surrounded by six SC
solenoidal and one SC hexapole magnets. Both the 18-
and 28-GHz microwaves are injected from the right side
of the plasma chamber. The HTO is mounted on the
injection side of the plasma chamber.

missioning of the refrigerator in September 2019. The
first beam was delivered on January 28, 2020 and the
facility inspection was conducted on March 30, 2020,
which marked the completion of the construction plan
on schedule and within budget. This project could
not have been accomplished without the help of the
related manufacturers, KEK for the collaborative re-
search, administrative staff for the many orders, and
the management of the Nishina Center. We thank ev-
eryone who supported this project.

28-GHz Superconducting ECR Ion Source for
RILAC

We constructed a 28-GHz SC-ECRIS as an essential
part of the RILAC upgrade that began in FY2016. An
ECRIS confines a hot electron plasma in which elec-
trons are heated by microwaves through the ECR in a
“magnetic field well.” That is, a “magnetic mirror field”
created by a combination of solenoidal and hexapole
magnets known as the minimum-B configuration.!®)
Multiple charged heavy ions are created by countless
collisions of ions with sufficiently high-energy electrons
in plasma. In the next projects at RILAC such as
the search for new SHE with atomic number Z > 118
and RI production, it is necessary to provide unprece-
dented high-intensity ion beams. This means that it
is necessary to confine the electron plasma, which has
a higher density and a higher temperature than the
plasma generated in the ECRIS used in RILAC, in
a stable manner. Therefore, as shown in Fig. 2, new
SC-ECRIS named RIKEN 28-GHz SC-ECRIS “KURE-
NAT” (R28G-K) equipped with fully SC magnets and a
high-power microwave generator system was launched
in 2018.
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R28G-K is equipped with six SC solenoidal magnets
and a SC hexapole magnet as shown in Fig. 3. The ar-
rangement of the SC magnets was set by the Ion source
team of RIKEN Nishina center 1'% based on previous
research.!” 19 The SC coils are fabricated from Nb-Ti
alloy and immersed in liquid He (more than 300 L)
maintained in a high-power cryostat system combined
with two 10-K GM (RDK-408S, SHI Itd.) and one 4-K
GM (RDK-408D2, SHI ltd.) cryocoolers. Further, a
GM-JT cryocooler (4 W at 4 K, SHI Itd.) is used to re-
move the excess heat induced by the large amounts of
highly energetic X-ray radiation from the plasma. The
maximum magnetic field of microwave injection side
(Binj), beam extraction side (Bext), and radial mag-
netic field at the plasma chamber surface (B;) are 3.8,
2.4, and 2.1 T, respectively. Otherwise, the bottom
of the “field well” B, changes from 0.5 T to 1.0 T,
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which makes the microwaves with both frequencies of
18 GHz and 28 GHz available to induce ECR with suit-
able mirror ratios such as Binj/Bmin ~ 4, Bext/Bmin
~ 2-3, and B;/Bmin ~ 2-3. Further, the shape of the
mirror field around the B, area can be changed ar-
bitrarily by using the six solenoidal magnets. In other
words, the field gradient and size of the ECR region can
be changed to study the effects on the ECR plasma
to optimize the beam intensity with a higher charge
state. Since the SC magnets can generate a strong

and large mirror field, the plasma chamber is a large-
capacity cylinder with an inner diameter of 150 mm
and a length of 575 mm. A total of 10 L /min or more
of cooling water flows through the chamber wall. The
large volume of the plasma chamber increases not only
the volume of plasma but also the confinement time of
the ions in the plasma to achieve a higher charge state.

L
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Fig. 4.
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Side and top views of the layout of SRILAC. Apparatuses described in the text are labeled.
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The high-power microwave system contains a 1.5-kW
klystron amplifier and 5-kW gyrotron for microwaves
with frequencies of 18 GHz and 28 GHz, respectively.
The high-power microwaves heat the electron in the
plasma to remove the electrons bound deep inside the
atoms or ions.

Recently, we have been developing a method to evap-
orate a solid material with a high melting point such
as vanadium or calcium oxide using the high tempera-
ture oven (HT0).29) The tungsten crucible of the HTO
is heated to 2,000 K by the Joule heat caused by the
high DC current of 700 A. For supplying the vanadium
beam to search for the new SHE, the experiment lasted
for about a month; therefore, we modified R28G-K
so that two ovens could be used as described in the
progress report this year.

Overview of SRILAC

The superconducting-RILAC (SRILAC) comprises
three cryomodules (CM1, CM2, and CM3, see “SRI-
LAC cryomodule” for detail), with room-temperature
medium energy beam transport (MEBT) between
them as shown in Fig. 4. The CMs contain nei-
ther SC magnets nor cold diagnostic devices. For
the beam transport line connecting the CMs, the so-
called MEBT, a newly designed beam energy posi-
tion monitor (BEPM) is employed instead of tradi-
tional wire scanners and Faraday cups to avoid the
generation of particulates that cause the degradation
of the cavity performance (See “Beam energy position
monitoring system for SRILAC” for detail). Further,
to prevent the contamination of the SC parts where
the vacuum pressure level is 1 x 1078 Pa, it is im-
portant to have an isolation system between the exist-
ing room-temperature part where the vacuum pressure
level is several 1075 Pa and the SRILAC (See “Com-
pact particle-removal differential-pumping system and
Ny gas-jet curtain for SRILAC” for detail).

Compact particle-removal differential-pumping
system and N gas-jet curtain for SRILAC

A compact non-evaporable getter-based differen-
tial pumping system (DPS) with electrostatic particle
suppressors2!) has been developed to mitigate the large
difference in the vacuum and clean conditions between
the SRILAC and existing old RILAC with beamlines
built almost four decades ago. The three-stage DPS
was designed to achieve a pressure reduction from the
existing beamline vacuum (107°-1075 Pa) to an ultra-
high vacuum of less than 10~® Pa in SC cavities within
a very limited length of only 75 cm, which ensures a
beam aperture greater than 40 mm. All components
(chambers, pumps, valves, vacuum gauges, etc.) were
cleaned and assembled in an ISO class-1 clean room.
The installation of the DPSs (UDPS and DDPS, See
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Fig. 5. Photographs of DPS (Left) and gas-jet curtain
(Right).

Figs. 4 and 5) was completed in December 2019. In
operations during the past year, we confirmed that
the DPSs achieved the desired pressure reductions in
a stable manner without serious problems such as field
emission problems.

During operations with GARIS-III for SHE research,
He leakages to the SRILAC became an issue although a
four-stage large DPS upstream of the GARIS (DPSG)
was used for the windowless accumulation of He gas
up to ~70 Pa. The pressure of DDPS is increased to
~10~7 Pa with the gas-filled GARIS-III when we use
the narrow orifices of ¢15 mm in the DPSG, which
makes it difficult to transport high-intensity heavy-ion
beams.

We introduced a Ny gas-jet curtain downstream of
DPSG (Figs. 4 and 5). The gas-jet curtain method is
a new method introduced in the DPS of the He gas
stripper.??) This method suppresses the leakage of He
gas by hitting a Ny-gas jet perpendicular to the He gas
flow, and it converts the leaked gas into Ny gas, which
can be evacuated effectively with the DPS.

The gas-jet curtain system has a beam aperture
with the diameter of ¢25 mm. The nozzle is a two-
dimensional Laval nozzle designed to generate an No-
gas jet with a Mach number of 3.5 by optimizing with
CFD calculations (Fig. 5).

In the tests with the GARIS team, we confirmed
that there was no serious backflow of Ns gas to the
GARIS-IIT when the gas-jet curtain was under our op-
erating conditions using a quadrupole mass analyzer.
The effect of charge exchanges and energy losses of
the injected beams by Ny gas jet were confirmed to be
negligible.

The installation of the gas-jet curtain was finished
in September 2020. The leakage of He gas was sig-
nificantly reduced with the Ny gas-jet curtain and the
pressure of the DDPS was ~10~% Pa even with larger
orifices greater than ¢25 mm in DPSG, which reduced
the difficulties with high-intensity beam transport to
the GARIS-III.
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Table 1. Design parameters of SC-QWRs for SRILAC.
The surface resistance is conservatively assumed to be

22.4 n) in the calculation.

Item Value

Operating temperature 4.5 K

Frequency at 4.5 K 73.0 MHz

Duty 100%

Einj 3.6 MeV /nucleon
Eout 6.5 MeV /nucleon

Maximum gap voltage
Cavity type

No. of SC cavities
Synchronous phase
Bopt

TTF

Aperture

G

Rsn/Qo

Target Qo

Qext

Po

Eacc

Vace at Face =6.8 MV /m, 8=0.078
Epeak/ Eacc

Bpeak/ Eacc

Amplifier output
Beam current

2.4 MV

QWR (TEM)

10

—25°

0.078

0.9

¢40 mm

22.4 Q)

579 Q

1.0 x 10°
(1.0-4.5) x 10°

8 W

6.8 MV/m

2.16 MV

6.2

9.6 mT/(MV/m)
7.5 kW

~100 electric A

SRILAC cryomodule

The SRILAC comprises three CMs that contain a
total of ten SC cavities.?3?%) CM1 and CM2 each con-
tain four SC cavities, and CM3 contains two SC cavi-
ties (Fig. 4). The SC cavity of SRILAC is based on a
coaxial QWR made of pure niobium. The resonant fre-
quency is 73.0 MHz and the cavity is operated at 4.5 K
cooled by liquid helium. The SC-QWR is fabricated
using 3.5 mm and 4 mm pure niobium plates pressed
together to make the top plate, stem, outer conductor,
and bottom plate, and these are then assembled by
electron beam welding. This is the first actual QWR
made of pure niobium in Japan. Each QWR is de-
signed to provide an acceleration voltage of 2.4 MV or
higher at 8 W per unit. The design parameters of the
cavity are summarized in Table 1.

Cross-sectional views of the QWR and CM are
shown in Fig. 6. A pure titanium jacket is attached
outside the cavity to store liquid helium. Permalloy
is inserted into the space between the cavity and tita-
nium jacket for magnetic shielding. The resonant fre-
quency shifts because of external disturbances such as
fluctuations in the liquid helium pressure. The tuner
slightly pushes and deforms the cavity’s beam port,
which changes its capacitance and tunes its frequency
to compensate for the slow shift. However, the fre-
quency adjustment range of this tuner is 14 kHz to-
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wards lowering the resonant frequency, and therefore,
the frequency variation is reduced by fine tuning the
stem of each cavity and the total length of the outer
conductor during assembly.??)

The inner surface of the cavity was chemically pol-
ished to 110 pum after assembly, annealed at 750°C,
and then chemically polished to 20 pm to maximize
the performance of the SC cavity. The cavity was then
high-pressure washed with ultrapure water from each
port and vacuum sealed in an ISO class-1 clean room.
After vacuum sealing, it was baked at 120°C, and per-
formance tests were conducted on the single unit. As
shown in Ref. 24), all ten actual cavities fabricated ex-
ceeded the target Qo value of 1 x 10° in the test. The
cavity must be operated in compliance with the High

Titanium jacket

QWR

Beam port RF pickup port
Permalloy FPC port
Vacuum
Tl [ vessel
i i ‘: m 80-K
e el | © g thermal
Liquid helium o 1) 4 _ : shield
buffer pipe [ R i [ : u 3
3 g% ‘ | ; |
I i | i
SUCN| T
| | I
i 1 | i
1 } } il Gate
‘1 ; | Il valve
‘ | %
[vw) ) ; Z T
4
~
FPC

Fig. 6. Cross-sectional views of SC-QWR (top) and cry-
omodule that contains four SC-QWRs (bottom).
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Pressure Gas Safety Act in Japan, and therefore, it
was fabricated after preliminary evaluation and then
commissioned for inspection.

A fundamental power coupler (FPC) and RF pickup
are mounted on the bottom plate of the cavity. The
FPC is a coaxial capacitively coupled type, vacuum
sealed with a single ceramic window in the normal tem-
perature section; it can handle the RF input power of
5 kW or more.?8) The FPC inner conductor is fab-
ricated from oxygen-free copper, and the outer con-
ductor from stainless steel with a copper plating on
the inner surface. The thickness of the copper plating
was determined by balancing heat penetration with the
heat transfer to the low temperature side and heat gen-
eration caused by RF power.

The vacuum vessel of the CM is made of steel and
divided into the top plate, top box, middle box, bot-
tom box, and bottom plate. Electroless nickel plating
was applied to prevent corrosion. The cavity is built
with four glass-epoxy pillars on the bottom plate. One
support is fixed in place, while the other three slide
horizontally to allow for repositioning during cooling.
Liquid helium buffer pipe is installed at the top of
the cavity to control the liquid level for stable cool-
ing. An aluminum plate is used for the 80-K thermal
shield, which is cooled by liquid nitrogen flowing in se-
ries through three CMs. Cernox sensors are used as
thermo sensors for the cavity, Pt-Co for the 4.5 K re-
gion, and Pt100 for the 80 K region. The heat load
of the CM is estimated to be about 18 W for heat in-
trusion and about 32 W for RF loss in the cavity dur-
ing steady state operation in a module containing four
cavities. However, a heat load of 100 W per CM was
set as the design standard value for operation during
performance degradation.

The first step in assembling the CM is to move the
bottom plate with the cavity and the middle box into
the clean room and to fasten the cavity and beam pipe

Fig. 7. Photographs of cryomodule.

(Left) After assem-
bling and sealing the cavities and beam pipes in the
clean room. (Right) After alignment at the installation
site.

-S6 -

FEATURE ARTICLE

Table 2. Requirements from cryomodules for SRILAC.

Item Value
No. of SC cavities 10
No. of cryomodules 2+1
Temperature of SC cavities 4.5 K
Temperature of thermal shield 80 K
Weight of cold mass 1475 kg
Heat load to 4.5 K cold mass
Dynamic 120 W
Static 30 W
Heat load to thermal shield 120 W
Cooling power >500 W
Inventory 313 L

Design pressure of the He vessel
Allowable pressure fluctuation

0.125 MPa(A)
4.0 x 10~* MPa

to seal their vacuum so that no dust can enter the
cavity. Then, helium piping, liquid nitrogen piping,
tuners, thermal shields, super insulators, etc. were in-
stalled, and the upper and lower boxes were covered
after moving to the installation site (Fig. 7).

A total of ten sets of digital low-level RF (LLRF)
circuits and 7.5 kW transistor amplifiers were intro-
duced to excite the cavities. A digital low-level circuit
is equipped with an FPGA that stabilizes the RF volt-
age and phase by PID control and obtains the tuning
phase from the directional coupler signal. Internal pa-
rameters of the digital low-level circuit can be set re-
motely from a programmable logic controller (PLC).
Transistor amplifiers can operate with full output re-
flection, and they are equipped with five 1.5 kW out-
put units with built-in isolators to continue operation
in the event of unit failure. A control system using
the PLC is provided for each CM to control these RF
equipment.

Cryogenic system for SRILAC

The requirements from CMs for the SRILAC are
summarized in Table 2. SC cavities work at 4.5 K.
The thermal shield is designed to be cooled down by
liquid nitrogen, and the total weight of the cold mass
is 1.5 ton. Heat load to 4.5 K and 80 K are 150 and
120 W, respectively. The inventory of liquid helium is
313 L and the allowable fluctuation of pressure in the
SC cavities is as small as 4 hPa because a change in
pressure can change the resonance frequency of the SC
cavities. The design pressure of the vessel is as low
as 0.125 MPa(A) because the cavity has bellow, which
cannot sustain higher pressure.

The cryogenic system was designed to have a cool-
ing power of 500 W at 4.5 K. This system comprises a
helium compressor, refrigerator, and buffer tank. The
cooling power is four times that of the heat load be-
cause we like to have a big margin to ensure contin-
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uous operation even if the condition of the surface on
the cavities is not so good that the cavities need con-
siderably more cooling power. Figure 8 shows a cool-
ing diagram of the cryogenic system. The compressed
helium gas is introduced to a cold box and liquefied.
Liquid helium is then supplied to the three headers
in the CMs from the top. The evaporated cold he-
lium gas is returned to the cold box and the helium
compressor via heat exchangers. During pre-cooling,
helium gas is supplied from the bottom to cool down
the cavities efficiently. Green lines are used for liquid
nitrogen supplied for shield cooling. A backup com-
pressor for the superconducting ring cyclotron (SRC)
was used for this cryogenic system to reduce the to-
tal cost. The required pressure fluctuation of 4 hPa
looks tight; however, from experience, it is possible
by control return pressure by the return valve with
a precise pressure gauge. The Air Liquide company
supplied devices for the cryogenic system other than
the compressor. Radiation-resistant valve positioners
were adopted because we install the refrigerator in the
accelerator room.

The stand-alone operation of the helium refrigerator
demonstrated a cooling capacity of 700 W at 4.5 K be-
fore the first cooling of the SRILAC. Figure 9 shows the
cooling down curves. The cold mass was successfully
cooled down to liquid helium temperature in four days
although pre-cooling was halted because of the trou-
ble in the thermal insulation vacuum system for half
a day. The heat load was estimated from the heater
in the helium refrigerator to be 150 W for 2+ 1 CMs.
The pressure fluctuation was hit within 4 hPa.

Unload valve
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n

Load valve
. LN2 Vent. tank
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[— 80K shield cooling

4.5 K gas He return
iq. He supply *
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| ] 80K shield cooling
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He buffer tank

He comp.
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A

Fig. 8. Cooling diagram for SRILAC.
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Fig. 9. Temperature of cold masses in the three CMs in the
first cooling down.

Beam energy position monitoring system for
SRILAC

It is crucial to monitor a beam to accelerate it stable
manner. When the SRILAC beam is accelerated, beam
loss must be reduced to under 1 W/m. Furthermore,
destructive monitors generate outgassing; if they are
used, it becomes difficult to maintain the Q-value and
surface resistance of the SC cavities over a long period
of time. Therefore, we developed a new BEPM sys-
tem that can simultaneously measure the beam posi-
tion and energy by measuring the time-of-flight (TOF)
to continuously monitor the beam nondestructively. A
great advantage of this system is that it can handle
a time-chopped beam by synchronizing the measure-
ment system with the beam-chopping signal. At the
start of commissioning, the beam was chopped to sev-
eral percent duty cycle to protect the SC cavity from
beam loss. Although the beam intensity was 20 elec-
tric nA, we measured the beam position and energy
to accuracies of +0.1 mm and several 10~* precision,
respectively.

Depending on the installation location, three types
of BEPMs (Types I, II, and III) were designed and
11 BEPMs were fabricated. The BEPMs are installed
in the centers of the quadrupole magnets located be-
tween the CMs. Photographs of three types of BEPMs
and a cross section of a BEPM are shown in Fig. 10.
The ideal linear response of the quadrupole moments is
realized by using a parabolic design while maintaining
good linear position sensitivity.

A block diagram of the BEPMs and data-acquisition
(DAQ) system is shown in Fig. 11. The DAQ system
can synchronize the RF reference with a beam chopper
signal. The amplified pickup signals are transmitted
through coaxial cables to the signal processing devices.
The upstream and downstream signals are switched by
multiplexers and digitized by digitizers (PXIe-5160).
Although the sampling speed is 1.25 GS/s, a consider-
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ably higher sampling speed of 50 GS/s can be achieved
by using the random interleave mode under the con-
dition that the signal is repeating continuously. Thus,
highly accurate TOF measurements can be realized.
All modules are integrated into a PXI express chas-
sis. The signal process procedures are controlled by
the LabVIEW 2019 graphical programming language,
and module drivers are supported by the National In-
struments Corporation. The obtained data are shared
using the CA Lab that is a user-friendly, lightweight,
and high-performance interface between the LabVIEW
program language and EPICS-based control system.
It allows easy reading and writing of EPICS process
variables (PV). Measurement results are displayed on
a remote desktop. Further, once these data are saved,
the Control System Studio (CSS), which is an Eclipse-
based tool to operate a large-scale control system, can
display the results anywhere in the control room.

The first “°Ar'3* beam acceleration commissioning
was conducted using nine SC cavities. Figure 12 shows
the displayed results of the BEPM measurements im-
mediately after the beam was successfully accelerated
to 6.2 MeV /nucleon (2020/01/28 21:02). The wave-
forms, beam positions, and beam energies at each sta-
tion are displayed; the value circled in red indicates
the final accelerated energy.

The BEPM system worked extremely well when de-
termining phases of SC cavities and confirming beam
energies and positions, which enabled stable beam ac-
celeration. The measured beam energy is plotted in
Fig. 13 as a function of the phase of the final SC cav-
ity. In the focusing region, the lower energy beam gains

(@)Type I . (b)TypeI

Electrode \ \
Ceramlc/ m
SMA
R » Feedthrough
1 e e
NSl ," 8 ]‘{; 1:&/ Qgi
(e)Typel (131.95)

Fig. 10. Photographs of the three types of BEPMs: (a)
Type I, (b) Type 11, and (c) Type III. (d) Cross section
drawing of a BEPM. (e) Schematic of Type 1.27)
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Fig. 11. Block diagram of BEPMs and DAQ system.27)

energy, whereas in the defocusing region, the lower
energy beam loses energy. This measurement clearly
shows us the region we should select to accelerate the
beam stably. The phases of SC cavities are currently
set to —25°. Each phase of the SC cavity was measured
and set in sequence from upstream to downstream (See
“Beam Commissioning of SRILAC” for detail).

Overview of Control
Project

System for SRILAC

A distributed control system that uses Experimen-
tal Physics and Industrial Control System (EPICS)
should be adopted as in RIBF to operate the SRILAC
project efficiently, and a higher-level application pro-
tocol needs to be integrated to the EPICS Channel
Access (CA) protocol. Further, the SRILAC control
system requires corrections and upgrades to the short-
comings of previous RILAC control system, for exam-
ple control protocol for an electromagnet power supply
and a machine protection system.

In this project, the R28G-K was installed at the fron-
tend of RILAC to increase the beam intensity. The
new SC-ECRIS control system consists of PLCs em-
bedded with EPICS.?®) The ion source control system
differs from other control systems in that control sta-
tions with digital and analogue modules need to be
installed on the high-voltage stage. At RIBF, a reli-
ability of the conventional SC-ECRIS control system
is not so high because interlock signals are exchanged
via TCP /IP between the safety system and control sta-
tions on the high-voltage stage. The new SC-ECRIS
control system uses two different types of CPUs (se-
quence CPU and Linux CPU) in the main PLC sta-
tion, and it was connected to five PLC substations with
a star-topology field bus communication using optical
fibers for insulation. As a result, the interlock signal

- S8 -
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exchanges the control station on the high-voltage stage
through field bus communication on the optical fiber;
system reliability was improved compared with the sys-
tem that uses the TCP /IP-based interlock signal.

With this SRILAC project, the layout of the beam-
line has changed and new electromagnet power sup-
plies have been introduced for the LEBT electromag-
net. Old electromagnet power supplies were utilized
for MEBT electromagnets. These electromagnet power
supplies control used GPIB as the communication pro-
tocol, and their performance was relatively low com-
pared with the modern protocol. Therefore, we up-
graded the power supplies to replace the GPIB com-
munication with the standard method of RIBF control
system such as FA-M3 PLC and NI10.??) In beam com-
missioning, approximately 30 modified electromagnet
power supplies were controlled via EPICS CA protocol
without problems.

With the installation of the SRILAC downstream of
the normal conducting RILAC, a machine protection
system has become necessary. For the previous RI-
LAC control system, the machine protection system,
which comprises a simple electromagnetic relay cir-
cuit has been implemented. The machine protection
system is called the Beam Interlock System (BIS) at
RIBF; further, we newly developed and implemented
BIS for SRILAC. The BIS has a mechanism that ac-
tivates the beam chopper for a signal triggered by an
error from the control equipment and stops the beam.
The speed at which the trigger signal is transmitted to
the CPU is improved compared with that of the con-
ventional BIS by adopting the field bus connection for
inter-station communication. In addition, by adopting
a ring-topology, we designed it to increase redundancy.

In the previous RILAC control system, hard-wired
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Fig. 12. Displayed BEPM measurement results immedi-
ately after the *°Ar'®* beam was successfully acceler-
ated to 6.2 MeV /nucleon (2020/01/28 21:02). Positions
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Fig. 13. Measured beam energy plotted as a function of the
phase of the final SC cavity.27)

control that directly connects the accelerator room and
control room with a wire was already replaced and all
operations were based on remote control. However,
various systems such as data collection and RF con-
trol were not integrated with the EPICS CA protocol,
and these were stand-alone systems. When the con-
trol system was updated in the SRILAC project, all
control protocols for the higher-level application were
integrated in the EPICS CA protocol. For example,
BEPM was a LabVIEW-based system using National
Instrument PXI, and by introducing CA Lab in the
middle layer, we succeeded to operate it using the
EPICS CA client.?”

Since we succeeded to access to almost all con-
trol equipment including the above-mentioned elec-
tromagnet power supply, BIS, BEPM, and RF using
the EPICS CA protocol, it had become possible to
unify the development method of the operator interface
(OPI) and realize various OPIs using CSS (Fig. 14).
In addition, the Archiver Appliance has been newly
introduced as the EPICS-based data archive system;
it has become possible to store nearly 10,000 signal
points as data at a cycle of 10 Hz or higher.??) This
system has the ability to search for arbitrary data by
the timestamp and visualize the data on a Web-based
application. During SRILAC beam commissioning, the
Archiver Appliance was very useful for clarifying the
behavior of SC cavity and the cause of troubles, and it
is currently one of the essential tools for SRILAC beam
tuning. In the RILAC control room (Fig. 1), consoles
for hard-wired control system have been removed and
new consoles ideal for the remote-control system have
been introduced (Fig. 15).

In the near future, we plan to improve the perfor-
mance of BIS and implement another type of machine
protection system driven by the behavior of electri-

200
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cal current for the electromagnet3!) because of the in-
crease in the beam intensity from SRILAC.

Beam Commissioning of SRILAC

The design parameters of the SRILAC are listed in
Table 1, and its layout is shown in Fig. 4. The TEM
cavities for the SRILAC are designed to operate in the
CW mode. The gap length of the cavity is optimized
for 8 = 0.078 particles with a transit time factor of
0.9. The maximum gap voltage is 2.4 MV, which cor-
responds to an acceleration gradient E,.. of 6.8 MV /m
with a synchronous phase of —25°.

The FPC is designed with a tunable coupling so that
a Qext range from 1 x 10° to 4.5 x 10° can be achieved
by changing the insertion distance of its antenna. The
maximum beam current is about 100 electric puA for
the SHE synthesis experiments; therefore, beam load-
ing is negligible. A low Qe as small as 10° was se-
lected to broaden the resonance curve with a +60 Hz
operational-frequency-range achieved by an RF input
power of 7.5 kW. In October 2019, the first RF test
with an operational temperature of 4.5 K was per-
formed without significant trouble, except SC05 en-
countered a vacuum leakage from the ceramic window
of the coupler. During the RF test, amplitude feedback
and phase-lock loop parameters of the newly developed
digital LLRF were optimized and a stable RF-field was
successfully obtained.

After a successful RF test, in January 2020, the
beam acceleration test was conducted for the first time.
An “OAr beam was accelerated based on the require-
ment for SHE synthesis experiments. However, one of
the SC-QWRs (SC05) was not available; therefore, the
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Fig. 14. Screenshot of CSS-based OPI for Faraday cup op-
eration.
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Fig. 15. New consoles for remote operation in the RILAC
control room.

acceleration energy was lowered to 6.2 MeV /nucleon
from the designed energy of 6.5 MeV /nucleon.

The *°Ar'®t beam with an intensity of approxi-
mately 23 electric nA (duty 3%, chopper frequency
1 kHz) was accelerated to 6.2 MeV /nucleon with a
gap voltage of 1.13 MV. For the SC-linac tuning, SC-
QWRs were energized one-by-one and the beam en-
ergy was measured with a systematic variation of the
RF-field phase (Fig. 16). The beam energy was pre-
cisely obtained by a TOF measurement with a pair of
BEPMs with a low beam current as described above.
The phase-scan plot, where E,,; is plotted as a func-
tion of the RF-field phase for each cavity, is shown
in Fig. 16. The synchronous phase ¢35 = —25° was
obtained by shifting the RF-field phase from the zero
acceleration/bunching phase by 65° towards the top
of the sine curve. The beam position remained almost
at the center of beam aperture during the phase scan
because of the geometrical correction caused by the
steering effect of the QWR cavity.??) The accelerated
beam energy successfully reached 6.2 MeV /nucleon at
9 PM on January 28, 2020.

After elaborate tuning, the transmission efficiency
from FC6A1 to FCell in Fig. 4 reached 100% with
a beam current of 6.11 electric pA. The vertical and
horizontal beam positions monitored by BEPM were
centralized and the beam loss which occurred at the
MEBT was minimized keeping the deterioration of the
vacuum pressure below 1 x 1077 Pa.

A 51V13+ beam with an energy from 4.2 MeV /nucleon
to 6.3 MeV /nucleon was delivered for a user service
time. To achieve a beam current of 10 particle pA,
the transmission efficiency of the low-energy part of
the RILAC and optimization of the beam transport of
the SRILAC are currently being analyzed. The data
archive system30) for many accelerator parameters in-
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cluding not only the RF-field of the RF cavities, but
also the excitation current of the magnets, vacuum,
temperature of the cooling water, and BEPMs, is very
helpful to understand what occurs during beam tun-
ing. Each cavity achieved the acceleration gradient of
5.7 MV/m that accelerates ions with M/q of 5.4 to
6.5 MeV /nucleon with ten cavities. The newly devel-
oped digital LLRF will be adopted to each RF system
of the RT-DTLs, RFQ, and bunchers to improve the
stability of their RF-field.

Beam transport optimization from SRILAC to
GARIS-III

This section reports on beam transport. Heavy-ion
beams accelerated to approximately 6 MeV /nucleon
by SRILAC are transported to GARIS-III through the
transport line called the high energy beam transport
(HEBT) line. The configuration of the beam line is
TQ-TQ-D-SQ-SQ-DQ (TQ = Triplet Quadrupole,
D = Dipole, SQ = Singlet Quadrupole, DQ = Dou-
blet Quadrupole) as shown in Fig. 4. Further, there
is one dipole magnet between the second SQ and DQ),
but this is not excited when the beam is transported
to GARIS-III. The duct diameter is 60 mm in most
places; however, it is narrowed to 15-25 mm just be-
fore the target because of DPSG.

The requirements for the beam transport of the
HEBT line are (A) beam loss less than a few percent
and (B) the adjustability of beam spot shape on the
GARIS-III target depending on the experimental con-
ditions. The first requirement is important for main-
taining the outside radiation dose. Since the side wall
of GARIS-IIT is relatively thin, it is necessary to mea-
sure and confirm the dose while optimizing beam trans-
port. For the second requirement, a horizontal ellipse
is desired in the production run to prevent the local de-

DN AN

3.6 42

38

34 -1 40 -

38

. SCO06s,fSCO7 "1 e ]
X w\ 62 ’\
48
14l Ps] b s \/ sof Ps 3

5.0

Energy [MeV/u]
Ll
=

b E o Jasf E
2 SC04 1 44 1 1 L2 ! 1 1

T T T M T T
. _scoé oo 09 oaf Me-’w, 3
B } 58 \ ook E

[N 58 [ N
s8f 3

o2 Joaf E sc10
6.0 < 1 1 1 1 1 5.8 It

? 1 1 1
200 -100 0 100 200 200 -100 O 100 200 -200 -100 O 100 200

RF Phase [deg.]

Fig. 16. Phase scan plot for first **Ar 6.2 MeV /nucleon
acceleration test.
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Fig. 17. Data of emittance measurement after phase-ellipse
adjustment at an object point e00. (Left) Measured
values (red dots) and fit results (black dots) of beam
widths at the point denoted as e01. (Right) Phase el-
lipse estimated by fitting results. Top and bottom fig-
ures correspond to horizontal and vertical directions,
respectively.

pletion of the rotating target, while a large circle shape
is desired in the calibration run. To satisfy these re-
quirements, the beam envelope should be narrower just
before the target, where there is a relatively smaller ac-
ceptance, and it should be wider at the target.
Detailed optical calculation is required according to
the phase ellipse of the beam at that time to realize
the ideal optics with a limited number of optical ele-
ments. The optics are adjusted in the following three
steps. First, the phase ellipse of the beam at €00, which
is defined as the object point in the optical design,
is measured using the wire scanners at e00 and e0l
(Fig. 4). The beam width at e0l is measured with
several optics between €00 to e01 by changing the TQ
magnets. Comparing the obtained widths and transfer
matrices, the phase ellipse at e00 is estimated. Second,
the phase ellipse at e00 is adjusted to be upright by the
TQ upstream of e00 based on an optical calculation.
Third, the optics from the object point to GARIS-III
are tuned using optical simulation®?) based on an ad-
justed phase ellipse at e00 and an experimental require-
ment for beam spot shape. In the default optics, the
position magnifications from e00 to GARIS-III are 1.0
in both of the horizontal and vertical directions. Based
on the measured phase ellipse and experimental re-
quirements, position magnifications are adjusted while
suppressing the beam envelope in the entire beam line.
Finally, the optical system is optimized with a few par-
ticle pA beam by fine-tuning the quadrupole magnets
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Fig. 18. Beam spot picture on viewer at GARIS-III tar-
get taken by CCD camera. The beam spot shape is a
horizontal ellipse as expected.

and steerers based on the baffle inside the differential
pumping system and viewer on the target.

Figure 17 shows an example of the estimated e00
phase ellipse after step 2, which causes the phase el-
lipse to be upright. This measurement was performed
in a commissioning run in June 2020, in which Art*+
accelerated to 5 MeV /nucleon with intensity of 30 elec-
tric nA was utilized. The graphs shown on the left rep-
resent the beam widths (rms) measured by the e01 wire
scanner in each optics, the red dots represent the mea-
surements, and black dots represent fit results. The
contour plots shown on the right are phase ellipses at
e00 estimated from the fit results. Here, the phase el-
lipses are assumed to be two-dimensional Gaussian dis-
tributions. As shown in the figures, the phase ellipses
were adjusted to be upright as calculated. The hori-
zontal 4 rms emittance was e, = 3.1 (mmm-mrad), and
the vertical 4 rms emittance was €, = 6.5 (mmm-mrad),
respectively. These values were consistent within 20%
with the values before the phase-ellipse adjustment.
The measurement and adjustment of the phase ellipses
are almost automated except for the data acquisition
by the wire scanners; they are completed in about an
hour.

After the phase-ellipse adjustment, the optics from
€00 to the GARIS-III target were optimized. As shown
in Fig. 18, the beam spot on the target was tuned to
be a horizontal ellipse, as expected for the rotation
target. It was confirmed using Faraday cups that the
beam loss was controlled within a few percent. Also
leakage radiation was within the allowable range. In
these adjustments, the calculation of optics and the
application of calculated currents to magnets were au-
tomated; the optics optimization was completed in a
few hours including the fine adjustment of the steerers.

Optics in the HEBT line was optimized as expected
based on the phase ellipse measurement and optical
simulation. A new method to estimate the phase el-
lipse with non-destructive detector BPEMs?3?) is under
development.
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Oblate shapes and metastable states of 9% 24Sef

P. -A. Soderstrom,**2*3:*4 C. Lizarazo,*™*? V. Werner,*! N. Pietralla,*" P. M. Walker,*> G. X. Dong,*¢
F. R. Xu,*” T. R. Rodriguez,*® F. Browne,*® P. Doornenbal,*? S. Nishimura,*? C. R. Nit#,*!? and
A. Obertelli*1*3*11 for the SEASTAR2015 collaboration

The main goal of the second SEASTAR campaign®)
performed at the RIBF was the exploration of the nu-
clear structure evolution in the region of a possible on-
set of deformation and shape transition between the two
corner-stone nuclei "®Ni?) and 19Zr.%) As this region is
known for the large abundance of nuclear isomers,* the
EURICA decay setup®® was installed at the end of the
ZeroDegree spectrometer in addition to the SEASTAR
instrumentation. Thus, complementary to the in-beam
spectroscopy data of the Se chain,”) it was possible to
observe internal isomeric decay using high-resolution -
ray spectroscopy.®)

The type of metastable configurations observed in de-
formed atomic nuclei, whereby two quasiparticle states
are formed by breaking pairs of nucleons close to the
Fermi level, significantly changing the angular momen-
tum projection on the symmetry axis is known as
K isomers. These typically originate from deformed
Nilsson orbitals coming up from lower-lying shells in
well deformed prolate nuclei. Analogously, the typical
downsloping of these orbitals on the oblate side opens
up the possibility for a new region of K isomers at low
Z and oblate deformation for exotic nuclei, involving
the same orbitals from higher-lying shells as within the
prolate deformed Z ~ 72 region.

In Ref. 8), we report on the observation of such
states for 92:94Se from EURICA during the SEASTAR
campaign, see Fig. 1, as well as the impact of their
decay pattern on the discussion of shape evolution
at N = 60. Potential energy surface calculations
suggest oblate K™ = 7~ (v11/27[505] @ v3/27[402])
and K™ = 9 (v11/27[505] ® v7/27[404]) configura-
tions for the negative-parity states in ?2Se, and K™ =
77 (v11/27[505] @ v3/2+[411]) for the isomer of %*Se.
For ?4Se, this leads to a hindrance factor of Fy =
2.49 x 10% and a reduced hindrance f, ~ 25. Char-
acteristic values for E1 K-trap decays with v = 6 are
within 27 < f, < 42.910)

Also, the observed J™ = 7~ states have very different

T Condensed from the article in Phys. Rev. Lett. 124, 222501
(2020)
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Fig. 1. Level schemes constructed for The arrow
width of each transition indicates its intensity.

decay paths for the two isotopes. The decay properties
can partially be explained considering that the collec-
tive wave functions predicted by the SCCM method for
928e7) are relatively soft, implying that K is not a good
quantum number due to the lack of well-defined rigid
axial symmetry. For ?4Se, however, the SCCM method
proposes a rigid oblate ground state and a rigid pro-
late yrare band, increasing the wave-function overlap
between an oblate isomer and the oblate ground state
relative to the prolate yrare band.

This work presents the observation and interpretation
of 92:94Se isomeric states. The different isomeric decay
paths of each isotope contrast the relatively smooth sys-
tematics of the ground-state and K = 2 excited bands
observed from in-beam spectroscopy.”) Also, a similar
32 ns isomer was recently observed for “4Kr at the ALTO
facility of the IPN Orsay with the v-Ball array,'") allow-
ing the systematic evaluation of the 7~ and 9~ states
along N = 58.
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Properties of 3"Ta revealed through isomeric decay’

P. M. Walker,*! Y. Hirayama,*?> G. J. Lane,*3 H. Watanabe,***> G. D. Dracoulis,*> M. Ahmed,*?*¢ M. Brunet,*!
T. Hashimoto,*” S. Ishizawa,*>*8*2 F. G. Kondev,* Yu. A. Litvinov,*'% H. Miyatake,** J. Y. Moon,*”
M. Mukai,*6-*2*5 T, Niwase,*?*5*!1 J. H. Park,*” Zs. Podolyak,*! M. Rosenbusch,*? P. Schury,*? M. Wada,*?*6
X. Y. Watanabe,*> W. Y. Liang,*!? and F. R. Xu*!'?

We report results from the production and separa-
tion of a low-energy beam of the neutron-rich tantalum
isotope, '87Tai14, together with its high-spin isomeric
state. The production process exploits multi-nucleon
transfer (MNT) reactions which have been shown to be
effective for making neutron-rich nuclei.) The large an-
gular momentum transfer in MNT reactions is a key as-
pect for the formation of high-spin isomers.

The experiment was performed at the RIKEN Nishina
Center with the recently commissioned KEK Isotope
Separation System (KISS) facility.?) This is the first fa-
cility of its kind, capable of stopping heavy-ion reaction
products in a high-pressure (80 kPa) argon gas cell, per-
forming laser resonant ionization for element (Z) selec-
tivity, and achieving mass (A) separation of the elec-
trostatically extracted, singly charged, 20 keV ions in a
dipole magnet with a resolving power A/AA = 900.

The '87Ta ions were produced by MNT reactions of
a 50 particlenA beam of 13Xe at 7.2 MeV /nucleon,
delivered by the RIKEN Ring Cyclotron. The beam
was incident on a 5 pm thick natural tungsten target at
the entrance to the argon gas cell.

The 20 keV secondary beam of laser-ionized tanta-
lum was mass separated (1.5 ions/s of 187Ta) and trans-
ported to a moving-tape collection point, surrounded by
a low-background, 32-element gas proportional counter
with 80% of 47 solid angle for 8 particles and conversion
electrons® and four Super Clover germanium ~-ray de-
tectors with a total absolute full-energy-peak efficiency
of 15% at 150 keV. The tape transport was operated
with equal beam-on/beam-off periods, with the radioac-
tivity moved to a shielded location at the end of each
cycle. The chosen beam-on periods were 30 s, 300 s and
1800 s, with five days of data taking.

An isomer in ¥"Ta at 1789(13) keV had been iden-
tified in the Experimental Storage Ring at GSI* but
without observation of the decay radiations. Details of
the excited-state structure of ¥7Ta have now been re-
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Fig. 1. Level scheme for '®"Ta based on ~-ray transitions
observed following the decay of a Ty, = 7.3(9) s isomer.

vealed by the isomeric y-ray emissions, as illustrated in
Fig. 1. The isomer is found to have an excitation energy
of 1778(1) keV, with a half-life of 7.3(9) s.

Despite the proximity to N = 116, which is pre-
dicted to be the critical point for a ground-state prolate-
oblate shape transition, the reduced hindrance for the
191.7 keV, E2 isomeric decay remains substantial, with
fv» = 27(1), indicating that K is approximately con-
served, and therefore that axial symmetry is not strongly
violated. Nevertheless, weak violation of axial symmetry
is indicated by the observed irregularity in the 9,/2[514]
rotational band that is populated through the isomer de-
cay. Comparison with the rhenium isotone, '*°Re, sup-
ports calculations showing that axial symmetry is better
conserved for the lower-Z nuclei, through the N ~ 116
shape transition region.

The new capability to produce low-energy beams
of neutron-rich tantalum isotopes and isomers demon-
strates the power of the gas-stopping technique for nu-
clear structure studies of exotic neutron-rich nuclei, even
with refractory elements. This marks a milestone on the
way to the exploration of nuclei predicted to have well-
deformed oblate ground states.
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196,197, 19871

M. Mukai,*!*2*3 Y, Hirayama,*? Y. X. Watanabe,*3 S. Schiffmann,***> J. Ekman,*® M. Godefroid,*> P. Schury,*?
Y. Kakiguchi,*® M. Oyaizu,*® M. Wada,*® S. C. Jeong,*” J. Y. Moon,*” J. H. Park,*” H. Ishiyama,*! S. Kimura,*!
H. Ueno,*! M. Ahmed,*? A. Ozawa,*? H. Watanabe,*® S. Kanaya,*® and H. Miyatake*>

The experimentally measured nuclear quadrupole de-
formation parameters of mercury, gold, platinum, and
iridium approach the value for the spherical shape with
increasing neutron number.?) However, for iridium iso-
topes, the finite-range droplet model (FRDM)?) predicts
a shape transition from prolate (A < 196) to oblate
(A =2 197) at A = 197. We have investigated the evo-
lution of nuclear structure of iridium isotopes, 6 198Ir
(Z =717, N = 119-121), with in-gas-cell laser ioniza-
tion spectroscopy as the first step of a systematic study
of nuclear structures for nuclei around N = 126 at the
KEK Isotope Separation System (KISS).?) In the present
work, we report the magnetic dipole moments (1), mean-
square charge radii, and nuclear quadrupole deformation
parameters (f2), as determined from hyperfine structure
(HFS) measurements.

Neutron-rich iridium isotopes were produced us-
ing multi-nucleon transfer reactions of a %Pt tar-
get (12.5 mg/cm?) and '3Xe beam (9.4 MeV /nucleon,
50 particle-nA).?) The target-like fragments were ther-
malized and neutralized in a gas cell filled with purified
Ar gas of ~1 atm® and re-ionized element-selectively
by using a laser resonance ionization technique at the
exit of the gas cell. The excitation transition of 5d"6s>
“Foso — 9/2° (A1 = 247.587 nm) was chosen for the
spectroscopy, and the excitation laser was produced by
a dye laser pumped by an excimer laser. The mass num-
ber was chosen using a dipole magnet with a mass re-
solving power of A/AA ~ 900. The mass-analyzed ions
were transported to a decay station, which consists of
a tape transport device, a multi-segmented proportional
gas counter, and four clover-type germanium detectors.

The extraction of each nucleus was confirmed through
the measurement of S-decay half-life. The HFS spectra
were measured by counting [-rays as a function of exci-
tation laser frequency, as shown in Fig. 1. The measured
spectra were fitted using the Voigt function for each tran-
sition between HFSs of ground and excited states to de-
termine the p and isotope shift values.

The p value of 197Ir (I™ = 3/2%) was determined to be
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Fig. 1. Spectrum of '*7Ir ion counts as a function of the exci-
tation laser frequency with the best fit (red solid line).
The black dotted line indicates the fitted background
level. The spectrum was measured at an argon gas pres-
sure of 74 kPa.

+O.27f8:(1)g un- In the case of the unknown spin nuclei
96 (I™ = (07)) and '8Ir, the results of chi-square
fitting strongly indicate that their nuclear spin are I > 0
with fitted p values of 4(0.31-0.36) pnx (I = 1-3) for
1961y and +(0.13-0.26) px (I = 1-3) for 198Ir.

The quadrupole deformation parameter was deduced
from the measured isotope shifts while assuming an
axial-deformed nuclear charge distribution and theoret-
ical electronic factor of the excitation transition from
large-scale atomic calculations.”) The deduced |3,| val-
ues were 0.06(2) and 0.07(2) for °7Ir and 1%®Ir, respec-
tively.

The experimental p values were compared with calcu-
lated p values based on the strong coupling model.®")
The comparison shows good agreement in the pu value
for 197Ir with the assumption of prolate deformation and
suggests I =1~ or 2~ for %Ir and I = 2~ for 1%8Ir.
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Fragmentation of single-particle strength around the doubly-magic
nucleus ¥2Sn and the position of the 0f; /2 proton-hole state in 131 T
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The neutron-hole and proton-hole nuclei '3'Sn and
131Tn were studied using one-nucleon removal reactions
from doubly-magic '32Sn at relativistic energies. In
1310, a 2910(50)-keV v ray was observed for the first
time, see Fig. 1, mainly thanks to the good energy and
time resolution of the eight LaBrs detectors employed
in this experiment. This high-energy ~ ray was ten-
tatively assigned to the decay of the 0f5,5 proton-hole
state to the known 1/27 level at 365 keV. Thus, the
excitation energy of the last so far unknown proton-
hole state in '32Sn was fixed to 3275(50) keV. From the
absolute intensities of the observed v rays, the spec-
troscopic factors for the 1ds/, and 0g7/o neutron-hole
states in '®'Sn and the 1p3/2 and 0f5/o proton-hole
states in '3'In were determined. They nicely agree
with those of the analog states with quantum numbers
n(l+1)j4+1 in 2°7Pb and 2°"T1 indicating that the close
resemblance between the shell structures around the
doubly-magic nuclei '32Sn and 2°8Pb established since
long also holds for the spectroscopic factors. To inves-
tigate the origin of the strong fragmentation of single-
particle strength state-of-the-art calculations based on
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Fig. 1. Doppler-corrected 7-ray spectra of '3'In populated
via one-proton removal from '*2Sn measured with a) 96
Nal crystals of DALI2 covering polar angles in the range
6 = 50-150° and b) eight LaBrs detectors placed at 6 =
30° (adopted from Fig. 1 of the original article).

the relativistic particle-vibration coupling model were
performed. While the coupling to the first excited 3~
states in the core nuclei *2Sn and 2°®Pb was identified
as the main origin for the reduced spectroscopic factors
measured for the 1ds/o/1f7/, single-particle states in
13180 /297Pb and the 1pg)2/1ds,5 levels in #1In/297T1,
clearly more complex coupling scenarios are responsible
for the strong fragmentation and the small measured
spectroscopic factors in the case of the 0g7/5/0hg /s
states in '31Sn/20"Pb and the 0f5/2/0g7/2 levels in
13IID/207T1.
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Experimental studies of the two-step scheme with an intense radioactive
1328 beam for next-generation production of very neutron-rich nucleif

H. Suzuki,*! K. Yoshida,*' N. Fukuda,*! H. Takeda,*! Y. Shimizu,*! D. S. Ahn,*! T. Sumikama,*! N. Inabe,*!
T. Komatsubara,*! H. Sato,*! Z. Korkulu,*! K. Kusaka,*! Y. Yanagisawa,*! M. Ohtake,*! H. Ueno,*! T. Kubo,*!
S. Michimasa,*? N. Kitamura,*? K. Kawata,*? N. Imai,*? O. B. Tarasov,*>*! D. P. Bazin,*>*! J. Nolen,***! and

W. F. Henning***5*!

The usefulness of a two-step scheme with a '32Sn
beam proposed!) for the efficient production of mid-
heavy very-neutron-rich RIs was investigated, as an al-
ternate method for the in-flight fission of a 238U beam
(one-step scheme). The two-step scheme is a combina-
tion of an isotope-separation online (ISOL) system with
a thick U target and a high-intensity proton beam as
the first step, and the projectile fragmentation of re-
accelerated RI beams (e.g., 132Sn) as the second step.
We measured production cross sections beyond '2°Pd,
up to which the cross sections had already been mea-
sured at GSI together with the neighboring Rls,? to
evaluate the yields of RIs using the two-step scheme with
a 132Sn beam. The 278-MeV /nucleon 32Sn beam was
supplied from BigRIPS, and the very neutron-rich Rls
around the neutron number N = 82 were produced in
the ZeroDegree spectrometer with a 5.97-mm Be target.
Yields obtained by the two-step and one-step schemes
were estimated based on the measured cross sections,
and we examined whether and to what extent the two-
step scheme at future 1-MW beam facilities can reach
further into the neutron-rich region.

Figure 1 shows the production yields of Pd isotopes
obtained using the two-step scheme with a '2Sn beam
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Fig. 1. Yield comparison between the two-step scheme with
a '®2Sn beam (orange circles) and the one-step in-flight
fission of a 2**U beam (blue squares) for Pd isotopes.
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Fig. 2. Ratios of the Yasep with a *?Sn beam to the Yistep.
Orange and blue regions indicate that the two- and one-
step schemes are more useful than the other, respectively.
Dark-blue square dots represent the supernova r-process
path.

and the one-step scheme with 1-MW beam powers. The
two-step yields (Yastep) decrease more slowly with neu-
tron numbers than the one-step yields (Yigtep), and
Yostep becomes larger than Yigse, beyond '24Pd. The
ratio of Yogtep/Yistep around the N = 82 region is shown
in Fig. 2. This ratio systematically increases, as moving
away from the stability line. Thus, the two-step scheme
is more favorable than the one-step scheme to yield more
neutron-rich region beyond our results, especially for the
region of the supernova r-process path. The calculated
Yostep With a cross-section formula COFRA?Y indicated
by black lines reproduces the experimental results well.

ISOL systems can provide various Rls over the nu-
clear chart; thus, a wide region of very neutron-rich RI
beams can be produced by the two-step scheme. By us-
ing the ISOLDE yield database®) and the cross-section
formula COFRA, the Yagtep in the whole region was es-
timated. The Yagep was expected to be larger than the
Yistep around the neutron-rich N = 50, 60, 82, and 90,
including the supernova r-process path. The two-step
scheme is considered a powerful tool to open a new win-
dow into the unknown region of mid-mass to heavy, very
neutron-rich nuclei.
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On-line commissioning of the new SLOWRI/ZD-MRTOF system

M. Rosenbusch,*! S. Chen,*? Y. Hirayama,*' D. S. Hou,*? S. Iimura,***> H. Ishiyama,** Y. Ito,*0 S. Kimura,**
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A. Takamine,** M. Wada,*' Y. X. Watanabe,*! H. Wollnik,*® W. Xian,*? and S. Yan*!'Y

The new combined gas cell and MRTOF spectrograph
developed for high-precision atomic mass measurements
at BigRIPS has been finalized and transported to the
F11 position behind the ZeroDegree spectrometer of
RIBF. The combination of the new cryogenic gas cell’)
with the MRTOF system was initially tested in October
2020, where stable 3°K* ions were extracted from the
gas cell and detected at the system’s downstream TOF
detector. The system was ready to operate on-line just
before the start of the 2020 HiICARI campaign, which en-
abled the first on-line commissioning of the new setup.
The commissioning run took place in parasitic on-line
operation during the HICARI experiments (see HICARI
APR publications in this volume). After passing the Hi-
CARI target and detectors, the reaction products were
transported through the ZeroDegree spectrometer and
stopped in the new cryogenic gas cell. Energy degraders
were used to reduce the beam energy to match the He
gas cell’s stopping power. The stopped reaction prod-
ucts were extracted mostly as singly-charged ions and
transported to the MRTOF setup® where their masses
were determined with high precision and accuracy. The
2020 HiCARI campaign lasted throughout the month of
November with five separate experiments, and another
two experiments took place in December. During our
commissioning, mass measurements covering four differ-
ent regions in the nuclide chart have been carried out
(see Fig. 1). Total system efficiencies, determined by
comparing the incoming rate from F11 at the PID sys-
tem with the detected rate after MRTOF, varied accord-
ing to the presence of contaminants in the helium gas.
While some of the radioactive species were dispersed
across molecular sidebands (e.g. *>ScOHT), very rea-
sonable ion transport could be reached for many other
species, e.g. 8 Ast with 0.16% and *"Te™ with 1.3% to-
tal efficiency. In sum, the commissioning campaign was
highly successful with more than 70 atomic masses mea-
sured during the HICARI campaign. Notable results
have been achieved in four different regions. Around
neutron-rich Ti and V isotopes, our results include iso-
topes from Ca to Fe with ®°Sc, %®Ti, and °°V being
the most exotic, which improve nuclear masses very re-
cently measured using the TOF-Bp method at NSCL?)
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Fig. 1. Nuclear mass measurements during the HICARI cam-
paign and the results by the ZD-MRTOF system. Back-
round color code illustrates the measured precision from
AME2016 (see Nucleus-win for reference).

and RIBF? denoting the front line of nuclear mass stud-
ies in this region. In the neutron-rich region above Ni,
nuclides have been studied reaching from Ga to Kr with
84Ga, ®6Ge, 89As, and ?'Se as most exotic isotopes. In
this group the isotopes 3% 89As have been measured for
the first time while three other isotopes provide a signifi-
cant improvement of the previously performed measure-
ments. Another region addressed with success is from
Mo to Rh isotopes including the first mass measurement
of 1'2Mo. In the fourth region addressed, i.e. near 132Sn,
we have demonstrated the isomeric mass separtion of
1349, mQh (W. Xian, APR same volume). In total, three
isotope masses have been measured for the first time
and eleven other isotope masses improve the present un-
certainty significantly. By performing this first on-line
commissioning of a gas stopper connected to BigRIPS
in a parasitic mode, we were able to efficiently identify
and resolve issues that could not be studied offline. This
will allow for a very rapid improvement in performance
going forward. In March 2021, the next commissioning
run takes place, wherein the neutron-rich Ni region will
be addressed by HICARI group. Furthermore, two dif-
ferent beam times with the ZD-MRTOF system as main
experiment have been approved for 2021.
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Mapping of a new deformation region around %2Tif
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The mass of atomic nuclei is a fundamental quantity
as it reflects the sum of all interactions within the nu-
cleus, which is a quantum many-body system comprised
of two kinds of fermions, protons and neutrons. Changes
in the shell structures of nuclei far from stability can be
directly probed by mass measurements.

In the neutron-rich Cr and Ti region, the shell evo-
lution around the [s-closed neutron number of 40 has
attracted considerable attention in recent years. The
onset of island of inversion (Iol), which was discovered
around 32Mg!) for the first time, was theoretically pre-
dicted along the N = 40 isotones.?) The Iol is well char-
acterized by the emergence of the Jahn-Teller (JT) stabi-
lization,>* which is promoted by configuration mixing
on the Fermi surface. The goal of the present exper-
iment was to confirm the presence or absence of this
effect through the first mass measurements of neutron-
rich Ti isotopes around N = 40.

The experiment was performed at the RI Beam Fac-
tory (RIBF) at RIKEN, which is operated by RIKEN
Nishina Center and Center for Nuclear Study, Univer-
sity of Tokyo. The masses were measured directly by us-
ing the TOF-Bp technique. Neutron-rich isotopes were
produced by fragmentation of a "°Zn primary beam at
345 MeV /nucleon in a YBe target. The fragments were
separated by the BigRIPS separator,” and transported
in the High-Resolution Beamline to the SHARAQ spec-
trometer.%)

Figure 1 shows the present results of the two-
neutron separation energy (Sz,) of S¢, Ti, and V iso-
topes, together with theoretical Sy, systematics ob-
tained from the macroscopic-microscopic Weizsécker-
Skyrme-type formula with treatments of two radial basis
functions corrections (LZU).?) This model largely repro-
duces the Sy, trends including the present results. How-
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Fig. 1. Two-neutron separation energies (S2,) of Sc, Ti, and
V isotopes around N = 40. Closed symbols indicate val-
ues determined from the present experimental masses,
and open symbols are literature values.”®). Solid lines
connect isotopes, and dashed lines show theoretical pre-
dictions by the LZU model.?)

ever, it is obvious that the model underestimates the S5,
values in %1 %2Tj isotopes. The results, therefore, con-
firm that %2Ti becomes very stable.

Since the behavior of the mass surface is similar to
that in the N = 20 Iol, it is reasonably demonstrated
that the JT stabilization arises in the vicinity of %2Ti.
The theory? suggests that this enhancement of the JT
stabilization around %2Ti is caused by configuration mix-
ing among neutron fpgd orbitals enhanced by the degen-
eracy of the neutron orbitals.
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Surface localization of the dineutron in Lif
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A unique aspect of nuclei with respect to other
fermionic many-body systems is the emergence of
a spatially compact two-neutron pair, dineutron,)
which is completely different from the Bardeen-Cooper-
Schrieffer-(BCS)-like pairings that appear in momen-
tum space. The dineutron correlation is presumed to
be important for elucidating the stabilities and exotic
structures of neutron drip-line nuclei, as well as the infi-
nite nuclear matter. Studies on the dineutron formation
and the density dependence of 'Li are crucial because
it has a halo structure: the matter density gradually
varies from the saturated core to the very low-density
tail where only valence neutrons exist. It allows the
study of the density-dependent properties of the dineu-
tron correlation.

The quasifree (p, pn) reaction was employed to probe
the entire volume of ''Li with the least effect of absorp-
tion. The measurement was performed at RIBF using
the SAMURALI spectrometer,? combined with the 15-
em-thick liquid hydrogen target MINOS®) and dedicated
(p, pn) setup.

The strength of the dineutron in 'Li was evaluated
by using the correlation angle 0,7, which is the angle
between the momentum vectors of two valence neutrons.
The spatially compact dineutron should have an angle
larger than 90°. Figure 1 shows that the mean value of

T Condensed from the article in Phys. Rev. Lett. 125, 252501
(2020)

*1 RIKEN Nishina Center

Center for Nuclear Study, University of Tokyo

*3  Département de Physique Nucléaire, IRFU, CEA, Université

Paris-Saclay

Department of Physics, Technische Universitdt Darmstadt

Department of Physics, Peking University

*6 IPN Orsay, Université Paris Sud

*7  LPC Caen, ENSICAEN, Université de Caen Normandie

Department of Physics, Tohoku University

Department of Applied Physics, University of Miyazaki

Tokuyama College, National Institute of Technology

Department of Physics, Osaka City University

Department of Physics, University of Tokyo

Department of Physics, Tokyo Institute of Technology

Center for Exotic Nuclear Studies, Institute for Basic Science

Institute for Nuclear Research, Hungarian Academy of Sci-

ences

Department of Physics, Kyoto University

Department of Physics, Kyushu University

Research Center for Nuclear Physics, Osaka University

Department of Physics, Technische Universitdt Miinchen

100

95

=D

)
==
s 30
rao ol a gl

- omom - m m E o mmomom o om =

90

85

—— This work

Quasifree model

BRI L |

| IR B PR

Correlation angle (an) (deg)

80 P . R T
0.5 1 1.5
Missing momentum £ (fm™)

PR N L1

(=]

Fig. 1. Mean values of the correlation angle. Black dashed
line shows the expected (0, ) value for the two uncorre-
lated neutrons. Inset shows a schematic of 6,7 in *'Li.

0, clearly depends on the missing momentum k, which
is the measure of the radial position of the two neutrons
in "Li. The peak structure of (0,¢) at k ~ 0.3 fm™!
can be interpreted as the localization of the dineutron,
which is maximized at r ~ 3.6 fm from the center of
the 9Li core. The quasi-free model®) well reproduces the
experimental data.

The result implies that the dineutron correlation is
prominent only around the °Li core surface where the
density is 1072 < p/po < 1072, and it becomes weaker
at the tail of the halo, where the density is extremely low.
It is consistent with the Hartree-Fock-Bogoliubov calcu-
lation® for infinite nuclear matter. If this is a universal
characteristic of the dineutron correlation, it should ap-
pear at the low-density surface of any neutron-rich nu-
clei. Future (p,pn) experiments should investigate the
nature of the dineutron correlation in nuclei of interest,
such as %He, 16C, and 240.
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Probing alpha clusters in the low-density region of the nuclear surface'
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The formation of alpha clusters in the ground state
of heavy nuclei has been unclear for many years, both
theoretically and experimentally. Although the exis-
tence of preformed alpha particles in alpha-decay nu-
clei is an essential element in the theory of alpha de-
cay, it was challenging to explain the appearance of
alpha clusters with the conventional mean-field mod-
els. In recent years, theoretical research based on the
generalized density functional made progress and pre-
dicted that alpha clusters can exist in the low-density
region of the nuclear surface.?) It was shown that the
formation amplitudes of alpha clusters on the nuclear
surface of tin isotopes decrease monotonically with in-
creasing neutron excess, and the formation amplitude
of 124Sn is approximately half that of '2Sn.) To di-
rectly prove the existence of alpha clusters in the sur-
face of nuclei, the quasi-free alpha knockout reaction
is appropriate.

Our group performed an experiment at the Research
Center for Nuclear Physics of Osaka University. A pro-
ton beam at 392 MeV generated at the cyclotron facil-
ity bombarded stable tin targets (}2Sn, '6Sn, 120Sn,
1248n) with an intensity of 100 nA. To achieve the high-
precision measurement of knocked-out alpha particles,
we used double-arm spectrometers. The experimen-
tal setup is shown in Fig. 1. A proton beam impinges
on a tin target (red arrow from the left). Following a
ASn(p, pa)A=*Cd reaction (emphasized in the inset),

Alpha knockout reaction

) T
proton

4

Grand Raiden
Spectrometer
proton detection

/

Tin target

proton beam
alpha particle
Large-Acceptance
Spectrometer
alpha-particle detection

Fig. 1. Schematic illustration of the experimental setup.

T Condensed from the article in Science 371, 260 (2021)

*1 RIKEN Nishina Center

*2 Research Center of Nuclear Physics, Osaka University

*3  Technische Universitit Darmstadt, Fachbereich Physik, In-
stitut fiir Kernphysik

*4  GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

- S21 -

neutron skin

Cross section (pb/MeV)

sof (a) 1128n(p,pa)1030d [(b) Thinner neutron skin
020 More alpha clusters
60 -8 I \
E 015 @
40 2 | 1%
010 ™
» .
. Bt L
2 y
S eos-H-tTheory  Thicker neutron skin
- 4 Experiment Less alpha clusters
0001 | | | | |

&
3

-20 -10 0 10 20 30 40 58 62 66 70 74 78
Excitation energy of 19¢Cd (MeV) Neutron number

Fig. 2. (a) Missing-mass spectrum of the "*?Sn(p, pa)'**Cd
reaction.  (b) Neutron-number dependence of the
(p, pa) reaction cross sections.

a scattered proton is analyzed by the Grand Raiden
spectrometer at an angle of 45.3°. A knocked-out al-
pha particle is analyzed by the LAS spectrometer at
an angle of 60.0°.

The momenta of scattered protons and knocked-
out alpha particles were analyzed with the Grand
Raiden spectrometer?) and a large acceptance spec-
trometer, respectively. The missing-mass spectra of
Sn(p, pa)Cd reactions were constructed from these mo-
menta, and strong transitions from the ground state of
Sn to the vicinity of the ground state of Cd were ob-
served. Figure 2 shows (a) the missing-mass spectrum
of 128n(p, pa)t®®Cd. The peak indicated by the ar-
row is the transition from the ground state of ''?Sn
to the vicinity of the ground state of '°3Cd. Fig-
ure 2(b) shows the isotope dependence of cross sec-
tions.”) The black filled circles indicate experimental
data, and the red open squares indicate theoretical pre-
dictions, where the theoretical alpha-cluster formation
probabilities were converted to the (p,pa) cross sec-
tions using nuclear reaction calculations based on the
distorted wave impulse approximation. A good agree-
ment with the theoretical conjecture is observed.

The theoretical study further suggested not only the
control of the formation of alpha clusters by neutron
skins, but also the suppression of neutron skins by the
appearance of alpha clusters. The series of experimen-
tal studies of surface alpha clusters have the potential
to revise the parameters correlated with the neutron-
skin thickness in the nuclear equation of state in the
future.
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Reaction cross sections on a deuteron as a probe of nuclear radiif

W. Horiuchi,*! Y. Suzuki,*?*3 T. Uesaka,*>** and M. Miwa*3:*4

Total reaction or interaction cross section measure-
ment has been used as a standard tool to determine
the nuclear radii of unstable nuclei. The total reaction
cross section of a proton target is known to exhibit
strong incident energy dependence that can be used to
deduce both the neutron and proton radii.’? A neu-
tron target may also be useful for the structual study
of the unstable nuclei as it has a different sensitivity
compared to that of the proton target but no neutron
target exists. Since the deuteron is composed of neu-
trons and protons, the total reaction cross section on
a deuteron target must include both information on
the nucleus-neutron and the nucleus-proton scattering
profiles.

To describe high-energy nucleus-deuteron reactions,
we employ the Glauber model,® wherein the nucleus-
nucleon total reaction cross section on (N = n,p) can
be obtained by on = [db (1 — |ei><§(b)|2). Under
the optical-limit approximation, the optical phase-shift
function X~ (®) at the impact parameter vector b can
be evaluated using the projectile’s density and nucleon-
nucleon (NN) scattering profiles. A unique advantage
of the deuteron target is that one can calculate the
phase-shift function accurately using its ground-state
wave function ¢4(r). The nucleus-deuteron total reac-
tion cross section oq = [db (1 — Py(b)), and it can be
obtained with

. . 2
Pa(b) = | / dr |a(r) e Or i T -1 ()

where r = (s, z) with z being the beam direction.

In most measurements, the interaction cross section
4.1 1s observed but not o4. Since o4 includes all inelas-
tic cross sections, o4 > 047 always holds. However, a
calculation of 04.; demands all bound-state wave func-
tions of the projectile, which is difficult in general. For
the deuteron target, provided the projectile has only
one bound state, i.e., its ground state, one can evalu-
ate o4 — 04.1 with the same inputs required to evaluate
oq as Ago = [db(Py(b) — Py(b)) with

. . 2
ezxﬁ(b-l—%s)—i—zxfj(b—%s) ) (2)

Po(b) = [ dr foutr)

If the projectile has more than one bound state, Ago
gives the lower bound of o4 — 04.;5.
Figure 1 displays o4, 0p, and o, for **Ne as a

T Condensed from the article in Phys. Rev. C 102, 054601
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Fig. 1. Various cross sections for *°Ne adopted from the
original paper. See text for details.

function of incident energy. o4 is always significantly
smaller than o, 4+ o, by about 70-90% of o, + o,, due
to the “eclipse” of the constituent neutron and pro-
ton.?) The energy dependence of these cross sections
follows that of the NN total cross section. The in-
formation of the nucleus-neutron scattering profile is
included in o4. As already mentioned, the deuteron
target has the advantages that the upper bound of the
interaction cross section can be evaluated reliably us-
ing the deuteron wave function. Further, Fig. 1 dis-
plays the upper bound of the interaction cross section
og.1 and Ago for 39Ne. Ago has at maximum 60—
70 mb at around 80 MeV /nucleon, which is about 6%
of 4. In addition, Ago decreases with increasing inci-
dent energy. The ratio Ago /o4 becomes at most few
percent beyond 300 MeV /nucleon. For the unstable
nuclei near the dripline that has only one bound state,
a reliable interaction cross section can be obtained,
and this greatly improves the accuracy of the radius
extraction. We conclude that measuring the total re-
action cross sections on both deuteron and proton tar-
gets is the most unambiguous and promising approach
to determine the neutron and proton radii of unstable
nuclei.
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Mean-square radius of the neutron distribution and skin thickness
derived from electron scattering’

H. Kurasawa,*! T. Suda,*®*3 and T. Suzuki*?

To the authors’ knowledge, this is the first study to

deduce the neutron distribution from electron scatter-

ing data in the history of nuclear physics.
The question how neutrons are distributed in nuclei

1)

has been a longstanding problem. Although it is one
of the most fundamental problems in nuclear physics,
the neutron distribution has not been well determined
yet, because there is no simple and reliable method to
explore it experimentally.?) In contrast to the neutron
distribution, the proton distribution has been widely
investigated through the nuclear charge density de-
duced from electron scattering.?) Electron scattering

is

an unambiguous and unique tool to examine the

charge distribution, because the electromagnetic inter-
action is well understood and allows reactions that do

not disturb the nuclear ground-state properties.
So far, electron scattering has been believed to be

1)

useful for the study of the only proton distribution and
has not been discussed in the context of the neutron
distribution in nuclei.*) The SCRIT in RIKEN® also
constructed with the primary objective of exploring
the proton distribution in unstable nuclei, although the
neutron distribution plays a crucial role in the stability

of neutron-rich nuclei.

Such dogma is based on the

fact that the neutron charge density is approximately
1% of the total nuclear charge density and oscillates
as a function of the nuclear coordinate, yielding zero
integrated charge.

Recently, the precise expressions for the moments of

the nuclear charge density were derived according to
relativistic quantum mechanics.%) It has been shown
that the second-order moment of the nuclear charge
density(R?) is dominated by the mean-square radius
(msr) of the point proton distribution (R?), while the
nth (> 4)-order moment depends on the (n-2)th-order

moment of the point neutron distribution also.

For

example, the fourth-order moment (Q?) of the charge
density depends on the msr of the point neutron dis-
tribution (R2). The contribution of R? to Q% is dom-
inated by the number of excess neutrons.

The present authors have analyzed experimental

data of R? and Q? deduced from the electron scatter-
ing off °°Ca, 48Ca, and 2°%Pb, which are available at
present.?) First, using relativistic and non-relativistic
mean field models accumulated over the last 50 years
in nuclear physics, the linear relationship between the

"
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various moments are explored with the use of the least-
squares method. Next, from the intersection of the
predicted least-square lines and the lines of the exper-
imental value for R? or Q% | the values of R2 together
with R% of those nuclei have been estimated. They are
obtained within 1% accuracy, including both experi-
mental error and the standard deviation of the least-
square lines.!)

This paper opens a new possibility of electron scat-
tering as a clean and practical probe to extract neutron
density information. As the contributions from the
neutron density to the charge density are expected to
increase in neutron-rich nuclei, the new electron scat-
tering facilities in the world® which are led by the
SCRIT? would make the forthcoming study of unsta-
ble nuclei more efficient and stimulating, both experi-
mentally and theoretically.
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Isotopic production of high-radiotoxic nuclide ?°Sr via proton- and
deuteron-induced reactions’

R. Matsumura,*"*? H. Otsu,*! H. Wang,*! N. Chiga,*! S. Kawase,*® K. Nakano,*? H. Sakurai,*!*4
M. Shikata,*> S. Takeuchi,*® and Y. Togano*® for the InPACT-RIBF Collaboration

The processing of spent fuels from nuclear power
plants is a worldwide problem. The by-products of
the reprocessing of spent fuels are high-level radioac-
tive wastes, which contain minor actinides and fission
products. In this study, we focus on ?°Sr, which is the
most radiotoxic nuclide in fission products.?) There is a
strong desire to develop nuclear transmutation technol-
ogy using accelerator facilities to reduce these harmful
nuclides. The simplest method is to irradiate the ra-
dioactive waste with a neutron beam. However, it is
not well known how much and into which nuclide *°Sr
is transmuted in this reaction. Therefore, it is essential
to study the reaction cross sections to each nuclide from
908r in advance. From this perspective, the inverse kine-
matics, 4.e., incident “9Sr beam on light-particle targets,
is an effective method for identifying reaction products
in the forward direction.

The experiment was performed at RIBF. A secondary
beam including “°Sr was produced by the in-flight fis-
sion of 238U at 345 MeV /nucleon on a 3-mm-thick ?Be
production target, selected and identified event-by-event
using the TOF-Bp-AE method.?) Beam particles at
104 MeV /nucleon bombarded CHy, CD2, and C reac-
tion targets placed at the entrance of ZDS. The residual
nuclei produced in reactions were identified in ZDS with
the same method as BigRIPS. Because the momentum
acceptance of ZDS is limited to +3%, the experiment
was conducted using five different momentum settings
(A(Bp)/Bp = -9, —6, —3, 0, and +3%) for each tar-
get to accept a wide range of the mass-to-charge ratio
A/Q. The reaction cross sections were deduced from the
number of incident ?°Sr nuclides, the number of residual
particles of each species, and the thickness of the target.
The backgrounds of carbon from CHy and CDy targets
and beam-line materials were subtracted using empty
and carbon target runs.

The data points above 1 mb were obtained with good
statistics. These were compared with the calculations
using the Particle and Heavy Ion Transport code System
(puITS),?) as shown in Fig. 1. The Liége Intranuclear
Cascade model (INCL4.6) and the Generalized Evapora-
tion Model (GEM) were employed in the calculations. It
is observed that the calculation results were overesti-
mated around the mass number of the projectile. Few-

T Condensed from the proceedings in JAEA-Conf 2021-001
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Fig. 1. Isotopic-production cross sections of proton- (circles)
and deuteron-induced (diamonds) reactions and those ob-
tained from the PHITS calculations (proton for solid and
deuteron for dotted lines).

nucleon removal reactions are not interpreted properly
in INCL because momentum distributions of the nuclear
surface are treated in a semiclassical way.*) In addition,
even-odd staggering effects appeared excessively for nu-
clides produced by emitting many nucleons. This may
be controlled to some extent by considering the compe-
tition between particle and ~-ray emissions, as well as
the discrete energy levels, in the GEM.

In the lower energy deuteron-induced reaction, it
has been observed that the initial reaction mechanism
changes drastically due to the breakup into proton and
neutron during the reaction.” Thus, we would also like
to obtain the reaction data for “°Sr in the near future.
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C P-odd gluonic operators in QCD spin physics'

Y. Hatta*!*2

The explanation of matter-antimatter asymmetry of
the universe requires new origins of C'P-violation be-
yond the Standard Model (BSM). One of the inter-
esting C'P-violating operators that can be induced in
the QCD Lagrangian due to BSM physics is the Wein-
berg operator.') In this report I point out a novel rela-
tion between the hadronic matrix element of the Wein-
berg operator and a certain twist-four correction in
polarized Deep Inelastic Scattering (DIS). Such a re-
lation suggests an exciting possibility that polarized
DIS experiments can provide useful information to the
physics of the nucleon electric dipole moment (EDM),
or more generally, BSM-origins of hadronic C'P viola-
tions.

The Weinberg operator is a dimension-six purely
gluonic operator

OW :gfabCFSVF#aFga' (1)

This operator violates C'P and can be induced in
the QCD Lagrangian by physics beyond the Standard
Model. It is considered as one of the candidate op-
erators to generate a large EDM of the nucleons and
nuclei.

The key observation is the following exact operator
identity

. 1.
Ow = —0"(F, D o F") — §FW%>2F’“’
= 04+ Op, (2)

Eq. (2) shows that one can choose Oy and Oy as the
independent basis of operators and study their mixing.
Due to the equation of motion, one can write

Oy =~ 5”(159@1/7%), (3>

to linear order in partial derivative 0#. Such mixing is
usually neglected in the literature because Oy is a total
derivative and hence does not contribute to the CP-
violating effective action [ d*rO, = 0. However, when
it comes to hadronic matrix elements, mixing becomes
crucial because only the nonforward matrix element is
nonvanishing. Specifically, their RG equation takes the

form
dinp? \ Oy 2 AN U 71 on

where

7 2
=N, +:n 5
w 3iVe T3 f (5)
f Condensed from the article in Phys. Rev. D 102, 094004

(2020)
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is the anomalous dimension of the Weinberg opera-
tor.2) The anomalous dimension of @, is the same
as that of the undifferentiated, twist-four operator
1/_)915“”%1/1 and is known to be®

8 2

To determine the off-diagonal component 712, I evalu-
ate the following three-point Green’s function

(OT{y(—k) AL ()1 (p)Ow }|0) (7)
with off-shell momenta and nonzero momentum trans-
fer A=k —p—q+#0. The result is

712 = _3Nc- (8)

It immediately follows that the following linear combi-
nation is the eigenstate of the RG evolution

V12 9N?
Ow+——"—04,=0w — ——
Y w —m T T 3N 4
Since this operator has a rather large anomalous di-
mension yy ~ 10, in particular larger than 4 by a fac-
tor of about 2, at high enough renormalization scales
1% one has

0. (9

Ow) = —Ne_10,) ~261(0,) (10)
W) ~ 3N3 + 4 4) ~ 4. 4/
In terms of the nucleon matrix elements
(PlpgF" v, 0| P) = =2 foM>S* (11)

log

1 . .
W(P’\gf“chﬁuF}f* FY |P) =4Eu'ivsu.  (12)

I get

N 9N2 N

~ mﬂ) ~ 1.3 fy. (13)
Therefore, one can evaluate the matrix element E of
the Weinberg operator through the measurement of the
fo parameter relevant to the twist-four corrections in
polarized DIS.*®) fy can be extracted from the g, (x)
structure function measured at the future Electron-
Ion Collider (EIC) in the U.S. This is a new connec-
tion between the EIC and physics beyond the Standard
Model. It will demonstrate the EIC’s unique capabil-
ity to address low-energy nucleon observables in a high
energy collider.

E
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Start the operation of AVF-BIS and its performance evaluation as a
successor system to BIS

M. Komiyama,*! A. Uchiyama,*! M. Fujimaki,*! M. Hamanaka,*?> T. Nakamura,*? and N. Fukunishi*!

The beam interlock system (BIS) for machine protec-
tion began operation in 2006 along with the beam com-
missioning of RIBF.Y) The BIS is still under stable op-
eration; however, its maintenance has become gradually
difficult because some of the modules used in the system
are discontinued and cannot be replaced. In addition,
another problem is the declining performance of the sys-
tem because of the increase in the number of inputs to
the system during its 14 years of operation. Measure-
ments performed in summer 2020 show that the average
response time of BIS, the time from when the system re-
ceives the interlock signal to when the beam is stopped,
is approximately 18 ms, which is greater than the system
design value of 10 ms. To operate higher-power beams in
the future more safely, a response speed of 10 ms or less
is required. Therefore, we have been developing a succes-
sor system to the BIS for a few years, and we applied the
prototype to the AVF cyclotron and its low-energy ex-
perimental facility as AVF-BIS in summer 2020. We will
report its operation status and performance evaluation.

The hardware constitution and process flow of the pro-
totype are shown in Fig. 1; the details are reported in
Ref. 2). One new advantage of the prototype is that it
has a multi-central processing unit (CPU) configuration
that can shorten the response time of the system by using
different CPUs according to the speed required by each
process such as stopping the beam after receiving the in-
terlock signal and parameter setting of the system. We
set up the prototype comprising two programmable logic
controller (PLC) stations: one with a Linux-based CPU
and a sequence CPU was installed in the vault for the po-
larized ion source, and the other with a sequence CPU
was installed in vault C for the power supplies for the
magnets. The communication between the two stations
was performed through FL-net (an open network proto-
col used for interconnection between controllers) using
dedicated wiring; the signal setting and monitoring are
performed by the terminal in the control room via the
Ethernet. In AVF-BIS, 25 digital inputs and 24 analog
inputs are used as the interlock signals; 5 digital outputs
are used to stop a beam in total.

As a result of the oscilloscope-measured signal trans-
mission speed in the AVF-BIS, the observed response
time averaged 2 ms and 5.7 ms, respectively, within
one station and with both stations. The average re-
sponse time is 1.4 ms and 3.8 ms for the operation within
one station and using two stations, respectively, in the
test prior to the introduction of the prototype as AVF-
BIS. The difference between the two measurements is at-
tributed to the difference in the length of the ladder pro-
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Fig. 1. Hardware constitution and process flow in the proto-
type. Blue lines represent communication via Ethernet,
green lines represent communication via PLC bus, and
purple lines represent communication via FL-net.

gram executed on the sequence CPU: the ladder program
became longer as a result of the repeated program modi-
fications when operating the prototype as the AVF-BIS.
However, it is sufficient as the performance of the AVF-
BIS. When deploying the AVF-BIS in the same scale as
the BIS that consists of 5 PLC stations with roughly
400 signals, the response time is estimated to be almost
10 ms. The basis for the estimation is as follows: increase
the number of total signals and the time required for the
signal transmission via FL-net increases depending on
the number of PLC stations.

The above result shows that it is possible to achieve
half the response time of the existing BIS by expanding
the prototype to the successor system of the BIS; how-
ever, simultaneously, it shows that it limits the perfor-
mance of the system. In a system with insufficient per-
formance, it may not be possible to maintain the increase
in the number of signals required to be monitored by the
BIS in the future when a higher-power beam accelerated
by RIBF, and another higher performance system may
be required again. To avoid such a scenario, we have
started to study a system with a field-programmable
gate array (FPGA). The process that requires high speed
is executed on the FPGA while the system is designed
based on PLC. The system aims to reduce the response
time to digital input signals to less than 1 ms.
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HiCARI: High-resolution Cluster Array at RIBF

K. Wimmer,*!*2 P. Doornenbal,*? N. Aoi,*> H. Baba,*? F. Browne,*> C. Campbell,** H. Crawford,**
H. De Witte,*® C. Fransen,*® H. Hess,*¢ S. Iwazaki,*? J. Kim,*?> A. Kohda,*® T. Koiwai,*"*? B. Mauss,*?
B. Moon,*? T. Parry,*® P. Reiter,*S D. Suzuki,*?> R. Taniuchi,***2 S. Thiel,*S and Y. Yamamoto*3

The RIKEN Nishina Center and the RIBF have been
conducting in-beam 7-ray spectroscopy experiments at
the forefront of nuclear structure research. Studies on
exotic nuclei have focused on experiments employing
beams with the largest possible isospin asymmetry. Low
beam intensities require thick secondary reaction tar-
gets to achieve reasonable luminosity for measurements
as well as a high efficiency v-ray detector. The Nal(Tl)
detector array DALI2Y) features a very high detection
efficiency, ~20% for 1 MeV + rays, but it has very lim-
ited resolution for the transition energies (approximately
10% FWHM for typical in-beam experiments). This de-
tector is ideally suited for first spectroscopy experiments
for nuclei at the limits of the known nuclear chart, as well
as for studies featuring low level densities or selective
population of states such as magic nuclei or Coulomb
excitation. The detailed spectroscopy of complex level
schemes and measurements of excited state lifetimes are
not possible with the DALI2 array.

To overcome these limitation for in-beam ~-ray spec-
troscopy experiments at the RIBF, the HICARI project
was initiated. The HiICARI array comprises segmented
high-purity germanium detectors. This provides excel-
lent energy resolution to in-beam experiments by im-
proving both the intrinsic energy resolution of the de-
tector material itself and the position resolution for the
interaction points of the + ray with the detector ma-
terial, which is required for the Doppler reconstruction
of transition energies. The high resolution also allows
determining the lifetimes of excited states by analyz-
ing the shape of the peak in the Doppler reconstructed
spectrum. For the HiICARI array, eight Miniball triple
cluster detectors,? 8(4)-fold segmented Clover detectors
from IBS Korea (two clusters) and IMP China (four clus-
ters), the RCNP quad-type 36-fold segmented tracking
detector, and a triple segmented tracking detector P3
from LBNL Berkeley, which is also 36-fold segmented,
are available. The final array installed at the F8 focus
for experiments employing the ZeroDegree spectrometer
comprises six Miniball triples, four Clovers, and the two
tracking detector modules; it is shown in Fig. 1.

The readout electronics is based on the digital data ac-
quisition of the GRETINA array.®) The signals of each
central contact and segment electrode are digitized with
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Fig. 1. HiCARI array located at the F8 focus. The beam
enters through the beam pipe from the left. The forward
ring (fhap ~ 22-55°) comprises six Miniball detector mod-
ules (MB). The tracking detectors (P3 and Quad) are lo-
cated in the horizontal plane, with the Clover detectors
(CL) arranged on top and bottom of the 6ia, ~ 60-85°
ring.

a 100 MHz sampling rate and recorded. The energy
is derived using a trapezoidal filter algorithm. For the
tracking detectors, the energy and three-dimensional po-
sition information of individual interaction points within
the segments is derived from the GRETINA signal de-
composition analysis.

Before the experimental campaign (for details on in-
dividual experiments, see contributions in this volume),
a series of characterization and commissioning measure-
ments was performed. In-beam measurements using an
intense 82Ge beam of approximately 260 MeV /nucleon
impinging on Be and Au targets of various thicknesses
were used to characterize the in-beam efficiency and res-
olution of the HICARI array. The response to the high-
intensity, low-energy radiation from atomic processes in
the collision of beam and target was also investigated,
and the effect of different shielding materials was ex-
plored.
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Removing non-isobaric ions from an MRTOF-MS by periodic electric
pulses

S. X. Yan,*!*2 M. Rosenbusch,*?> W. D. Xian,*3*2 S. D. Chen,***? Y. Hirayama,*? D. S. Hou,***? S. Iimura,*>*6
H. Ishiyama,*® Y. Ito,*” S. Kimura,*® J. J. Liu,*3*? H. Miyatake,*?> S. Nishimura,*® T. Niwase,*®*%*2 P, Schury,*?
A. Takamine,*> M. Wada,*? Y. X. Watanabe,*? and H. Wollnik*’

In the recent SLOWRI/ZD-MRTOFY commissioning
run, radioactive ions were extracted with stable molec-
ular ions spanning a wide mass range from impurities
in the helium gas cell. Owing to the periodic nature
of an MRTOF mass spectrometer (MRTOF-MS), this
leads to an overlapping of ions with ions of varying
A/q performing different numbers of laps in the TOF
spectra. Unwanted stable molecular ions with higher
abundance than the ions of interest prevented the
identification of exotic isotopes from BigRIPS. Thus,
it was necessary to devise a new purification method
to remove contaminant ions as much as possible in our
online measurement. An in-trap mass separation system
for the ZD-MRTOF system was not yet installed during
commissioning runs. Such systems are scheduled for
the future based on existing knowledge, e.g., selection
methods called in-trap potential lift technique® and
in-trap deflector technique.®) Both techniques apply
electric pulses to eject unwanted ions, where a single
pulse on the order of a kilovolt is used at the moment of
ion ejection (only applicable for isobaric ion separation)
in the first method, and periodic low-voltage pulses are
applied to a deflector inside the MRTOF device for
the wideband ejection of ions in the second method.
Here, we implement a new mass filter method based on
periodic 600 V pulses of 2-4 pus duration using mirror
electrodes that were on the ground potential previously.
This periodic rectangular pulse is applied to injection-
side mirror electrodes 5-8 (see graphic and simulated

— Drift tube
|—| ens BN " NN
=
....... B o
""**inject mirror 5,6,7,8
Pulse on (600 V)

Pulse off (0 V)

Lens Eject mirror |

To detector—

Fig. 1. Schematic of cleaning mode and potential distribu-
tion along the axis in MRTOF-MS.
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Fig. 2. Measured TOF spectrum without and with the
cleaning mode; spectral peak marked in red is $2Ge.

potentials in Fig. 1).

The flight time depends on the mass-to-charge ratio
t < y/(A/q) of the ions. Different ion species of equal
initial energy separate during flight in the MRTOF
analyzer according to their A/q. The “on”/“off” stage
of the pulses is synchronized with the wanted A/q
value, and therefore, it is ensured that the ions of
interest always experience the “off” stage when crossing
the pulsed electrodes. In turn, the unwanted A/q
ions are not synchronized, and they cross the pulsed
region randomly in time. Being affected by the pulses
once or several times changes their kinetic energy and
additionally scatters the ions in a radial direction, which
leads to unstable trajectories and ejection of ions. This
ejection scheme was first tested in a simulation, and then
applied in the experiment. After about 100-200 laps,
ions of undesirable A/q crossed this region several times,
and they could mostly be removed from the system. In
our online experiments, the cleaning mode was applied;
a comparison without and with the cleaning is shown
in Fig. 2. Only the selected mass range is retained,
and other mass areas are considerably clean in the
spectrum. Although a very slight peak shift may occur
due to the fluctuation of mirror potentials, this can
be measured and corrected in the mass analysis. The
new cleaning method was successful and enabled our
first online measurements to determine low count rate
nuclides.
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Development of the gaseous Xe scintillation detector for heavy RI beams

Y. Hijikata,*! J. Zenihiro,*! H. Baba,*> M. Dozono,*? S. Enyo,*! N. Fukuda,*?> T. Harada,*?** Y. Matsuda,*>
S. Michimasa,*? D. Nishimura,*® S. Nishimura,*? S. Ota,*3 H. Sakaguchi,*” H. Sato,*? Y. Shimizu,*?
S. Sugawara,*S H. Suzuki,*? H. Takahashi,*® H. Takeda,*? S. Takeshige,*® J. Tanaka,*? S. Terashima,*? R. Tsuji,*!
T. Uesaka,*? S. Yamamura,*'? and K. Yoshida*?

In this contribution, we briefly report on the perfor- N ¢~

mance test of the gaseous Xe scintillation detector in-
stalled in the F7 vacuum chamber of BigRIPS. In this
test, we use the detector for the particle identification
of heavy RI beams up to the atomic number Z ~ 90
for the first time. At present, RIBF is the best facility
for the generation of high-intensity and high-energy RI
beams in the world. However, the use of high-intensity
RI beams is now limited because of radiation damage
and/or the slow responses of the standard detectors of
BigRIPS.") As machine time is also limited because of
the hogh cost of electric power, failure to use the high-
intensity RI beams would be a significant loss.
Therefore, we proposed a new detector using scintil-
lation photons from Xe gas. Because the average energy
expended per scintillation photon is very small (<20 eV)
and its lifetime is relatively short (5 ns and 100 ns),?
the detector is expected to have a good energy resolution
and a fast response time. The Xe detector is promising
for the AF measurements of high-intensity RI beams
(>100 kcps), where the ion chamber (IC) cannot work
because of the slow response. To replace the IC with the
Xe detector, we must first compare its energy resolution

Fig. 1. Photograph of the new version of the gaseous Xe
scintillation detector. Four 2-inch-¢ PMTs (Hamamatsu,
R6041-406) were attached to the corners.
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Fig. 2. Z obtained using the IC (left) and the Xe detector
(right) vs. A/Q spectra with the Ge setting.

to that of the IC. A prototype of the detector was tested
using a cocktail secondary beam at 300 MeV /nucleon up
to Z = 55 at HIMAC, QST in Chiba. An rms resolution
of AZ = 0.2 around Z = 55 in sigma was achieved.?)
However, it is difficult to install the prototype in the
vacuum chambers at the focal planes in the BigRIPS
beamline owing to the thick detector material, which
consists of 4-atm and 12-cm-thick Xe gas and 2-mm-
thick Al windows. We recently built a new version of
the Xe detector with 2-atm and 9-cm-thick Xe gas and
125-pm-thick Kapton windows, as shown in Fig. 1. The
material thickness is approximately 100 mg/cm?, which
is comparable to that of the IC.

In November 2020, we installed the new detector in
the F7 vacuum chamber for the first time and performed
a test experiment by using several heavy RI and pri-
mary beam settings such as Ge, Sb, Er, Th, and U.
We successfully acquired data of particles of different Z
and different beam intensities. For the readout circuits,
flash ADC (CAEN V1730) have been used in addition to
the conventional QDC and TDC modules to check the
high-rate torelance. Figure 2 shows the obtained two-
dimensional PI spectra with the Ge setting. To deduce
Z and A/Q values, the energy loss AE of the IC and the
Xe detector as well as time of flight between the F3 and
F7 plastic scintillators are used. The rms resolution of
AZ ~ 0.22 determined from the AF in the Xe detector
is very close to that of the IC. Although the analysis
is ongoing, the preliminary spectra show that the Xe
detector will be helpful under high-intensity beam con-
ditions.
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pSR study of slightly pressurized organic superconductor k-(ET) Hgs g9Brs

D. P. Sari,*"*2 Y. Ishii,*! I. Watanabe,*? and H. Taniguchi*?

Organic superconductors are single-band system, sim-
ilar to high-critical-temperature (high-T¢.) cuprates su-
perconductors. A distinct difference can be observed in
their lattice, i.e., squared cuprates and triangular or-
ganics. In the case of squared cuprates, the Mott insu-
lating state has an antiferromagnetic (AF) ground state
in the 1/2-filled band case, while the anisotropic trian-
gular (t = t') organics also exhibit AF state. Here, ¢
and t' are the nearest and next nearest transfer inte-
gral between sites, respectively. For a triangular lattice
Mott insulator, owing to geometrical frustration (¢ ~ t'),
the system cannot be magnetically ordered down to the
mili-Kelvin order, i.e., a spin liquid state. Owing to hole
doping, it should also become metallic and supercon-
ducting (SC). However, the realistic candidate material
was limited until the discovery of hole-doped organic su-
perconductor k-(ET)4Hgs goBrg (k-HgBr). In metallic
state, resistivity exhibits the linear-temperature depen-
dence, p o< T, which is not a Fermi-liquid behavior. The
susceptibility from 300 to 2 K is nearly perfectly scaled
to that of a non-doped spin liquid organic insulator k-
(ET),Cu(CN)3.Y By pressure, this non-Fermi-liquid be-
havior turns into conventional Fermi-liquid behavior at
the P, = 0.5 GPa, where T is also the highest (~7 K)
in the pressure-temperature phase diagram.?) The non-
Fermi-liquid behavior at low-pressure region is similar
to the metallic state of high-T;. cuprates or low-pressure
range of multi-band heavy fermion CeColng, and it is
referred to as a strange metallic region.'?) Because k-
HgBr exhibits similarities with other strongly correlated
electron systems, it is interesting to determine the type
of Cooper pairing that occurs in xk-HgBr.

We aim to determine the pairing symmetry in k-
HgBr by puSR. We performed pSR measurement down
to 0.3 K on the ARGUS spectrometer at the RIKEN-
RAL muon facility with HELIOX cryostat and fly-path
setup. We developed a technique for applying a de-
cent pressure on k-HgBr crystals because at ambient
pressure, the SC state of xk-HgBr is not bulky due to
the inhomogeneous state.?) Approximately 130 mg crys-
tals were carefully aligned and stuck together using di-
luted polymer glue. This strategy was effective for ap-
plying enough pressure on the sample as we conducted
magnetization measurement using SQUID with a simi-
lar sample setup. Figures 1(a) and (b) show the result
of SQUID measurement. The demagnetization effect due
to sample shape was treated for all analyses. The tem-
perature dependence of susceptibility determined T, =
4.6(2) K whereas the field dependence of magnetization
(MH-curve) was measured at several temperatures; the
SC volume fractions were estimated at each tempera-
ture. Consequently, the estimated SC volume fraction
at 2 K was found to be approximately 90%, as shown in
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Fig. 1. (a) Temperature dependence of SC volume fraction
measured by SQUID. (b) Temperature dependence of H.q
measured by SQUID down to 2 K compared with puSR
measurement. (c) ZF-uSR time spectra before and after
applying TF of 40 G. The solid lines are the exponential
decay fitting lines. (d) Relaxation rate of ZF-uSR time
spectra after applying several TF, from 2 to 40 G.

Fig. 1(a). Comparing this with the referred result ob-
tained from ac-susceptibility measurement,?) a pressure
of at least 0.3 GPa was applied to the sample. This ex-
pectation was confirmed by the estimation of the lower-
critical field, H., by SQUID, resulting in the absolute
value of H., at 0 K, i.e., 27 Oe. The result is consistent
with the measurement performed using zero-filed (ZF)
uSR at 0.3 K. H.; was estimated as follows. The sam-
ple was ZF-cooled to 0.3 K. Transverse-field (TF) was
applied for approximately 10 min to destroy the shield-
ing field. After cutting off the TF, the ZF-relaxation
rate was measured. At TF = 25 Oe, the relaxation
rate started to increase. Therefore, we concluded that
the sample was in bulk condition and a slight pressure,
P 2 0.3 GPa, was applied. Using these results, we mea-
sured the ZF-uSR relaxation rate in x-HgBr down to
0.3 K. The temperature independence of ZF-relaxation
rate was observed, indicating that spontaneous internal
fields do not appear in the superconducting state. This
result is consistent with that in Ref. 4), in which the mea-
surement was performed down to 1.5 K and at ambient
pressure. Thus, the possibility of spin triplet and d + id-
wave symmetry in k-HgBr due to the expected triangular
lattice in k-HgBr becomes very low. The temperature
dependence of London penetration depth measurement
using TF-uSR is necessary for determining the SC gap
symmetry, which will be discussed in the future work.

References

1) H. Oike et al., Nat. Commun. 8, 756 (2017).

2) H. Taniguchi et al., J. Phys. Soc. Jpn. 76, 113709 (2007).
3) H. Oike et al., Phys. Rev. Lett. 114, 067002 (2015).

4) K. Satoh et al., Physica B 404, 597 (2009).

- 830 -



I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 54 (2021)

Targeted alpha therapy of cancer: Evaluation of [*?''At] AAMT
targeting LAT1T
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Y. Kanai,*"*3 K. Qoe,*"*3 A. Toyoshima,*!*2 Y. Shirakami,*"*?*3 T. Yoshimura,*! M. Fukuda,*?**
J. Hatazawa,*>*3 T. Nakano,*?** K. Fukase,*"*? and A. Shinohara*!*2

L-type amino acid transporter 1 (LAT1) is an iso-
form of the system L, which is Na™-independent neutral
amino acid transport agency. LAT1 is expressed in pri-
mary human cancers originating in various organs such
as the brain, lung, thymus, and skin, it is a well-known
specific cancer marker. Amino acid tracers containing
radioactive halogen have attracted attention for use as
probes in single photon emission computed tomography
(SPECT) and positron emission tomography (PET). L-
3-|'8F|- a-methyl-tyrosine (*F-FAMT) has higher po-
tential for tumor specificity than 2-deoxy-2-[**F| fluoro-
glucose (*¥F-FDG), which is widely employed as a PET
probe for cancer staging. Further FDG has the poten-
tial for false-positive accumulation within inflammation
related to high glucose metabolism in macrophages or
neutrophils, whereas '8 F-FAMT accumulates in tumors
via LAT1, which is expressed only in cancer cells.?) In
contrast, '®F-FAMT is not transported by other iso-
forms of the system L (e.g., LAT2, LAT3, and LAT4),
that are expressed in normal tissues.?®) Therefore, our
L-3-[*''At] - a-methyl-tyrosine (*''At-AAMT) is ex-
pected to exhibit LAT1 specificity and to have the po-
tential to be used as a targeting alpha therapy (TAT)
treatment.

Methods

The 2°Bi(a, 2n)?'t At reaction using the AVF Cy-
clotron at the Research Center for Nuclear Physics, Os-
aka University (Ibaraki, Japan) was used to produce
211 At %) Further 2'' At was produced with the same nu-
clear reaction at the Nishina Center for Accelerator-
Based Science, RIKEN, and it was then transported to
the Osaka University.

PANC-1 cells were cultured at 37°C in D-MEM con-
taining 10% fetal bovine serum and 1% antibiotics in
a humidified incubator with 5% CO2. Cultured cells
were washed in PBS (-) and harvested with trypsin.
Tumor xenograft models were established by the sub-
cutaneous injection of 1 x 107 cells in 0.2 mL of serum-
free medium and Matrigel (1:1) into female BALB/c-
nu/nu mice. PANC-1 xenograft mice (10 weeks old;
body weight = 19.3 + 1.4 g) were used when the tumor
size reached approximately 50 mm? on average.

The mice were divided into two groups according to
the injected dose [0.4 MBq (n =4, 4.0+ 0.2 MBq/mL);
control (n = 4)|. The control group only received sol-
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xenograft model. Tumor growth inhibition by 2!!At-
AAMT (Left). Coronal images of 2"'At-AAMT in
tumor-bearing model (Right).

vents.

Tumor sizes and body weights were measured three
times per week. Mice were sacrificed when the tumor
size reached more than 10% of the total weight. The
mice were observed for 40 days. Uptakes were normal-
ized by the injected dose (MBq) and body weight (g).

Results

In the PANC-1 model, the control mice were in-
jected only with solvents (0.2 w/v% AcOH and 1 w/v%
ascorbic acid solution) and the 2'1At-AAMT treatment
group received i.v. injections of the 0.4 MBq/mouse
211 At-AAMT solution. No inflammation or abnormal-
ities were observed around the injection site. In the
21 At-AAMT treatment group, the tumor growth was
clearly inhibited and the body weight was not signifi-
cantly decreased compared to the control group (Fig. 1).

Conclusion

211 At-AAMT may be considered a novel anti-cancer
drug. While 2!'At-AAMT could inhibit tumor growth
with a single treatment, the tumor was not completely
abolished, and therefore, a single injection was insuffi-
cient to decrease the tumor size continuously. Multiple
doses may be necessary to exploit the high anti-tumor
effect of 2!1 At-AAMT. In conclusion, 2! At-AAMT may
be an effective anti-cancer drug when administered mul-
tiple times or in combination with existing anti-cancer
drugs.
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Influence of antibody stabilization with sodium ascorbate on
radioimmunotherapy with an 2! At-conjugated anti-tissue factor
antibody’

H. Takashima,*!*2 Y. Koga,*!*? S. Manabe,*3*4*> K. Ohnuki,*® R. Tsumura,*! T. Anzai,*! N. Iwata,*!
Y. Wang,*? T. Yokokita,*> Y. Komori,*?> D. Mori,*?> H. Haba,*? H. Fujii,*® Y. Matsumura,*” and M. Yasunaga*!

Alpha radiation is characterized by higher linear trans-
fer compared to other types of ionizing radiation and a
range of 50-100 pm in tissue. Therefore, the selective
tumor accumulation of alpha emitters exerts potent an-
titumor effects without serious toxicity against normal
cells adjacent to the tumor. Astatine-211 (*''At) is an
alpha emitter, its high production yield is sufficient to
prepare 2! At-labeled radiopharmaceuticals for adminis-
tration at clinical doses.

Tissue factor (TF), a transmembrane glycoprotein ini-
tiating the extrinsic blood coagulation cascade, is over-
expressed in tumors such as gastric cancer, pancreatic
cancer, and malignant gliomas.!?)

Immunoglobulin G (IgG) selectively accumulate in tu-
mor via the enhanced permeability and retention (EPR)
effect.?) In addition, the antigen-antibody reaction en-
hances the tumor accumulation of antibodies.?) There-
fore, we focused on applying anti-TF monoclonal anti-
bodies (mAbs) established by us to armed antibodies
such as antibody-drug conjugate (ADC)*®) and anti-
body labeled with therapeutic radionuclides.

We synthesized 21'At in the 2°9Bi(«, 2n)?1At reac-
tion using the RIKEN azimuthally varying field (AVF)
cyclotron, and we labeled an anti-TF mAb with the ra-
dionuclide as previously reported.”

To evaluate 2!'!At-conjugaed anti-TF mAb, we per-
formed sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and flow cytometry analyses.
In the SDS-PAGE analysis, 2'!At-conjugated anti-TF
mAb was smeared, which was in contrast to band pat-
terns in 2'' At-unlabeled anti-TF mAbs. Consequently,
flow cytometry analysis revealed that the binding ac-
tivity of the astatinated mAb was disturbed compared
with 2! At-unlabeled mAbs. These findings suggest that
anti-TF mAb was denatured by the 2! At-induced radio-
chemical reaction. Then, to protect anti-TF mAb from
denaturation, we purified astatinated mAbs using an elu-
tion buffer containing sodium ascorbate (SA), which is a
free radical scavenger. In the SDS-PAGE analysis, band
patterns were demonstrated in 2'! At-conjugated anti-TF
mADbs eluted in phosphate-buffered saline (PBS) contain-
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Fig. 1. Summary of 2''At-induced antibody denaturation
and protective effect of sodium ascorbate.

ing 0.6 or 1.2% SA and 2''At-unlabeled mAbs. Conse-
quently, the binding activities of the astatinated anti-TF
mAbs in the SA solution were comparable to those of
211 At-unlabeled mAbs.

211 At-conjugated anti-TF mAbs stabilized with SA ex-
erted greater cytocidal effects on gastric cancer cells than
the astatinated mAb eluted in PBS. Similar to ADC,
the cytotoxicities of the stabilized immunoconjugates de-
pended on the level of TF in the cancer cell.

To evaluate in vivo toxicities, we observed the body
weight loss in mice administered SA, 2!! At-conjugated
anti-TF mAb, or free 2''At. Although body weight
loss was observed in mice administered PBS containing
1.2% SA, the loss was transient and the radioprotectant
seemed tolerable. Body weight loss after the administra-
tion of the astatinated anti-TF mAb in PBS containing
1.2% SA was milder than free 2''At dissolved in 1.2%
SA solution.

211 At-conjugated anti-TF mAb eluted in PBS contain-
ing 1.2% SA showed significantly greater antitumor ef-
fects in a high TF-expressing gastric cancer xenograft
model than the non-stabilized immunoconjugate. Simi-
lar to ADC, the antitumor effect of the astatinated anti-
TF mAb in 1.2% SA soution depended on the TF ex-
pression on the cell membrane of cancer cells.

In summary, SA protected the astatinated anti-TF
mAb from 2! At-induced antibody denaturation, which
resulted in the maintained binding and antitumor activ-
ities of the immunoconjugate (Fig. 1). Without intoler-
able side effects, 2'! At-conjugated anti-TF mAb eluted
in PBS containing 1.2% SA showed potent antitumor ef-
fects in gastric cancer xenograft models dependent on
the level of TF on the cancer cell membrane.
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Kinetics of Rad51 foci in G2 phase after heavy-ion irradiation in
mammalian cells

M. Izumi*! and T. Abe*!

DNA double-strand breaks (DSBs) are the most lethal
type of damage caused by ionizing irradiation and are
repaired mainly by non-homologous end joining (NHEJ)
or homologous recombination (HR) in mammalian cells;
alternative NHEJ and/or single-strand annealing work
only when both NHEJ and HR are impaired. Acceler-
ated heavy-ion particles with high linear energy transfer
(LET) induce complex and fragmented DNA damage
affecting the pathway choice and the efficiency of DSB
repair.

Several published results of survival assay using Chi-
nese hamster mutant cell lines deficient in NHEJ or
HR suggest that NHEJ is inhibited after heavy-ion ir-
radiation.’?) In contrast, studies using inhibitors and
mouse mutant cell lines suggest that NHEJ is a ma-
jor repair pathway after heavy-ion irradiation, although
HR is more important for higher-LET radiation.>* It
is also reported that clustered DNA damage enhances
end resection, which could promote HR, alt-NHEJ, and
SSA.%9) Therefore, the DNA repair mechanism after
heavy-ion irradiation is still controversial in higher eu-
karyotes.

Our previous study using human fibroblast and a spe-
cific inhibitor against NHEJ or HR suggests that NHEJ
and HR work competitively and compensate for each
other after X-irradiation.” On the other hand, NHEJ
is the major repair pathway after heavy-ion irradiation,
and HR does not seem to compensate for NHEJ. How-
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Fig. 1. Ratio of Rad5l/phosphorylated histone H2AX
(vH2AX) foci 1 h after irradiation in HeLa cells. Aphidi-
colin (10 uM) was added 30 min before irradiation, and
cells were irradiated with 2 Gy of X-rays, carbon ions
(LET = 80 keV/um), or argon ions (LET = 300 keV /um)
and incubated in the presence of aphidicolin for 1 h after
irradiation. The foci formation of Rad51 and YH2AX was
detected by immunostaining. Student’t ¢ test: *P < 0.01.
Error bars represent SD.
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Fig. 2. Time course of phosphorylated histone H2AX
(vH2AX) and Rad51 foci after irradiation in G2 cells.
The percentage of foci per cell was plotted by normal-
izing the numbers at the maximum time point as 100%
after irradiation.

ever, it is unknown whether HR efficiently repairs DSBs
caused by heavy ions or whether the DNA damage check-
point delays the entry into the S/G2 phase, where HR
occurs.

In this study, we examined the DNA repair kinetics
as well as the repair pathway usage in the G2 phase.
Exponentially growing HeLa cells were irradiated with
X-rays, carbon ions, or argon ions and incubated in the
presence of aphidicolin to arrest S-phase progression and
inhibit transition from the S to the G2 phase. The re-
pair efficiency and pathway usage were estimated by the
kinetics of the phosphorylated histone H2AX foci and
Rad51 foci, which reflect the DSBs and HR, respectively.
S-phase cells were identified by the pan-nucleic staining
of the phosphorylated histone H2AX and excluded from
analysis.

The ratio of Rad51/phosphorylated histone H2AX
foci induced by heavy-ion irradiation was higher than
that induced by X-rays (Fig. 1). The number of Rad51
foci decreased more slowly after heavy-ion irradiation
than after X-ray irradiation, with the kinetics similar to
those of phosphorylated histone H2AX (Fig. 2). These
results suggest that HR is favored after heavy-ion irra-
diation, although HR repairs DSBs less efficiently after
heavy-ion irradiation.
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Improvement of rotifer as the new food item in larviculture?

K. Tsuneizumi,** M. Yamada,*! K. Ichinose,*! H. Ichida,*! and T. Abe*!

In larviculture, rotifers (Brachionus plicatilis sense
strict) are generally used as the initial food source.!) The
lorica length of rotifers is distributed in the range of 170
320 pm in individuals carrying amictic eggs. The next
food item Artemia nauplii has a body length of 400-
1,000 pm. Although the proper management of feed
size and density associated with fish larval growth is
needed,? there is a size gap between rotifers and Artemia
nauplii. No feed items to bridge the size gap of 320-
400 pm have been developed in the food scheme of fish
larvae.

To improve the mass mortality and abnormal devel-
opment of fish larvae during the period of growth cor-
responding to the size gap, this study applied carbon
and argon heavy-ion-beam irradiation in mutation breed-
ing®*% to select rotifer mutants with larger lorica sizes.

In our previous study, the Notojima strain, known
as the largest rotifer strain in Japan, was irradiated
with carbon (C) and argon (Ar) ion beams at different
doses. We developed a screening method with the lorica
length as an indicator and established 56 large mutants
(Table 1).) In this study, we measured the population
growth rate as the parameter of good bait. The popula-
tion growth rate of each large mutant line was observed
with 5-mL cultures. For each line, every five individ-
uals were inoculated into 6 wells containing 5 mL of
fresh culture medium (18 practical salinity units) with
Chlorella. The total number of rotifers in each well was
counted after 5 days. The population growth rate of each
well was calculated with the following equation: popula-
tion growth rate = In (total population/5 individuals)/5

Control Large and rapid-proliferative mutants

Lines (a) Notojima | (b1) TYCT8 | (b2) TYC176 | (b3) TYC41
Lorica length (um) 305.6+3.0 365.6+3.7 | 347.7+38 353.3+35
Lorica width (um) 219.8+£2.7 | 265.1£3.5 | 258.9+3.3 | 261.5£3.0
Population growth rate = 0.66+0.01 | 0.72+0.01 | 0.68+0.01 @ 0.68+0.01

Fig. 1. Photograph of rotifer lines with proliferative differ-
ence and the control. (a) Control rotifer. (bl-3) Large
and proliferative mutants with higher population growth
rates than the control. Values are mean 4 standard er-
rors, and images of rotifer lines are of individuals with
the average lorica lengths. Scale bars represent 200 pum.

T Condensed from the article in Biosci. Biotech. and Biochem.
(DOI: 10.1093/bbb/zbaa094) (2021)
*1 RIKEN Nishina Center

Table 1. Frequency of large and rapid-proliferative mutants

. .| Active proliferation | Large mutants |Rapid proliferation
Heavy | Dose Irradi
ion (Gy) rotifer Lines |Frequency| Lines |Frequency| Lines |Frequency
No) | (No) | (%) | (No) | (%) | (No) | (%)
100 240 195 81.3 10 5.1 3 1.5
150 250 183 76.3 6 33 2 1.1
X 200 504 391 776 13 3.3 6 1.5
Kl 300 504 321 63.7 13 4.0 2 0.6
400 240 98 40.8 9 9.2 1 1.0
600 240 60 25.0 1 A7 0 0.0
25 216 197 91.2 1 0.5 0 0.0
50 216 145 67.1 2 14 1 0.7
Arion 75 216 140 64.8 1 0.7 0 0.0
100 216 84 389 0 0.0 0 0.0
150 216 17 7.9 0 0.0 0 0.0
Total 3048 1831 60.1 56 31 15 0.8

days). The average values of each large mutant line were
calculated using data obtained with six replications and
standardized using the control group.

The following 3 mutant lines showed a significantly
higher population growth rate than the control: TYA41
(Steel’s multiple comparison tests, P < 0.05), TYCTS,
and TYC176 (P < 0.01) (Fig. 1). The large mutant
lines showed an equal or higher growth rate than the
control are categorized as the rapid proliferation in Ta-
ble 1. The frequency of appearance was calculated using
the mutant lines showing active proliferation after irra-
diation: mutant frequency (%) = (number of rapid pro-
liferation) /(number of active proliferation) x 100. The
highest frequency was observed at 100 and 200 Gy with
the C-ion beam. For TYC78 produced at 200 Gy, we
decided that a C-ion beam of 200 Gy was the optimal
irradiation condition to establish a large rotifer. Simi-
larly, the highest frequency was observed at 50 Gy with
the Ar-ion beam, and TYA41 was selected from the same
condition. This was also determined to be the optimum
irradiation dose. Thus, these three mutants are suitable
to solve the feed-size gap between rotifers and Artemia
nauplii and should improve the marine fish larviculture
system.

Food shortages due to population growth and in-
creased consumption are a major global concern, and
countries around the world are searching for ways to in-
crease food production. The enlarged rotifers obtained
in this study could potentially provide a stable supply of
larger rotifers at low cost, enhancing aquaculture.
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RI beam production at BigRIPS in 2020

H. Takeda,*' N. Fukuda,*' H. Suzuki,*! Y. Shimizu,*' N. Inabe,*! K. Kusaka,*! M. Ohtake,*! Y. Yanagisawa,*!
H. Sato,*! K. Yoshida,*! and T. Uesaka*!

The radioactive isotope (RI) beam production at the
BigRIPS fragment separator®) in 2020 is presented here.
Table 1 summarizes the experimental programs that in-
volved the use of the BigRIPS separator in this period
and the RI beams produced for each experiment. All the
experiments originally scheduled for the spring beam-
time were postponed owing to the COVID-19 pandemic.
In the autumn beamtime, 22*U and "°Zn primary beams
were provided.

The 238U beam campaign started in October. During
a tuning phase of BigRIPS at startup, an auto-focusing
and auto-centering system was tested with a 82Ge beam
for the first time at RIBF.?) After the BigRIPS tun-
ing phase followed by the commissioning of HiCARI,
a PALIS experiment was performed with an RI beam
around '?1Bi to evaluate the extraction efficiency using
alpha emitters in the ! Bi region.

Five HiCARI experiments were subsequently per-
formed with the ZeroDegree spectrometer. A cocktail
beam of 82 Ge/®3Ga/82Zn was produced to study neutron
intruder states and collectivity. 5¢Se/31Ge, 88Se/8¢Ge,
and “°Se beams were produced to explore quadrupole
and octupole collectivity. A cocktail 1'1Nb/12Mo /113 Tc
beam was produced to perform high-resolution spec-
troscopy and lifetime measurements. A '3°Cd beam
was produced to study single-particle states in '??Ag.
A 135Te beam was produced to characterize a strongly
Coulomb-excited state above 4 MeV in 36Te. Dur-
ing these HiCARI experiments, mass measurements
with a multi-reflection time-of-flight mass spectrome-
ter (MRTOF-MS) located downstream of the ZeroDe-
gree spectrometer were performed symbiotically. Sub-
sequently, a machine study for the Rare RI Ring was

performed with a "®Ga beam.

At the end of the 23U beam campaign, a machine
study for a high-purity Th-beam development includ-
ing performance evaluations of beamline detectors for a
high-Z, high-rate RI beam was performed using a 2°Th
beam.?)

After switching to the "°Zn primary beam, two Hi-
CARI experiments were conducted with the ZeroDegree
spectrometer. °9Ti and °Ti beams were produced to
study the evolution of collectivity in Ti isotopes. 36Ca,
38Ca, ¥8Ca, and ®*Ca beams were produced to investi-
gate systematically the reduction factor for the deduced
spectroscopic factors. A symbiotic MRTOF experiment
was performed again.

A new isotope search experiment was conducted
around the #°Si region at the end of the °Zn beam cam-
paign.?

The RI beam production at BigRIPS from the start
of operation in March 2007 is summarized in our
database.?) At first, you will be redirected to the wel-
come page. Follow the links “Database of RI Beams Pro-
duced at BigRIPS” — “List of Experiments” — “Sum-
mary” to reach the summary page; you can reach the
page in subsequent attempts.
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Table 1. List of experimental programs together with RI beams produced at the BigRIPS separator in 2020.

Primary beam (Period) Exp. Prog. No. Spokesperson Course RI beams
NP1712-RIBF166-03 T. Sonoda PALIS 1Bi
NP1912-RIBF196-01 F. Flavigny ZeroDegree 84Ge/*¥Ga/%?Zn
NP1912-RIBF190-01 F. Browne ZeroDegree 86Se /% Ge, ®8Se /%0 Ge, 2°Se
B8y NP1912-RIBF187-01 W. Korten ZeroDegree HIND /M2 Mo /3 Te
345 MeV /nucleon NP1912-RIBF189-02 7. Podolyak ZeroDegree 139¢d
(Oct. 25-Nov. 24) NP1912-RIBF193-01 A. Jungclaus ZeroDegree 136Te
PE19-02 / PE20-01 M. Wada ZeroDegree (symbiotic)
MS-EXP20-04 Y. Yamaguchi Rare RI Ring Ga
MS-EXP20-02 N. Fukuda ZeroDegree 220
705 NP1912-RIBF142R1-01  T. Koiwai ZeroDegree 56Ty, 58T
NP1912-RIBF170R1-01 H. Crawford ZeroDegree 36Ca, 38Ca, *¥Ca, **Ca
345 MeV /nucleon o
(Dec. 2-Dec. 13) PE20-02 M. Wada ZeroDegree (symbiotic)
: ’ DA20-03 H. Suzuki BigRIPS 158i

*1 RIKEN Nishina Center
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Production cross-section measurement and new-isotope search for
very-neutron-rich RIs produced from "°Zn beam at 345 MeV /nucleaon
by BigRIPS separator

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

We performed production cross-section measurements
and a new-isotope search in the neutron-rich region
with the atomic numbers Z = 12-19, located south-
east of ¥*Ca in the nuclear chart. The neutron-rich ra-
dioactive isotopes (RIs) were produced by the projec-
tile fragmentation of a 600-particle-nA "°Zn beam at
345 MeV /nucleon impinged on a 10-mm-thick Be target
in the BigRIPS separator. Particle identification based
on the TOF-Bp-AE method!) was performed in the sec-
ond stage of BigRIPS. Three BigRIPS settings were used
with 453, 43Si, and *°Si as centeral particles. The former
two settings were for the cross-section measurements,
and the last one was for the new-isotope search. The
production cross sections were deduced from the mea-
sured production rates and their transmission efficiencies
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Fig. 1. Measured production cross sections of Rls produced
in the "°Zn + Be reaction at 345 MeV /nucleon with semi-
empirical cross-section formulae. (a) Results for even-Z
isotopes. (b) Results for odd-Z isotopes.
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Fig. 2. PID plots obtained in the *°Si setting. Events of a
new isotope, ¥°Si, were clearly observed.

in BigRIPS, which were simulated with LISE** calcula-
tions.?) In the simulation, parameters that control the
momentum and angular distribution®3) are not changed
from the default values in the current preliminary anal-
ysis.

Figure 1 shows the production cross sections of Rls
obtained in this work (filled symbols), together with
measurements in 2012 and 2014 (open symbols). The
solid, dashed, and dotted lines show the cross sections
predicted by the semi-empirical formula FRACS1.1,%
EPAX2.15,% and EPAX3.1a.9) Overall, FRACS1.1 best
reproduces the measured cross sections among these for-
mulae; however, around the very-neutron-rich region,
the discrepancy between the measured and predicted
cross sections becomes larger. A new isotope, *°Si,
was discovered in this work, as shown in Fig. 2. One
event was also observed at the location of 6Si, although
more elaborate analysis, such as background removal, is
needed for confirmation as a new isotope. The detailed
analysis is currently in progress.
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N = 32 shell closure below calcium: Low-lying structure of 5°Arf

M. L. Cortés,*!*2 W. Rodriguez,*3*!**4 P. Doornenbal,*! A. Obertelli,*>*6 J. D. Holt,*"*® J. Menéndez,*?-*'0
K. Ogata,*!1*12 A, Schwenk,*6*13*14 N. Shimizu,*® J. Simonis,*'® Y. Utsuno,*'6*? K. Yoshida,*' and the
SEASTAR2017 Collaboration

An interesting region to study shell evolution is
around Ca isotopes, where the development of shell clo-
sures for N = 32 and N = 34 has been suggested.
The N = 32 sub-shell closure was evidenced by its
relatively high E(2%) energy,") and confirmed by two-
proton knockout cross sections? and mass measure-
ments.?) For the N = 34 shell closure, evidence was
provided by E(2%),% systematic mass measurements,
and neutron-knockout cross sections.®) The preserva-
tion of the N = 32 shell closure has been determined
in Ti and Cr via spectroscopy, reduced transition prob-
abilities, and precision mass measurements, while for
N = 34, it has been suggested to disappear above Ca.
In contrast, the recent measurement of the F(27) of
52 Ar suggests the conservation of the N = 34 shell clo-
sure for Z = 18.7) The first spectroscopy of °° Ar showed
a relatively high E(2%),® hinting at the conservation of
the N = 32 shell closure below Ca. A candidate for the
47 state was also reported. No further spectroscopic in-
formation is available for this very exotic nucleus. This
work reports low-lying states in *Ar.

A beam of °Zn with an average intensity of 240 par-
ticle nA was fragmented on a Be target. Isotopes
were identified using BigRIPS? and delivered to the
151.3(13)-mm-long liquid hydrogen target of MINOS'®)
placed in front of the SAMURAI magnet. Outgoing
fragments were identified using SAMURAI and associ-
ated detectors.'?) The DALI2" array,'>'3) composed of
226 Nal(T1) detectors, was used to detect the emitted
~-rays. Doppler-corrected y-ray spectra were obtained
using the reaction vertex and the velocity of the frag-
ment reconstructed with MINOS.

Based on the spectra and -~y analysis of the
proton- and neutron-knockout, inelastic-scattering, and
multinucleon-removal reactions, the level scheme shown

T Condensed from Phys. Rev. C. 102, 064320 (2020)
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Fig. 1. Experimental level scheme of *Ar.

in Fig. 1 was constructed. The two previously reported
transitions and five new ones were identified. Theo-
retical level energies and spectroscopic factors for the
proton- and neutron-knockout reactions were obtained
with shell-model calculations using the SDPF-MU in-
teraction, as well as with ab initio calculations using the
VS-IMSRG approach. Tentative spin assignments were
made based on the comparison of the calculations and
the experimental results. In both calculations, states
with J™ = 2% are preferably populated by the reac-
tions, as shown in the figure. In addition, a (37) state
is suggested to be populated following the proton in-
elastic scattering. Both theoretical calculations provide
consistent results and a relatively good agreement with
the experimental data, emphasizing the subshell closure
at N = 32 and strengthening our understanding of shell
evolution in this region.
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Proton removal and lifetimes in the Ca isotopes: Spectroscopy and
reaction studies

H. L. Crawford,*! S. Paschalis,*? and M. Petri*? for the RIBF170R1 Collaboration

Nucleon knockout reactions are an essential and
powerful tool to study the single-particle structure of
nuclei far from stability. Through comparison of mea-
sured (0exp) and theoretical (o) inclusive and exclu-
sive cross-sections they provide a method to assign spe-
cific single-particle configurations and occupancies of
states in nuclei. However, the theoretical description
of knockout reactions is challenging, requiring both a
treatment of the reaction dynamics and the nuclear
structure of initial and final states.

The ratio R = 0exp/0own has been found, in stable
nuclei and specifically for (e,e’p) and single-nucleon
transfer reactions’? to be consistently less than 1
(R ~ 0.6), a reduction attributed to short and long-
range correlations not captured in the shell-model.
However, moving away from [-stability, a study by
Tostevin and Gade®) using available one-nucleon re-
moval data on unstable isotopes performed at inter-
mediate energies (~100 MeV /nucleon) shows a depen-
dence of R on the difference in the proton and neu-
tron separation energies of the initial system. This
dependence is in contrast to both transfer reaction
data taken at lower energies and to new data reported
recently by the R3B collaboration® and RIBF®) for
quasi-free one-proton knockout at higher energies.

Given the important implications of disentangling
the reaction and structure effects related to the origin
of the AS dependence of R observed in knockout re-
actions, we have performed an experiment to directly
explore the isospin dependence of proton knockout on
both C and H targets at RIBF energies. In addition to
the reaction cross-sections, we were also able to take
advantage of the opportunity presented by the HICARI
high-resolution ~-ray array® at RIBF to simultane-
ously explore lifetimes in the neutron-rich Ca isotopes,
which provide an important testing ground for inter-
actions derived from chiral Effective Field Theory and
many-body methods.

The experiment was performed in December 2020 at
the RIBF as part of the HICARI campaign. A "°Zn
primary beam was accelerated to 345 MeV /nucleon
and fragmented on a °Be primary target to produce
secondary beams centered on 3%48:54Ca. Fragments
were separated and identified within BigRIPS using
the standard AE-TOF-AFE method. The secondary
beam impinged on 1 g/cm? thick C and 1.2 g/cm?
thick CHj targets at the F8 focal plane, which induced
knockout reactions. The reaction residues were identi-
fied in the ZeroDegree spectrometer. The preliminary

*1
*2

Nuclear Science Division, Lawrence Berkeley National Lab
Department of Physics, University of York

a4
24

¥
27

-1 1
28 285

27
A/Q

14 NPT
26 265 29

Fig. 1. (Top) Particle identification plot for incoming beam
particles in BigRIPS for the setting of *Ca. (Bottom)

Reaction residue particle identification in the ZeroDe-
gree spectrometer, gated on incoming 5*Ca particles.

particle identification plots for the setting on °*Ca are
shown in Fig. 1. De-excitation ~-rays were detected
within the HICARI array.

Currently, the proton removal inclusive and exclu-
sive cross-sections from 3%48:54Ca to final states in
37,47, 53K are under analysis. In addition, y-ray spectra
in the most neutron-rich Ca isotopes, namely °3°4Ca,
are being carefully analyzed. Preliminary energy spec-
tra show evidence for lifetimes within the sensitivity
range for line-shape analysis, which will be pursued in
the next stages of analysis.
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Evolution of collectivity in Ti isotopes towards the IN = 40 island of
inversion

T. Koiwai*!"*2 and K. Wimmer*?*2 for the RIBF142R1 Collaboration

Over the past decade, significant efforts on both the
experimental and theoretical fronts have focused on
the development of nuclear collectivity in exotic iso-
topes around N = 40. It was revealed that the new
island of inversion, where the intruder configuration is
strongly favored in the ground state, at N = 40 is cen-
tered around %4Cr."?) It is then interesting to question
whether this enhanced collectivity established in the
region around the Fe and Cr isotopes presents itself in
exotic systems with fewer protons, namely, T1i isotopes.
Several theoretical calculations® % show the difference
in the reduced transition rates, B(F2;0" — 27) val-
ues, for neutron-rich Ti isotopes beyond °6Ti when
considering different model spaces. Although the ener-
gies for the first 27 state are consistent and agree with
experimental data, the B(E2) values differ, depending
on whether the gd shell is included in the calculations.
This suggests that the boundary of the island of in-
version is located between %6Ti and 58Ti. To answer
these questions, the Coulomb excitation of % 58Ti was
measured.

The experiment was conducted at the RIBF as a
part of the HICARI campaign. A "°Zn primary beam
with a maximum intensity of 600 particle nA was ac-
celerated to 345 MeV /nucleon and impinged on a 11-
mm-thick ?Be primary target to produce a secondary
beam for °6:°8Ti. The beam fragments were sepa-
rated and identified by the BigRIPS using the standard
AE-TOF—-Bp method. The secondary beam im-
pinged on a 1-mm-thick Au target to induce a Coulomb
excitation reaction. A 3-mm-thick Be target was also
used to determine the nuclear contribution to the ex-
citation. The reaction residuals were identified by the
ZeroDegree spectrometer. De-excitation v rays were
detected by the HICARI array™ at the F8 focal plane.
The preliminary particle identification plots are shown
in Fig. 1. Tails will be removed by further analysis.

Currently, the data are under analysis. The prelim-
inary Doppler-corrected energy spectra show the clear
transition peaks at known energies of the first 27 state
in both °%58Ti. Moreover, candidates of peaks are
found in coincidence with the one-neutron knockout
channel from °%%8Ti, which will reveal the configura-
tion of the ground-state wave function of these nuclei.
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Fig. 1. Particle identification plots for both the incoming
beam and outgoing residuals. The top panel shows the
56T setting and the bottom the °®Ti setting.
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RIBF190: Exploring collectivity beyond "®Ni

F. Browne*! and V. Werner*? for the RIBF 190 Collaboration

Recently, it has been indicated that the doubly
magic "®Ni has competing low-lying spherical and
prolate-deformed states.) In its north-east quadrant,
measurements of £(2]) and E(4]) of the N = 52, 54
Zn isotopes show deformation of ground-states be-
comes prominent beyond N = 50.2 Shell model®>*
and interacting boson model calculations® that repro-
duce the available spectroscopic information of N > 50
Se and Ge isotopes predict them as transitioning from
their N = 50 sphericity to collective structures. In the
case of the Ge isotopes this takes the form of soft and
rigid triaxiality, while the Se isotopes start to exhibit
prolate-oblate shape coexistence. Initial spectroscopy
seems to agree with the models that predict these in-
teresting features.%”) In addition to the quadrupole de-
grees of freedom, octupole collectivity may be expected
to be enhanced in the neutron-rich Ge/Se region due to
their proximity to the “doubly octupole magic” num-
bers, N =56 and Z = 34

An experiment was performed over 4 days with
three BigRIPS settings to extract the reduced tran-
sition probabilities of low-lying states in % 8Ge and
86,88,90G¢ in order to clarify the quadrupole and oc-
tupole collectivity of the region. Exotic nuclei were
produced from the in-flight fission of a 23%U beam
which was accelerated to 345 MeV /nucleon. Follow-
ing fission, the isotopes of interest were selected in the
first stage of BigRIPS using the Bp-AFE-Bp technique
and identified with the second stage using their Bp,
AE, and time-of-flight (TOF) values. The BigRIPS
particle-identification plots for the three settings of
the experiment are shown in Fig. 1. Secondary tar-
gets of Be (3.8-mm-thick) and Bi (1.1 mm-thick) were
situated at the F8 focal plane to induce nuclear and
Coulomb excitations, respectively. Gamma rays emit-
ted from excited states were detected with the HICARI
array®) which surrounded F8. The trajectory of in-
coming and outgoing ions with respect to the target
was measured with PPACs. Following the reaction
targets, ions were transported through the ZeroDegree
spectrometer where they were identified, again using
their Bp, AE, and TOF values. Finally, the ions were
stopped in a gas cell and their masses recorded using
a MR-TOF setup.

While off-line data analysis is yet to begin, the on-
line y-ray spectra show clearly that the main objectives
of the experiment are attainable. In addition to the
Coulomb excitation to the 2{ states being observed in
all objective nuclei, some nuclei show 23 excitations
on the heavy target.
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Fig. 1. On-line particle identification plots for the three
BigRIPS settings employed during the experiment. La-
bels refer to the identified ions below them.
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Neutron intruder states and collectivity beyond N = 50 towards "®Ni

F. Flavigny,** M. Gorska,*? and Zs. Podolyak*? for the RIBF196 and HiCARI Collaborations

The recent spectroscopy of "8Ni,) together with
the identification of shape coexistence just below the
N = 50 shell closure for 8°Ge? and Zn,» in-
dicates that deformed intruder configurations could
play a crucial role in low-energy structure proper-
ties in this region and towards the limits of the nu-
clear chart. Such configurations are predicted to orig-
inate from multiparticle-multihole excitations® above
the N = 50 and Z = 28 shell gaps pushed down in
energy due to neutron-proton correlations, which en-
hance quadrupole collectivity. Quantifying how col-
lectivity develops near "®Ni is crucial because it in-
fluences binding energies and the drip-line location®
with consequences for nucleosynthesis calculations re-
lying on these inputs. Because these states involve
many-particle excitations, their theoretical description
is challenging, and identifying them experimentally is,
thus, of prime interest to constrain models. So far,
very few experimental indications of these configura-
tions have been obtained in 8°Ge and "Zn, but no di-
rect evidence of these configurations exist for N = 50
or above in more exotic species.

During the RIBF196 experiment in November 2020,
we sought to identify and characterize for the first time
such 2p-1h intruder states in ®3Ge and 8'Zn which are
the last two odd-even N = 51 isotones above ""Ni. To
do so, we used neutron knockout from 3*Ge and 82Zn,
both having two neutrons in the s /2d5 /2 valence space
above N = 50. This direct reaction allows the removal
of one of the neutrons from the quasi-full g9/, orbital
below N = 50 to selectively populate 9/2% intruder
states based on a v(gg/2) ™" (s1/2d5/2) " configuration
and extract their spectroscopic factors.

In addition, the first spectroscopy of low-lying lev-
els in 8284Zn% recently indicated that magicity was
strictly confined to N = 50 in 3°Zn with the onset of
deformation developing towards heavier Zn isotopes.
To reproduce these findings, it was demonstrated that
state-of-the-art shell model calculations needed to in-
clude sufficient valence orbitals above N = 50 (full
gds valence space) and to allow the breaking of the
"8Ni core. Simultaneously to the study of the intruder
states mentioned above, these low-lying states in 82Zn
were populated using proton removal from 83Ga, and
their lifetimes will be studied by line-shape analysis.

To reach these scientific goals, we performed an ex-
periment in which a primary beam of 238U with a mean
intensity of 60 particle nA at 345 MeV /nucleon col-
lided with a 4-mm thick “Be primary target at the
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Fig. 1. Preliminary particle identification of the secondary
beam in BigRIPS. Black, red and purple ellipsoids indi-
cate 31 Ge, 33Ga, %2Zn respectively, see text for details.

object point of the BigRIPS separator. The secondary
beam was purified using Al degraders at the F1 and
F5 dispersive planes (8- and 2-mm thick). The sec-
ondary cocktail beam containing approximately 61%,
7.4% and 0.2% of 84 Ge,®3Ga and 82Zn, respectively, at
averaged rates of approximately 6100, 740, and 20 s~*
impinged for 2.5 days on a 6-mm-thick °Be target at
253, 248, and 242 MeV /nucleon. Event-by-event iden-
tification of projectiles and reaction residues in terms
of the atomic number (Z) and mass-to-charge ratio
(A/Q) was achieved using the TOF-Bp-AE method
in both the BigRIPS and ZeroDegree spectrometers.
A preliminary particle identification plot in BigRIPS
without higher-order optical corrections is shown in
Fig. 1. De-excitation v-rays of the neutron and proton
knockout residues 33Ge,®2Zn and 3'Zn were detected
using the HiICARI germanium array (described sepa-
rately7)) surrounding the secondary reaction target. A
0.5-mm-thick lead shield was placed around the beam
pipe surrounding the target to reduce the rate of low-
energy atomic background in the detectors. Known
and unknown transitions in ®3Ge were clearly identi-
fied online. The statistics obtained in this neutron-
knockout channel will allow clear identification of the
states populated and their possible intruder character
after careful analysis of the feeding pattern.
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High-resolution spectroscopy and lifetime measurements in
neutron-rich Zr and Mo isotopes

W. Korten,*! B. Moon,*?>*? and K. Wimmer***3 for the RIBF187 Collaboration

One of the most interesting cases of shape evolution
in nuclei is encountered along the semi-magic (Z = 40)
Zr isotopes. While ?°Zr, at neutron number N = 50,
shows properties of a doubly-magic nucleus, neutron-
deficient Zr isotopes become well-deformed towards
80Zr. On the neutron-rich side, a sudden onset of de-
formation is also indicated by the dramatic lowering of
the first excited 2% state from ®Zr to 199Zr.

When going towards even more neutron-rich iso-
topes the question about the further shape evolution
arises since the theoretical predictions diverge. Many
theoretical calculations have been performed for 10Zr
since it combines the magic numbers Z = 40 and
N = 70 of the harmonic oscillator potential and could
be another quasi doubly-magic nucleus. This question
was answered in a previous SEASTAR experiment at
the RIBF," which measured the first excited states of
107y and showed that this isotope is rather well de-
formed. However, several questions remain open, such
as the possibility of shape coexistence or triaxial de-
formation at Z = 40, N = 70 as predicted by different
theoretical models.? )

We performed high-resolution spectroscopy of nu-
clei around ''°Zr in an experiment with the HiCARI
array?) in order to measure lifetimes of their (first) ex-
cited states . The high-resolution ~-ray detectors from
HiCARI will allow to resolve level schemes by measur-
ing v rays from ~100 keV, and to measure lifetimes of
excited states between ~20 ps and 1 ns. The results
will also allow to confirm the level scheme of '9Zr and
to measure decay branching ratios of states beyond the
27 for the first time.

The nuclei of interest were populated by proton-
removal reactions from projectiles around ''2Mo, pro-
duced from a primary 238U beam, impinging on a sec-
ondary Be target. Particle identification of the ra-
dioactive beams for selecting the proper reaction chan-
nel was performed with the BigRIPS and the ZeroDe-
gree spectrometers. Examples of the particle identifi-
cation plots are shown in Fig. 1. Average intensities
and purities of the projectiles of interest amounted to
81 and 3000 pps and 0.8% and 34% for '''Nb and
H3T¢, respectively. Additionally, ''2Mo was transmit-
ted at a high rate as well. ''°Zr was populated through
proton removal reactions from ''Nb and "2Mo. The
high intensity of 1**Tc allowed to obtain significantly
more statistics for '"2Mo than in the previous exper-
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Fig. 1. Preliminary particle Identification (PID) for Bi-
gRIPS (top) and ZeroDegree (ZD) spectrometer (bot-
tom).

iment." Additionally, the neighbouring even-even nu-
clei, 1987r and ''°Mo, have been populated strongly to
allow for a detailed lifetime analysis.

In order to optimize the experiment for the long life-
times of the 27 states, expected to be several hundred
ps, the Be target was positioned 10 cm upstream of
the center of HICARI. Lifetimes will be extracted us-
ing the line-shape method® and will give access to the
collective properties. The experiment will allow to dis-
tinguish between predictions of different nuclear mod-
els concerning the shape of ''Zr, the key isotope for
the evolution of collective properties along the N = 70
isotones.
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Single particle structure of semi-magic 2°Agg,

T. Parry,*! Zs. Podolyak,*! M. Goérska,*? M. Armstrong,*? and A. Yaneva*? for the RIBF189 Collaboration

The shell structure is one of the fundamental in-
gredients in the understanding of mesoscopic systems,
which includes the atomic nucleus. One crucial ques-
tion in nuclear physics is how the quantum orbitals
evolve as the number of protons and neutrons change.
The ordering of the nuclear orbitals can change dras-
tically in neutron-rich nuclei. In extreme cases, tradi-
tional magic numbers can disappear and new ones can
emerge. Such changes were already observed for light
nuclei, and are predicted for middle-mass ones. The
evolution of orbitals and shell gap has obvious conse-
quences on the r-process nucleosynthesis, which is re-
sponsible for the production of half of the nuclei heav-
ier than iron. The abundances of nuclei with magic
neutron numbers are enhanced due to their lower neu-
tron capture probabilities. Thus the A ~ 130 r-process
abundance peak is the consequence of the N = 82 neu-
tron shell closure. The unknown evolution of the shell
structure in this region is one of the main sources of
nuclear physics uncertainty in r-process calculations.
One has to rely on theoretical models whose predic-
tions for regions far off stability diverge significantly.

129 Ag is a singly magic N = 82 nucleus. With three
protons holes below '32Sn it is neutron-rich, and any
experimental information to be obtained on its struc-
ture is directly applicable for the understanding of the
influence of the N = 82 nuclei on the r-process path.
Using proton knockout from 3°Cd single proton states
in 129 Ag can be populated.

The experiment was performed in November
2020. For an approximate length of 3 days a
345 MeV /nucleon beam of 238U with an average inten-

Fig. 1. Particle identification in BigRIPS with N = 82 nu-
clei including #°Cd required for the main expected pro-
duction channel of '2°Ag.
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Fig. 2. Doppler corrected ~-ray spectrum of 25Cd as
measured by the full HHCARI. Clearly visible are the
known?) 646 keV 27 to 0 and 785 keV 4™ to 2% tran-
sitions.

sity of around 60 particle nA impinged on a 4 mm °Be
target. Fission fragments were separated and identified
in flight with the BigRIPS separator centred on 139Cd.
Identification was achieved by using the Bp-AE-Bp
technique on an individual particle basis. A prelimi-
nary BigRIPS particle identification plot is shown in
Fig. 1. This secondary radioactive beam impinged on
another target of 6 mm ?Be located at FS. The new
germanium HiCARI array!) was located around this
second beryllium target and used to detect the emit-
ted ~v rays with high resolution. The reaction products
were identified in the ZeroDegree spectrometer, cen-
tred on '??Ag, using the same methods as in BigRIPS.

The obtained data set is under analysis. As an early
indication of the ability of the HICARI array to achieve
in-flight gamma-ray spectroscopy the isotope !28Cd
was selected to confirm the array was functioning as
intended. '22Cd was selected due to its high yield and
its known structure.?) A preliminary Doppler corrected
y-ray spectrum of '?8Cd populated in one-proton re-
moval from ¥'In showing the 47 and 27 gamma rays
is presented in Fig. 2. Note that using [ values de-
termined for individual particles, as well as updated
calibrations, will result in a much better improved en-
ergy resolution.
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Characterization of a strongly Coulomb-excited state at an excitation
energy above 4 MeV in 13%Te

A. Jungclaus*! and P. Doornenbal*? for the NP1912-RIBF193 Collaboration

In April 2015, the experiment NP1306-RIBF98R1
was performed aiming for a methodical study of the
systematic uncertainties inherent to the analysis of
Coulomb excitation experiments at relativistic ener-
gies, using 13%Te as a high-statistics test case. The
analysis of the obtained data is finished and the re-
sults are published.!® In that experiment, besides
the known 607-keV, 21 — 0 transition, additional
strength in the range 3.0-4.5 MeV was observed in the
inelastic excitation of '36Te on a gold target.*) The ex-
perimental spectra are nicely described assuming that
two ~ rays are detected, whereas the bump at high
energy is too broad to be described by one single tran-
sition. However, due to the limited in-beam energy
resolution of the DALI2 spectrometer, the individual
~-ray energies can only be determined with rather large
uncertainties. The intensity ratio between the two lines
clearly depends on the vy-ray multiplicity of the event.
The line at higher energy has a higher yield when only
one v ray is detected, while the one at lower energy
is more intense for events with ~-ray multiplicity two.
From this observation, it can be concluded that the
~v ray with higher energy is emitted in cascades with
lower multiplicity. Unfortunately, however, due to ran-
dom coincidences with background ~ rays, it is not pos-
sible to go beyond this qualitative statement. Based on
the available experimental information it is not possi-
ble to determine whether the two transitions populate
the 4] and 2 or the 27 and 07 states of 36Te.

The large cross section measured for the excitation
of a state above 4 MeV in a heavy nucleus such as 36 Te
in the inelastic scattering on a gold target is difficult
to explain. Whatever the spin of the newly identified
state is, the corresponding transition probability is ex-
ceptionally large. Theoretical studies suggest that the
new excited state in 3%Te may be related to the exis-
tence of loosely-bound neutrons outside the 32Sn core.
It is therefore of utmost interest to better characterize
this unusual state.

The availability of the HICARI array at RIKEN in
2020 offered the unique opportunity to further inves-
tigate this interesting case. The superb position reso-
lution of the tracking detectors translates into a very
good in-beam energy resolution for high-energy ~ rays.
Therefore, the inelastic excitation of 3Te on a gold
target was measured again with the goal to determine
the energies of the two high-energy ~ rays emitted in
the decay of the new state with sufficient precision in
order to establish to which low-lying levels of 136Te the
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Fig. 1. HiCARI ~-ray spectrum of **°Te populated via in-
elastic excitation on a gold target, considering either all
~-ray multiplicities (black) or M., = 1 (red).

decay proceeds. In addition, also the inelastic excita-
tion on a Be target was studied in order to allow for a
determination of the nuclear deformation length from
the measured cross section. The aim of this part of
the experiment was to obtain further information with
respect to the spin of the new state above 4 MeV in
136Te.

The experiment NP1912-RIBF193 was performed
during the HICARI campaign in November 2020. For
both the Au and Be targets the expected counting
statistics was accumulated and the taken data in the
experiment is currently under analysis. The selection
of the reaction channel was achieved via event-by-event
ion identification in the BigRIPS and ZeroDegree spec-
trometers. A preliminary ~-ray spectrum of 3%Te in
the region around the known 21+ — Of transition, taken
with the HICARI array following the inelastic excita-
tion on a gold target, is shown in Fig. 1.
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Study of the °C proton breakup reaction

A. L. Chilug,*!»*2*3 V. Panin,** L. Trache,*! D. State,**? I. C. Stefanescu,*!*? J. Tanaka,*> H. Otsu,*3
T. Motobayashi,*® A. Spiridon,*! and T. Uesaka*? for HI-p Collaboration

The °C proton breakup reaction was studied during
the SAMURAI29 experiment at RIKEN. The reaction
was studied by two methods: Coulomb dissociation and
nuclear breakup. The physics goal of the experiment
was to evaluate the astrophysical Sig-factor of the in-
verse process, the 8B(p,7)?C, at energies relevant for
astrophysics.

The SAMURAI29 experiment is the first performed
among a series of 4 experiments with proton-rich
secondary beams and was carried out with a 160-
MeV /nucleon ?C beam produced from an *O primary
beam, at the F13 focal plane using the SAMURAI mag-
netic spectrometer. The whole experimental setup is
detailed in Ref. 1) and in Ref. 2). The detection sys-
tem was prepared to ensure the inclusive and exclusive
measurements of the °C breakup reaction. Therefore,
a silicon GLAST-type detector system and a set of two
new drift chambers (PDC1 and PDC2) were used to de-
tect the protons produced in the breakup. Both systems
were used for the first time during the experiment.

The silicon detectors, the signals of which were pro-
cessed using a combination of HINP16 electronics and
the new Dual-Gain Preamplifiers developed by the
RIKEN-ATOMKI collaboration,® enabled the simulta-
neous detection of the proton and B from the reaction.
Therefore, they cover a large dynamic energy range, as
shown in Fig. 1. Having these tracking detectors to-
gether with other SAMURAI standard detectors enabled
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Fig. 1. Energy deposited by the proton and ®B recorded si-
multaneously in the first layer of the silicon detector.

*1 " Department of Nuclear Physics, IFIN-HH

*2 Doctoral School of Physics, University of Bucharest

*3  RIKEN Nishina Center

*4  GSI Helmholtzzentrum fur Schwerionenforschung GmbH

-11 -

1500

1000

500

PDC_0y [mrad]
=l

~500
~1000—
L P | P |
~15%500 7500 0 500 1000’
PDC_X [mm]

Fig. 2. Protons tracked in the proton drift chambers (PDCs).

the reconstruction of the proton momentum distribu-
tion, which provides information on the shell occupied
by the removed proton in C.

A serious complication in the analysis is the back-
ground from the interaction of the beam particles with
the experimental detectors, which must be excluded
from the events. One example is the protons produced
in the plastic scintillator bars of the HODF, which were
detected in the PDCs. In Fig. 2, the red dots indicate the
protons produced in the target with the condition of co-
incident proton signals in the silicon detectors, whereas
the events marked with the black box area in the figure
are protons produced in the HODF detector.

The following steps have been achieved so far in the
data analysis.

(1) The one-proton removal channel from ?C nucleus
is clearly separated in the data.

(2) With the tracked positions in the silicon detectors
placed after the target, it was possible to recon-
struct the reaction vertex.

(3) The proton and ®B momentum distributions were
determined.

(4) The Coulomb dissociation yield of the °C breakup
as a function of the relative energy between the
proton and 8B was obtained.

Further analysis of the experimental data is in
progress.
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Gamow-Teller giant resonance in 'Li neutron drip-line nucleus

L. Stuhl,*%*2*3 M. Sasano,*® J. Gao,*>** Y. Hirai,*> K. Yako,*?> T. Wakasa,*> D. S. Ahn,*® H. Baba,*3
A. 1. Chilug,*5*3 S. Franchoo,*” Y. Fujino,*® J. Gibelin,*® I. S. Hahn,*!*!° Z. Halasz,*!' T. Harada,*'?
M. N. Harakeh,*!3*!4 D. Inomoto,*® T. Isobe,*> H. Kasahara,*® D. Kim,*"*!® G. G. Kiss,*!' T. Kobayashi,*!6
Y. Kondo,*'7 Z. Korkulu,*"*3 S. Koyama,*'® Y. Kubota,*? A. Kurihara,*'” H. N. Liu,*'® M. Matsumoto,*!”
S. Michimasa,*? H. Miki,*!” M. Miwa,*?° T. Motobayashi,*3 T. Nakamura,*'” M. Nishimura,*> H. Otsu,*3
V. Panin,*3 S. Park,*'9 A. T. Saito,*!” H. Sakai,*> H. Sato,*3 T. Shimada,*'” Y. Shimizu,*3 S. Shimoura,*?
A. Spiridon,*® 1. C. Stefanescu,*® X. Sun,*>** Y. L. Sun,*'® H. Suzuki,*? E. Takada,*?! Y. Togano,*®
T. Tomai,*!”*3 L. Trache,*® D. Tudor,*%*3 T. Uesaka,*? H. Yamada,*'” M. Yasuda,*'” K. Yoneda,*? K. Yoshida,*3
J. Zenihiro,*® and N. Zhang*?%*2

Recent nuclear physics studies are increasingly fo-
cused on the region far from the valley of stability,
thereby leading to an increase in the intensity of avail-
able exotic isotopes. We started a program® at the
RIKEN Radioactive Isotope Beam Factory with the ob-
jective of measuring the spin-isospin responses of light
nuclei along the neutron drip line. There are no avail-
able data on nuclear collectivity (giant resonances) on
any drip-line nucleus.

In the SAMURAI30 experiment, we studied the most
basic nuclear collectivity, the Gamow-Teller (GT) giant
resonance, in 1'Li (at 181 MeV /nucleon) and *Be (at
198 MeV /nucleon) nuclei. The charge-exchange (CE)
(p,n) reactions in inverse kinematics are efficient tools
for extracting the B(GT) strengths of unstable isotopes,
up to high excitation energies, without @-value limita-
tion.?) The uniqe setup of the Particle Analyzer Neutron
Detector Of Real-time Acquisition (PANDORA)?) low-
energy neutron counter + SAMURAI magnetic spec-
trometer,?) together with a thick liquid hydrogen target
allowed us to perform such measurements with high lu-
minosity and low background. In our previous study on
13281, we verified that with this setup, we can extract
the strength distribution of isovector spin-flip giant res-
onances in unstable nuclei with quality comparable to
those on stable nuclei.”)

In the 1 Li(p, n)!' Be reaction, we identified clear kine-
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Fig. 1. Excitation energy spectrum in the 6°-8° center-of-
mass system for 8Li+t.

matical correlations®) between the neutron energy and
laboratory scattering angle for more than ten different
decay channels of 'Be: °Be +n, °Be + 2n, Li+p+n,
8Li+p+2n, °Li+d, 8Li+t, 8Li+d+n, "Li+t+n,
"Li+d+2n, SLi+t+2n, a+%He+n and 2a + 3n.
The excitation-energy spectra up to approximately
40 MeV have been reconstructed. The background sub-
traction and acceptance correction are performed. As
an example, Fig. 1 presents the excitation energy spec-
trum in the daughter nucleus 'Be for the 3Li+¢ de-
cay channel for 0. = 6°-8°. A forward scattering
peak in the 0°-10° center-of-mass system indicates a
strong GT transition in all decay channles at approx-
imately 19 MeV, below the Isobaric analogue state,”
which agrees well with previous beta-decay studies.®)
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One proton removal cross section of 2°F with a carbon target
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Experimental one-proton (neutron) removal cross
sections o_1, (0_1,) with light target nuclei (Be and
C) at intermediate energies have been shown to be
hindered with respect to the corresponding theoretical
values. Their ratio Ry = 0exp/0otn (reduction factor)
shows a strong linear dependence on the difference be-
tween the 1p and 1n separation energies, AS = S, -5,
(S,,—S,).1? This dependence has been recognized as a
key to understand correlations beyond the shell-model-
based picture of atomic nuclei. The theoretical cross
sections are evaluated using shell-model spectroscopic
factors C2S combined with an established reaction the-
ory at intermediate energies, such as eikonal and im-
pulse approximation. The reduction factor depends on
the reaction used and the reduction mechanisms are
yet to be clarified.?)

We report a preliminary result of the one-proton
removal cross section of °F with a carbon target at
218 MeV /nucleon. This data point is a useful addition
to the systematics of the one-nucleon removal cross sec-
tions. It should be noted that 2°F has one proton more
than doubly-magic 240. Accordingly, we expect that
the spectroscopic factor for proton removal from 2°F is
close to unity. However, the recent 2°F (p, 2p) measure-
ment at SHARAQ at RIBF* obtained a much-reduced
value of 0.36(13) from 2°F to the bound 2*O. We also
note that the AS value of 10.17(24) MeV for ?°F lies
between those of the stable nuclei (JAS] < 8 MeV) and
drip-line nuclei (|AS| = 15-30 MeV). As such, the one-
nucleon removal cross section from 2°F on the carbon
target is a valuable addition.

The 25F(—p) removal cross section on the carbon
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target was measured using the SAMURAI device at
RIBF, as a by-product of the measurement of the one-
proton removal of ?F and 2"F into 2°0 and 260,
respectively.?) For details of the experimental setup
and method, see Ref. 5). The ?°F secondary beam
was produced by the projectile-fragmentation of *®Ca
at 345 MeV/nucleon with a thick beryllium target.
The beam intensity of 2°F reached 1.1x10° parti-
cles/s with a purity of 3.4%. The 2°F projectile then
impinged on the carbon target with a thickness of
1.8 g/cm?. The mean energy at the middle of the
target was 218 MeV /nucleon, with momentum accep-
tance of |AP/P| < 0.6%. The particle identification
(PID) for °F was obtained by the standard method at
the BigRIPS.?) The PID of the 2*O residue was made
by the measurements of the time of flight (TOF), and
energy loss AE at the hodoscope (HODF), with the
magnetic rigidity (Bp) obtained by the tracking with
the two multi-wire drift chambers, FDC1 and FDC2,
at the entrance and exit of the SAMURAI supercon-
ducting magnet, respectively.>%) The central field of
the magnet was 3.0 T.

The ?°F(—p) removal cross section was extracted us-
ing the ratio of the counts of the outgoing ?*O to those
of 2°F, where the background events measured with
the empty target were subtracted. The effect of re-
action loss in the thick target was incorporated using
the procedure in Ref. 7). The obtained preliminary
value of the one-proton removal cross section of 2°F is
7.1(8) mb. usDB-interaction shell- and eikonal-model
calculations give the theoretical cross section 14.9 mb,
resulting in the reduction factor Ry = 0.48(5). Further
evaluation of nucleon removal cross sections in neigh-
boring neutron-rich isotopes is in progress.
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Particle identification of SAMURAI11 experiment
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In this report, we present the particle identifica-
tion (PID) results of the decay fragments from the
48Cr(p,n)*®Mn reaction in the SAMURAII1 experi-
ment.")

The charge number Z and mass to charge ratio
A/Z are used to identify particles, where Z is calcu-
lated using the energy loss AE and time-of-flight mea-
sured in the hodoscope and A/Z is calculated using
the rigidity and flight path from the simulation and
the time-of-flight. With the position and angle infor-
mation from the drift chambers before and after the
SAMURAI magnet, the rigidity and trajectory of the
particle could be extracted by simulation. The simu-
lation program uses a 4th-order Runge-Kutta method
to simulate the trajectory and it iterates several times
to determine the rigidity that reproduces the position
and angle measured in the drift chambers.

Our hodoscope detector consists of seven bars. The
size of each bar is 1200 mm(H) x 100 mm(W) X
10 mm(T). The PID in one hodoscope bar is shown
in Fig. 1. Because the position on the PID plot of one
particle could be slightly shifted in different bars, we
evaluate the resolution on one bar only. The resolution
of the charge number Z is 0z 1sc, = 0.20 and oz 4y
= 0.19, corresponding to 5.0c separation for Z = 23
and Z = 24. The resolution of the mass to charge ra-
tio A/Z is CTA/Z,46V = 0.0099 and OA)ZATV = 00083,
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Fig. 1. PID in one bar of hodoscope. This bar is the one
next to the bar hitting by beam particles, on the higher
rigidity side. Some particles are labeled on the figure.
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Symmetry energy investigation with pion production from Sn + Sn
SystemsJr

G. Jhang,*1*2*3 J. Estee,*"*2*3 J. Barney,*!*?*3 G. Cerizza,*!*?*3 M. Kaneko,*"** J. W. Lee,*!:*>
W. G. Lynch,*?*3 T. Isobe,*! M. Kurata-Nishimura,*! T. Murakami,*'** C. Y. Tsang,*?*3 M. B. Tsang,*?*3
R. Wang,*? H. Baba,*! 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,*®*19 Y. Zhang*® for the STRIT Collaboration

and

M. Colonna,*!!' P. Danielewicz,*?*3 C.-M. Ko,*®*12 A. Ono,*® H. Wolter*!? for the TMEP collaboration

In the last couple of decades, pions produced in
the high density regions of heavy ion collisions have
been considered to be one of sensitive probes to in-
vestigate the symmetry energy term in the nuclear
equation of state at high densities, a key property
to understand neutron stars. In our new experiment
designed to study the symmetry energy, the multi-
plicities of negatively and positively charged pions
have been measured with high accuracy for central
132Qn 4 124Gp, 1128n 41248, and '98Sn + ''2Sn colli-
sions at E/A =270 MeV with the STRIT Time Pro-
jection Chamber??) placed inside the SAMURALI spec-
trometer?) at RIBF. While individual pion multiplici-
ties are measured to 4% accuracy, those of the charged
pion multiplicity ratios are measured to 2% accuracy.
We compare these data to predictions from seven ma-
jor transport models which have taken part in the
Transport Model Evaluation Project (TMEP).5"") The
calculations reproduce qualitatively the dependence of
the multiplicities and their ratios on the total neutron
and proton number in the colliding systems.

As shown in Fig. 1, however, the predictions of the
transport models from different codes differ too much
to allow extraction of reliable constraints on the sym-
metry energy from the data even using the double pion
ratio. This finding may explain previous contradic-
tory conclusions on symmetry energy constraints ob-
tained from pion data in Au+ Au system.® 2 These
new results call for still better understanding of the dif-
ferences among transport codes, and new observables

f Condensed from the article in Phys. Lett. B 813, 136016
(2021)1)
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that are more sensitive to the density dependence
the symmetry energy.
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Fig. 1. (Left panel) Experimental charged pion yield ra-
tios as a function of N/Z together with the results of
seven transport-model predictions for the soft and stiff
symmetry energies (the difference of predictions are pre-
sented by the height of colored boxes). The dashed blue
line is a power-law fit with the function (N/Z)?¢, while
the dotted blue line represents (N/Z)? of the system.
(Right panel) Double pion yield ratios for '*2Sn + '2*Sn
and '°Sn +128n. The data and their uncertainty are
given by the red horizontal bar and the results of the
transport models are shown by the colored boxes, in a
similar way as in the left panel. Taken from Ref. 1).
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Proton efficiency function for high-multiplicity events in the
S7TRIT-TPC investigated by the embedding technique
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The STRIT-time projection chamber (TPC)Y) project
aims to constrain the high-density nuclear symmetry en-
ergy by using heavy-ion collisions. We measured light
charged particles emitted from central Sn + Sn colli-
sions at 270 MeV /nucleon, which have been predicted
to provide sensitive probes of the symmetry energy
at supra-saturation densities.?) In this report, we de-
scribe the reconstruction efficiency of protons in central
13281 + 12480 collisions.

The Sn target is placed approximately 1 cm upstream
from the TPC; hence, the charged particles emitted in
forward angles are mainly observed. In central Sn 4+ Sn
collisions producing high charged-particle multiplicity,
signals induced by charged particles can interfere with
each other, causing the tracks to be merged and/or bro-
ken. As it would be difficult to fully simulate realistic
situations, the embedding technique® is applied. The
digitized signal of a single proton traversing the TPC
is generated based on a Monte Carlo simulation. Sub-
sequently, the generated signal is embedded into real
events, which are analyzed by the same track reconstruc-
tion algorithm as for the physical tracks. The proton’s
reconstruction efficiency with a given track multiplicity
can be estimated by comparing the embedded tracks and
the reconstructed tracks.

The spectrum of transverse momentum pr vs. scaled
rapidity yo = y/y§N — 1 of protons is corrected by the
following procedure, where y and yi are the rapidity
of the detected proton and the center-of-mass rapidity
of the nucleon-nucleon system, respectively. It is noted
that the momentum resolution of the TPC can distort
the measured spectrum. To consider this bin-smearing
effect in the efficiency calculation, the distribution of
embedded protons needs to be properly weighted. First,
the measured pr-yo spectrum is used as the weighting
factor. The efficiency as a function of pp-yg is obtained
as the ratio of reconstructed protons to embedded ones.
Subsequently, the corrected pp-yg spectrum of protons is
obtained as the raw spectrum divided by the efficiency.
In the next iteration, the corrected spectrum is used as
the weighting factor. This process is iterated until the
correction converges.

As shown in Fig. 1, the correction converged after two
iterations. Since we limited the azimuthal angle of tracks
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Fig. 1. The top panel shows pr-integrated dN/dyo spectra
of protons in central '32Sn +1?#Sn collisions with and
without efficiency corrections (colored and black mark-
ers, respectively). The bottom panel shows the efficiency
obtained with respect to their ratios.

to —30° < ¢ < 20° in the analysis, which is expected
to be the efficient region of the TPC, the reconstruction
efficiency of protons is estimated to be approximately
90%. The efficiency exceeds 100% at yo > 1.8 because
the original statistics of protons is quite low at such a
high vy and overcounting occurs owing to the smearing of
the proton rapidity at a lower yg. In addtion to protons,
the pr-yo spectra of deuterons and tritons are also cor-
rected, which are being compared with theoretical pre-
dictions to extract physics statements for publications
in the future.
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Observation of anisotropic collective flow of charged particles and
neutrons in heavy-ion collisions at beam energies of 400 MeV /nucleon
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The anisotropic collective flow of protons and neutrons
in heavy-ion collisions is expected to provide experimen-
tal information on the equation of state (EOS) of high-
density and neutron-rich nuclear matters because it re-
flects the symmetry energy at the high-density region.)
The anisotropy is expressed by the distribution function
of particle emissions observed from the reaction plane as

dN N
d(p272<1+22n:vncosngp>, (1)

where ¢, Ny and v,, represent the emission angle of the
particles observed from the reaction plane, normalization
constant, and the anisotropic strength, respectively. The
difference between the vy (directed flow) of neutrons and
of protons is theoretically expected to be highly sensitive
to EOS around target rapidity?) even though only a few
experimental data are available.

A pilot experiment (H355) was conducted at HIMAC
by impinging 400 MeV /nucleon !*?Xe beam on a Csl
target (500 mg/cm?) at a high intensity of 10° parti-
cles/spill to measure the proton and neutron flows pre-
cisely. In this experiment, 32 plastic scintillators (EJ299-
33, 30 x 55 x 127 mm?) were used to identify neutrons
using pulse-shape discrimination. The detectors were
placed parallel to the beam axis and in a cylindrical con-
figuration to detect particles at target rapidity. Charged
and neutral particles can be identified by combining
these detectors called NiGIRI (Neutron, ion, and ~-ray
identification for radioactive isotope beam) and charged
particle veto scintillators. Figure 1 shows the prototype
NiGIRI array.®) Energies of the detected particles are
deduced from the time-of-flight between the CsI target

Fig. 1. NiGIRI detectors®) (16 arrays 2 layers).

*1 Department of Physics, University of Tokyo

*2 RIKEN Nishina Center

*3  Department of Physics, Kyoto University

*4 Department of Natural Science, Tokyo City University
*5 NIRS

Charged particles Neutrons Y rays
i?‘lﬁ)i'- A E J""‘h L - R
=z [ A ey . o TV fam} | M4 ML nana Ll
[l S ‘w'_lr 1 o e
Ll Y -
- o -
um:» - m:'
- nw:— um:-
- Preliminary | ™ Preliminary | - Preliminary

T8 oW oW M & ® 8 b g owo§ W H W 8
[degree]

L |
T % m @ W 2 % N

Fig. 2. Measured distribution functions dN/¢ of charged par-
ticles (left), neutrons (center), and ~ rays (right). The
spectra were integrated over momentum and impact pa-
rameter.

and NiGIRI detectors. Another set of 32 plastic scintil-
lators called the Kyoto-array were used to cover the mid-
rapidity region. The emitted angles of the charged par-
ticles were measured for determining the reaction plane.
The plane was determined by the beam axis and Q vec-
tor obtained using

a-¥ (). @

where 6, denotes a hit angle of Kyoto-array; the sum-
mation is taken over the number of detected particles.
The cross-talk events observed in the Kyoto-array were
mostly rejected in the Q-vector determination to mini-
mize the detector bias.

Emission angles of charged particles, neutrons, and -y
rays with respect to the angle of @ vector were studied
at target rapidity using the data of NiGIRI. Figure 2
shows the measured distribution functions (dN/dy) of
the charged particles, neutrons, and  rays. The results
indicate a clear anisotropy for charged particles and neu-
trons, and show flatter distribution for «y rays; the results
are expected to indicate collective flow, particularly vy,
and therefore a pressure gradient is observed in the high-
density region in heavy-ion collisions.

To the best of the author’s knowledge, this experiment
prooves for the first time that it is possible to directly
compare the collective flow among light charged ions and
neutrons around target rapidity. An upgraded experi-
ment with a higher resolution of the reaction plane de-
tector arrays will be performed at HIMAC and possibly
RIBF in the future.
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Measurement of proton elastic scattering from 32Sn at
300 MeV /nucleon in inverse kinematics
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The equation of state (EOS) of nuclear matter is ex-
pressed as the EOS of the symmetric nuclear matter and
the symmetry energy. Particularly, the symmetry en-
ergy is important for understanding astrophysical phe-
nomena, such as neutron stars. The EOS of symmet-
ric nuclear matter is understood from previous experi-
ments on stable nuclei, however there is much less un-
derstanding of the the symmetry energy. From many
theoretical studies, it is known that the slope parame-
ter of the symmetry energy is strongly correlated with
neutron skin thickness, which is defined as the difference
between the neutron and proton root-mean-square radii.
In neutron-rich nuclei, the excess neutrons form a neu-
tron skin structure. It is expected that this symmetry
energy can be constrained by determining the neutron
skin thickness from the neutron and proton density dis-
tributions.

We employed proton elastic scattering to extract neu-
tron and proton density distributions. For stable nuclei,
we have established a method to extract the proton and
neutron density distributions using proton elastic scat-
tering.!) To employ this method to unstable nuclei with
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Fig. 1. A/Q spectrum of secondary beam including '*?Sn
deduced from position and time-of-flight information at
BigRIPS. The peak of '*2Sn is located at A/Q = 2.64
shown in red. The A/Q resolution in r.m.s is 0.058%.
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Fig. 2. Kinematical correlations of '32Sn between scattering
angles 6 and kinematic energies of scattered protons T.

The red dotted line indicates elastic scattering events be-
tween *2Sn at 303.9 MeV /nucleon and protons.

large asymmetry, we started a new project to measure
the elastic scattering of protons with RI beams (ESPRI)
in inverse kinematics. We developed a recoil proton
spectrometer (RPS), which consists of a l-millimeter-
thick solid hydrogen target (SHT?)), two multi-wire drift
chambers (MWDCs), two plastic scintillators, and four-
teen Nal rods. We measure the angle and energy of the
recoil protons from the SHT using the RPS. We success-
fully performed ESPRI measurements for several light
unstable nuclei.?)

13281 has a larger isospin asymmetry than 2°8Pb, and
is expected to have a thicker neutron skin thickness. In
Novenver 2019, we performed proton elastic scattering
from '32Sn at 300 MeV /nucleon at the F12 area.*) The
total beam rate was up to 600 kcps, and the purity of
1328n was 20%. The A/Q spectrum of the secondary
beam including '3?Sn under high intensity is shown in
Fig. 1. We identified elastic events of 132Sn from the cor-
relation of the kinematic energies and recoil angles of the
scattered protons with Nal rods and MWDCs as shown
in Fig. 2. Data analysis for deducing the excitation en-
ergy spectrum of 32Sn and the angular distribution of
the cross section is now in progress.
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Results on the 3 decay of °Ge and ®2Ge measured at RIBF
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The investigation of the structure of nuclei close to
the limits of stability is a topic of paramount importance
in modern nuclear physics. The T, = —2, %°Ge nucleus
is a semi-magic, N = 28 isotone whose decay is almost
unknown. An exotic feature seen in other T, = —2 nu-
clei’ is the competition between the ~ de-excitation
and the (isospin-forbidden) proton emission from the
T = 2 isobaric analog state populated by 8 decay in the
daughter nucleus. Little was known about the decay of
the T, = —1, %2Ge nucleus. In other T, = —1 nuclei a
suppression of isoscalar 7 transitions between J™ = 17,
T = 0 states (Warburton and Weneser quasi-rule®?)
has been observed.?)

Heavy proton-rich nuclei can be produced with un-
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Fig. 1. Time correlations between %°Ce implants in

WAS3ABi and subsequent S-delayed protons (E, >
1 MeV) detected in the same pixel of WAS3ABI.
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Fig. 2. Time correlations between implanted %>Ge ions and
[ decays in the same or adjacent pixel of WAS3ABI.

precedented statistics at the Radioactive Isotope Beam
Factory (RIBF) of the RIKEN Nishina Center. In the
NP1112-RIBF82 experiment, 1.5x10* 69Ge and 2.1 x10°
62Ge ions were recorded. They were produced by frag-
menting a “8Kr primary beam (345 MeV /nucleon and
intensity up to 250 particle nA) on a Be target. The
fragments were selected and identified by the BigRIPS
separator by means of the Bp-AE-ToF method. They
were then implanted in the WAS3ABI setup, consisting
of three 1-mm-thick double-sided Si strip detectors of
a 6 x 4 cm? area. The EURICA array, arranged in 12
clusters containing 7 high-purity Ge crystals each, was
used for v detection.

For %0Ge, the first experimental information on both
the p-delayed proton and - emissions has been ex-
tracted. By gating on the [-delayed proton emission,
a half-life value of 25.0(3) ms has been obtained for
0Ge (Fig. 1). For 2Ge, new information on the (-
delayed v emission has been obtained, indicating the
persistence of the quasi-rule.>* A half-life value of
73.5(1) ms has been extracted for ®>Ge (Fig. 2). The
precision on both °Ge and %2Ge half-lives has been im-
proved in comparison with values in the literature.
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In this contribution, we present preliminary results
of the analysis of the S-decay of "°Kr from the ex-
periment NP1112-RIBF93. The main goal of the ex-
periment was to study isospin-related effects and p-n
pairing signatures in the region of A ~ 70 using the
information obtained from the B-decays of 7% "'Kr.

To produce the isotopes of interest the fragmen-
tation of a "®Kr primary beam with an energy of
345 MeV /nucleon was used. Average beam currents of
40 particle nA were provided by the RIKEN Nishina
Center accelerator complex. The "®Kr primary beam
impinged on a 5 mm thick ?Be target to produce
a cocktail radioactive beam. The fragments pro-
duced were then separated and selected using the Bi-
gRIPS separator. The ions were then implanted in the
WAS3ABI active stopper, surrounded by the EURICA
y-ray spectrometer!) for the study of their 8 decay.

Gamma rays associated to the de-excitation of states
populated in the daughter nucleus "°Br were identi-
fied using conventional 5-v and (3-y-v coincidence tech-
niques similarly to the procedure followed in Ref. 2).
For more details see Refs. 3, 4). The analysis has also
allowed us to improve the precision of the deduced (-
decay half-life and construct the level scheme of states
populated in the decay, which extends up to 3.3 MeV
excitation energy in "°Br.

In Fig. 1 we present the deduced Gamow-Teller g
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Fig. 1. Preliminary comparison of the experimental (black)
and calculated accumulated B(GT) values for the "°Kr
— Br g decay.5) The experimental B(GT) uncertain-
ties are determined by the feeding error of the levels
and the error of the half-life. The orange solid line
corresponds to the values calculated for the oblate min-
imum, the blue dashed line corresponds to the prolate
minimum of the ground state of "°Kr.

strength in the daughter nucleus compared to the pre-
dictions of the pn quasiparticle random-phase approx-
imation (pnQRPA) calculations for two possible defor-
mation minima in "°Kr.®) The calculations presented
here are based on the SLy4 force, which is a well tested
force throughout the whole nuclear chart. Alterna-
tive theoretical calculations are also performed using
a pseudo-LS model.®) We are presently working in the
final details of a publication” based on this study.
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The properties of nuclei away from the line of sta-
bility, revealed in the [-decay of the neutron-rich side,
are crucial in understanding nuclear structure evolution
and providing inputs for r-process simulations. Mea-
surements of half-lives, one- and two-neutron emission
probabilities (P, 2y), and neutron energy spectra pro-
vide information on the [-decay strength distribution
(Sg). The S measurement for Ga with N > 50, 83:84Ga
showed that the decay properties of the r-process iso-
topes near "®Ni are dominated by the Gamow-Teller
decay of the "®Ni-core states.!) Through their work on
86,87Ga using BRIKEN,?) R. Yokoyama et al.,?) demon-
strated a need to consider the competition between one-
and multi-neutron emissions to predict branching ratios
of r-process nuclei. It also strengthened the argument
for the necessity of neutron energy measurements for
understanding the details of the neutron emission pro-
cess. The Versatile Array of Neutron Detector at Low
Energy (VANDLE)4) experiment at RIBF RIKEN aims
to provide measurements of Sz for the decay of "®Ni
and neighboring nuclei using time-of-flight (ToF) based
neutron spectroscopy. The isotopes of interest were pro-
duced from a 345 MeV /nucleon ~46-particle-nA 28U
beam impinged on 4-mm-thick Be target by projectile

Fig. 1. VANDLE setup at the F11 focal plane of ZDS.
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Fig. 2. Neutron energy spectrum of ' Cu measured by VAN-
DLE.

fragmentation. The nuclei identified by the BigRIPS®)
facility were supplied to the F11 focal plane, where they
were implanted in a segmented-YSO based implanta-
tion detector®) for ~4 days. A YSO detector consists
of a segmented YSO crystal (75 x 75 x 5 mm?) coupled
to a position-sensitive photo-multiplier tube. YSO is
used to establish ion-beta correlations and provides the
start time of the ToF. VANDLE, consisting of EJ200
scintillator bars coupled at both ends to PMTs, pro-
vides the stop time of neutron ToF. A set of 48 medium
(3 x 6 x 120 cm®) VANDLE bars were arranged in a 100-
cm radius circle with YSO at the center, as shown in
Fig. 1. In addition, two HPGe clovers and ( ten 3”7 x 3”
and two 2”7 x 2”) LaBrs were set up in a close geometry
around the YSO detector to record ~y-transitions from
the decays. All the signals were read using XIA Pixie-
16 revF digitizers at 250 MHz and 12-bit digitization.”
Neutron spectra were measured for "##1Cu isotopes to
establish the role of the N = 50 shell gap on the (-
decay properties. We show the first measurement of
the neutron energy spectrum of 8!Cusy decay in Fig. 2.
The spectrum indicates that neutrons with energies of
0.4-3 MeV were emitted from excited states in 3!Zn.
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Constraining multi-neutron emission models with spectroscopy of
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As we move further from the line of S-stability to-
wards the neutron drip line, (Jg values become larger
than the two-neutron separation energy (Ss,), which
allows multi-neutron emissions after S-decay. In the
neutron-rich nuclei along the astrophysical r-process
path, multi-neutron emissions are considered to be
dominant decay modes.)) The numbers of neutrons
emitted in the ([-decays of exotic nuclei modify the
decay path back to stability and affect the final abun-
dance calculation. However, experimental data that
enable the evaluation of multi-neutron emissions for
the r-process nuclei are almost non-existent. Until
quite recently, theoretical predictions of the neutron
emission branching ratio (P, ) were based on a cut-off
model that assumes only the higher-multiplicity neu-
tron emission prevails in the energy regions open to
multiple neutron-emission channels. In order to in-
clude the competition of one-neutron emission from the
states above So,, Kawano et al. developed a Hauser-
Feshbach statistical model calculation.?)

We studied neutron-rich Ga isotopes by means of
[-n-vy spectroscopy at RIBF using the high-efficiency
neutron counter array BRIKEN,>® with two Ge
clover detectors. The result that one-neutron emission
is dominant for all the four Ga isotopes was interpreted
as competition in one-neutron emission among two-
neutron unbound states, and we demonstrated that
the inclusion of the statistical model reproduces the
branching ratio better than the cut-off model.?)

Recently, we analyzed ~-ray spectra of the decay of
84-87Ga. Figure 1 shows v spectra gated by the neu-
tron multiplicity of the BRIKEN array for the decay of
86Ga. v rays from 8485 86Ge are clearly identified in
the 2n, 1n, and On gated spectra. The 2+ — 07 v ray
from 84Ge in the two-neutron branches was observed
at 624 keV. The intensity of the 624-keV ~ ray per 100
two-neutron decays was 37(8)%. We performed our
Hauser-Feshbach statistical model calculation by using
the strength distribution and level densities from shell-
model calculations. This model was used to validate
the measurement of the neutron spectra in the decay of
83,84Ga.” The shell model produced less states below
So, than the number of the default levels generated by
the statistical model using the Gilbert-Cameron for-
mula. When known, the low-lying states in the decay
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daughters calculated by the shell model were replaced
with experimental data. Compared with the feeding
of the experimental 624-keV state in 4Ge, the statis-
tical model predicted the ~ intensity as 33%, which
is in good agreement with the experimental value we
measured. The statistical model also reproduced the v
branching ratio of other « rays in the decay. The de-
tailed B-n-v analysis of other neutron-rich Ga isotopes
is in progress.
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Fig. 1. (a) y-ray spectra of the decay of 3°Ga gated by
neutron multiplicities in the BRIKEN array. (b) Decay
scheme. ~ branching per 100 decays is shown in the
square brackets.
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Spectroscopy of ?°Cd and '°'In from 3 decays of ?°In and °'Sn'

J. Park,*! R. Kriicken,*? D. Lubos,*? R. Gernhsuser,*® M. Lewitowicz,** S. Nishimura,*® and H. Sakurai*®, for
the EURICA Collaboration

Experimental knowledge in the doubly magic '°°Sn
region, relevant for tests of nuclear shell models (SM),
proton-neutron interactions in N =~ Z = 50 nuclei
and the end of the rapid proton-capture process (rp-
process) in nuclear astrophysics, has been expanded
through a (-decay spectroscopy campaign at RIBF.!
The literature on 3 decays of *’In and '°*Sn has been
either nonexistent or contentious due to low statistics,
but subsequent analyses of the g-delayed ~-ray spec-
troscopy data from the RIBF9 experiment revealed
new states in ?Cd and addressed the ambiguity con-
cerning the level scheme of '0'In.

Using WAS3ABi? and EURICA® detectors which
were deployed at the end of the ZeroDegree spectrome-
ter, decay events following *’In and '°!Sn ion implan-
tations were correlated. 30 new v rays belonging to
99Cd were observed, and a subset of v rays previously
assigned to '9'In has been confirmed in this measure-
ment. Two new high-energy ~ rays were assigned to
1017y in this work. The available -7 coincidence data
was analyzed to build on the level scheme of ?9Cd,
as shown in Fig. 1. Alternatively, the experimental
energies and intensities of the ~ rays were compared
with the SM calculations based on the SRESMHJIM*
interaction, in a model space of m(2p;/2,1g9/2) and
V(lg7/2, 2d5/2, 2d3/27 381/2, 1h11/2) orbitals above the
88Gr core. The effect of varying effective charges and
theoretical transition energies on the branching ratios
of v rays was assessed. Tentative assignments of new
excited states were made for both °°Cd and !°'In,
where a good agreement was found within theoretical
uncertainties. No significant inconsistencies in the in-
tensities of v rays were found between the experiment
and theory in a v-ray energy range of 0-2500 keV.

[-delayed proton emission events from the decay of
10181 were recorded and incorporated in the y-ray in-
tensity analysis. The competition between branching
ratios of protons versus 7y rays from high-energy states
in '%'In was evaluated using a semi-empirical theory
on proton emission.”) The two competing hypotheses
concerning the ground-state spin of '°!Sn, being either
the 5/2% based on the 2ds /2 single-neutron configu-
ration or the 7/2% based on the 1g; /2 configuration,
were examined by comparing the experimental ~-ray
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Fig. 1. Experimental level scheme of °°Cd, compared to SM
calculations. Only the states revealed by the [ decay
of %In are shown. The blue arrows indicate new  rays
observed in this work.

intensities and the integrated [(-delayed proton emis-
sion branching ratio to theoretical values. Due to the
imprecise knowledge of the proton separation energy
of °1Tn and low experimental y-ray statistics, there
was insufficient circumstantial evidence for an unam-
biguous spin assignment of the ground state of '°'Sn.
Determining the single-particle energies of the N = 51
isotones, ?°Cd and '°1Sn, would result in an enhanced
systematic review of the N = 50 shell evolution in the
proton-rich nuclei close to 1%9Sn.
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Total absorption «-spectroscopy study of the beta decay of 1°°Sn

J. A. Victoria,*! A. Algora,*"*? B. Rubio,*! J. L. Tain,*! A. Tolosa,*! J. Agramunt,*! E. Nacher,*!

S. E. A. Orrigo,*! V. Guadilla,*?® G. Kiss,*? D. Sohler,*? I. Kuti,*?> T. Davinson,** O. B. Hall,** D. M. Kahl,**
C. G. Bruno,** C. J. Appleton,** P. J. Woods,** S. Nishimura,*® N. Fukuda,*® H. Suzuki,*® D. S. Ahn,*?
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C. J. Griffin,*'® S. Bae,*!6 J. Ha,*!® and Y. Litvinov*!7

In this report we are presenting the progress on the
analysis of the NP1612-RIBF147 experiment. The goal
of this experiment was to study the beta decay of 1°°Sn
and neighbouring nuclei using the total absorption tech-
nique. In our measurement the total absorption spec-
trometer DTASY) was used in combination with the im-
plantation detector AIDA.? Details of the experiment
can be found in Ref. 3).

One key aspect of the work performed was to improve
the signal to background ratio of the coincident data as
much as possible. The sorting conditions of the data
and the number of parameters available for the analysis
makes this task daunting without proper quantification
of the code optimisations. For that reason we introduced
a figure of merit. The figure quantifies the improvements

A

Iy 0 s Time

Fig. 1. Parameters employed in the definition of the figure
of merit for the time distribution of the 8 particles. The
area S stands for signal, B for background, b is the high
of the background. B is estimated using the backward
correlation time interval [—ts,0]. T stands for implant-
(B time.
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Fig. 2. Time distribution of the § particles emitted after the
decay of '°Sn in coincidence with DTAS.

made by the changes in the analysis code looking for the
reduction of the accidental correlations associated to the
decay of 199Sn. In our study we changed several sort-
ing parameters and compared the area of the true cor-
relations (S) with the area of the background (B) (see
Fig. 1. for an schematic view). The optimisation con-
sisted in looking for conditions that increase the S to B
ratio. Note that the correlation time window () is re-
lated to the decay half-life of the implanted nucleus of
interest. Some improvements on the AIDA sorting code
were also necessary.®

In Fig. 2 we show the present status of the implant-£3
time correlation (gated with the condition on the DTAS
firing) after implementing all cleaning conditions for the
100Gy, Thanks to the procedures applied, an increase
of the signal to background ratio of the order of 20%
was achieved, improving the DTAS gamma correlated
data. In the near future we will refine the calibration
of the detectors and calculate the response function of
the setup, which is mandatory for the total absorption
spectrum analysis. Due to technical problems during our
run we were only able to take data for 4 days from a total
of 10 approved days. The continuation of the experiment
is expected to occur in 2021.
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Shape evolution of 106:108,110\[¢ in the triaxial degree of freedom?’
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The properties of the 22+ band in even-even nuclei
are closely connected with the triaxial motion in the
direction of the v degree of freedom, such as the -
vibration, rigid triaxial rotor,)) or ~-unstable rotor.?
The lowering of the known 22+ -state energy in neutron-
rich molybdenum isotopes (Z = 42) is interpreted as the
development of these triaxial motions associated with
the ground-state shape. We studied the neutron-rich
106,108, 1100\T¢ isotopes with higher statistics by measur-
ing the S-delayed ~ rays.

A neutron-rich cocktail beam was produced from the
fragmentation of a 345-MeV /nucleon 238U%6* beam.
The nuclides were separated and identified on the Bi-
gRIPS separator and delivered to F11. The ions and
[ particles were detected by the WAS3ABI active stop-
per. A high-purity Ge array, EURICA,?) and fast-timing
LaBrs(Ce) array were used to measure the energy and
time of v rays.

Figure 1 shows B(E2) determined from the lifetime
measurement of the 2] states using the LaBrs(Ce) ar-
ray. The quadrupole deformation parameters [ of
106,108, 110\[o were deduced to be 0.349(13), 0.327(10),
and 0.305(7), respectively. The results were compared
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The theoretical results calculated with SLy4 and SLy5+T
interactions are shown.

with beyond-mean-field calculations using SLy4 and
SLy5+T interactions, for which the predicted ground-
state shapes were oblate and prolate, respectively. The
prolate shape was indicated because the calculation with
the SLy5+T interaction reproduces both B(E2) and the
energies of the ground-state band.

The 2; band in '"Mo was extended up to the 7+
state. The energy staggerings of the 27 bands in
106,108, 1100\[o are close to that of the axially symmetric
rotor of the y-vibrational state, rather than Davydov’s
rigid-triaxial rotor model or Wilets-Jean model for ~-
unstable nuclei. A candidate of the two-phonon v vi-
brational band with K™ = 4%, which has not been well
established yet, was found in *'°Mo. The K™ = 4% band
decays only to the 7-vibrational band, and the energy
of the K™ = 47 state is 2.5 times larger than that of
the 23 state. Moreover, new 05 states were assigned in
108Mo and '19Mo.

The spin and parity of parent nuclei were assigned
from the log ft values to be 4= and 2~ for the ground
state in '°°Nb and '°8Nb, respectively. Two S-decaying
states were identified in '°Nb, and their spin-parities
were asigned as 27 and 6.
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Evolution of proton single-particle states in neutron-rich Sb isotopes
beyond N = 827
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The chain of Sb isotopes, with a single proton outside
the closed Z = 50 proton shell, has attracted for many
years a special interest since it offers the unique possi-
bility to study the evolution of the proton single-particle
states in the Z = 50-82 major shell over a wide range
of neutron number. Prior to this work, excited-state in-
formation was available from the very neutron-deficient
isotope '9°Sb, close to the presumably doubly-magic
1008y up to the neutron-rich isotope 3°Sb. Above the
N = 82 neutron shell gap, when the neutrons start fill-
ing the 1f7/5 orbital, a dramatic decrease of the energy
of the 5/2] state from 962 keV in *3Sb to 281 keV in
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The present work aimed for an extension of the ex-
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Fig. 1. Excitation energy difference between the 5/2 and
7/2} states in the odd Sb isotopes. Experimental values
are shown as open (literature) and filled (present work)
diamonds while solid blue (green) lines represent the re-
sults of SM calculations employing the Napoli (N3LOP)
interactions. The differences between the effective SPE
of the 1ds/2 and Ogz /2 orbitals are shown by dashed lines
(adopted from Fig. 7 of the original article).

perimental information towards more neutron-rich Sb
isotopes. Excited states in 36137 138Gh  populated in
the 3 decay of the semi-magic Sn isotopes 136> 137 138G
were studied within the EURICA campaign. The clean
ion identification and high ~v-ray detection efficiency al-
lowed to observe for the first time the decay of excited
states in the N = 86 isotope 37Sb, which is consid-
ered as one of the key nuclei to pin down the evolution
of the single-particle structure beyond N = 82. As
shown in Fig. 1, the experimental energy of the 5/27
state, F, = 84 keV, lies in the middle between the re-
sults of shell-model calculations performed using two
different realistic effective interactions, labeled Napoli
and N3LOP. Together with a similar comparison for
136,138G]  the new experimental information thus al-
lows to trace the evolution of the single-particle energies
above the N = 82 shell closure.
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BRIKEN measurements of P,,-values and half-lives for understanding
the formation of the r-process rare-earth peak: progress on the Ce to
Nd region

A. Tarifefio-Saldivia,*! G. G. Kiss,*? J. L. Tain,*> A. Estrade,** S. Nishimura,*® J. Agramunt,*> A. Algora,*?
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The Rare-Earth Peak (REP) is a distinctive local
maximum observed around mass A ~ 160 in the ele-
mental abundance distribution of the rapid-neutron cap-
ture process (r-process). Because the REP is formed af-
ter neutron exhaustion,') it provides a unique probe for
studying the late-time environmental conditions of the r-
process site.2) According to theoretical models, S-decay
rates (77/,) and delayed neutron emission probabilities
(P,-values) play important roles in the formation of the
REP.?) The region of nuclei with the most significant
impact on the formation of the REP has been deter-
mined via sensitivity studies.) Most of the T} /2 on this
region have already been measured by the EURICA col-
laboration.”) However, the experimental determination
of P,-values is yet to be achieved.

The NP1612-RIBF148 experiment exploits the unique
capabities of the BRIKEN setup®% for the measure-
ment of S-delayed neutrons. This experiment attemps to
study P,-values and T7 / for the nuclei which are impor-
tant to REP formation.) In the 2018 experimental run,
a 60-particle-nA 238U beam, with 345 MeV /nucleon, hit-
ting a 4 mm thick Be target was used to produce the sec-
ondary radioactive beam. The neutron-rich fragments
were filtered out by the BigRIPS fragment separator
and the ZeroDegree spectrometer. The beam setting
was centered on '65Pm.

Here, we report preliminary results from the 2018 ex-
perimental run. Figure 1 shows the measured beta-decay
half-lives in the region from Ce to Nd isotopes. The ex-
perimental results are compared with previous measure-
ments performed by the EURICA collaboration,” and
with FRDM + QRPA theoretical calculations.®>?) The
BRIKEN experimental data agree well with the previ-
ous measurements. In addition, our results exhibit an
improved precision for the heavier nuclei region. Based
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on the current status of the data analysis for this ex-
periment, we expect to obtain at least one new T} /o per
atomic number on the heavier isotopes from the Ce to
Nd region. These results will be reported in the future.
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Fig. 1. Systematic trends in BRIKEN results of [-decay
half-lifes (blue) compared with previous measurements

(red),”) and theoretical calculations.®?)
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Precision measurement of ground-state electric quardrupole moment
for neutron-rich 'O
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K. Imamura,*! M. Tajima,*! K. Tsubura,*! and H. Ueno*!

The anomalous nuclear properties had been exper-
imentally indicated for the neutron-rich 230 isotope,
such as the formation of halo structure®) and the pres-
ence of the new neutron magic number at neutron
number? N = 16. This originates the interest in the
shell evolution in this region of neutron-rich oxygen iso-
topes. Such information can be directly provided by
the knowledge about the nuclear properties of neigh-
boring isotopes, such as 2'O.

Previously, we have conducted the measurements of
the electromagnetic moments of 2!0?) and the ground-
state magnetic moment has been successfully deter-
mined. However, due to RF tank circuit limitations,
the obtained spectrum for the quadrupole moment (Q-
moment) measurement was insufficient to make firm
conclusions and required further study. Since then, the
experimental setup was improved and the (-moment
has been successfully measured.

The present experiment was carried out using the
RIPS separator at the RIBF facility. A spin-polarized
beam of neutron-rich 2'O was produced in the pro-
jectile fragmentation reaction of a 2?Ne beam at
70 MeV /nucleon on a 185—mg/cm2 Be target. To en-
sure polarization, the momentum window and emis-
sion angle of the secondary fragments were selected
to be pp = po x (0.97 £ 0.03) and O > 1.5°, re-
spectively. Here, pg is the fragment momentum cor-
responding to the projectile velocity. The secondary
beam of 2!O was then purified by the momentum and
momentum-loss analyses and delivered to the [S-ray
detected nuclear magnetic resonance (S-NMR) appa-
ratus installed downstream the beam line. The well-
established method of S-NMR®* in combination with
adiabatic fast passage technique® was applied to mea-
sure quadrupole moment.

The obtained nuclear quadrupole resonance (NQR)
spectra are shown on Fig. 1. It consists of the two se-
ries of measurements. The black circles represent the
measurement with +44 kHz modulation of quadrupole
coupling constant vg = eqQ/h, where ¢, Q and h de-
note the electric field gradient of the stopper material,
the @-moment and the Planck’s constant, respectively.
The spectra are plotted with AgP values measured as
a function of deviation from the peak frequency I/C%eak,
where AgP is the 8-decay asymmetry parameter, and
P the 2'O nuclear spin polarization. A resonant peak
formed by the S rays emitted from 2*O stopped at the
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Fig. 1. 8-NQR spectra of 21O in TiO; single crystal. The
figure shows the results of two series of measurements
with vq modulation of +44 kHz (black circles) and
+17 kHz (red circles) are shown.

substitution site of TiOs is clearly identified in Fig. 1.
Due to the improvement in polarization detection, the
signal-to-noise ratio was greatly increased and a less
pronounced additional NQR effect was detected at a
lower (Q-moment region.

In order to investigate this minor peak in more
detail, a measurement with narrower scan width of
+17 kHz was conducted. The result of this measure-
ment is represented on Fig. 1 by the red solid cir-
cles. The centroid position of the small peak is consis-
tent with the previous nuclear quadrupole resonance
(NQR) measurement of 2'O at RIPS in 2016.>) The
origin of the additional lower-amplitude peak is un-
der analysis. In overall, the two NQR measurements
confirmed the existence of a major peak at higher Q-
moment region that could not be detected in 2016 due
to several experimental limitations. The @Q-moment
value of 21O can be then firmly assigned based on the
obtained results. The uncertainty assignment based
on the peak shape analysis and the discussion of the
results in terms of 2'O nuclear structure are work-in-
progress.
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Investigations of magnetic moments in Coulomb fission
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Magnetic moments present an important tool to
study the single-particle character of excited states.
They are directly related to the g factor and provide a
crucial test for the wave functions of particular states
predicted by theoretical models. One experimental re-
quirement for the measurement of g factors is the spin
alignment of the nuclear ensemble that is obtained in
the reaction populating a nucleus of interest. In this
experiment, Coulomb fission is used to produce the nu-
clear alignment, and the magnetic moments of isomeric
states are investigated.

The region around the doubly magic '32Sn has been
of prime interest in the past decades owing to its im-
portance from the perspectives of astrophysics and
nuclear structure. The investigation of nuclei with
few valence particles is interesting because several iso-
meric structures emerge in them. For example, the
three-proton-hole Z = 47 isotopes 2*125Ag have iso-
mers based on the unique parity orbitals m(0gg/2) and
v(0hyy/2).Y)

The experiment is performed at the RIBF using the
BigRIPS spectrometer. A primary 238U beam at an
energy of 345 MeV /nucleon impinged on a thin 184W
production target with an average beam intensity of
approximately 100 particle nA. The momentum distri-
bution is selected with slits at the F1 focal plane. The
nuclei of interest are separated and identified using the
BigRIPS separator.?) The secondary ions are stopped
in a 3-mm-thick Cu host at the F8 focal point. The de-
tection setup consisted of four high-purity Ge (HPGe)
and two LaBrs(Ce) detectors, arranged with each de-
tector type at 90° with respect to each other. To mea-
sure the magnetic moments, the TDPAD method is
used; it has been applied successfully at the RIBF.3 )

In the experiment, approximately 5-10° ions of 1?4Ag
and approximately 3-10° ions of '2°Ag are identified in
each of the experimental settings. The particle identi-
fication (PID) of these secondary ions is achieved after
the identification and tracking detectors are fully cal-
ibrated offline. The spectroscopy could be performed
after calibration and various corrections of the 7-ray
detectors in energy and time. Figure 1 shows the de-
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Fig. 1. Delayed HPGe energy spectrum for the '2*Ag ions.
Background transitions are labelled with “#.” The inset
shows the time-resolution spectrum of one detector for
a source and in-beam measurement.

layed ~-ray energy spectrum of all Ge detectors with
a PID gate for the '2°Ag ions. All transitions below
the known (17/27) isomer can be identified. For the
TDPAD analysis, a good in-beam time resolution is es-
sential. The setup is optimized using °Co and '°?Eu
sources, with a typical resolution of 8(1) ns (FWHM)
achieved by the detectors in the range of interest. This
corresponds to a resolution of 12(1) ns in-beam for
the same detector, e.g., for the 670 keV transition in
125A0 As an example, the inset of Fig. 1 shows the
time-resolution spectrum for one of the HPGe detec-
tors, demonstrating the capabilities of this setup. The
analysis of the magnetic moment from the oscillation
pattern is currently in progress. Therefore, it is nec-
essary to have spin alignment, which will be shown by
measuring the magnetic moment of a known calibra-
tion case.
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Re-measurement of the *He(®He, ®Be) reaction
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In our previous study, the candidate resonance of
the 4n system (tetra-neutron) was determined using the
‘He(®He, ®Be)4n reaction with a 186 MeV /nucleon 8He
beam.") A new measurement with better statistics and
better accuracy was performed to confirm the existence
of the tetra-neutron system.Q)

The intensity of the 8He beam was 3.5 x 10° par-
ticles per second at the liquid helium target, and ap-
proximately twice compared to that of the previous ex-
periment. Low pressure multi-wire drift chambers (LP-
MWDCs) were installed at the focal planes F3, F6, and
F-H10(S0), to measure the trajectory and momentum of
the beam. The time reference to determine the drift time
in LP-MWDCs was obtained from a plastic scintillator
at F3.

We present the analysis of the LP-MWDCs developed
to eliminate accidental coincidence events induced by the
high intensity beam. The ®He beam from the SRC had
a bunch structure with a periodic cycle of 73 ns. There
are two cases of accidental coincidence as illustrated in
Fig. 1(a) and (b). The filled circles represent the parti-
cle, which triggered the data acquisition. The other par-

(a)

beam —P» .

O
A

Triggered bunch Next bunch

(b)

time

O
[
T,.=73ns

Fig. 1. Time structure of the beam bunch. The solid cir-
cles show particles triggering data acquisition, and the
open circles are accidental particles. (a) Beam contains
both the ‘Triggered bunch’ and ‘Next bunch.” (b) Two
particles are in the triggered bunch.
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Fig. 2. Energy distribution of LP-MWDC.

ticle in the next bunch (open circle) hits in (a), whereas
two particles together hit in the same bunch in (b). In
the analysis, we carefully treated these events, which
created multiple hits within the maximum drift time of
120 ns in the LP-MWDCs. The events of Fig. 1(a) were
successfully identified by selecting the drift-time region
of the LP-MWDC and the total traveling time from F3
to S2 focus corresponding to the beam energy.

In the case of Fig. 1(b), we simply eliminated such
events because the triggered beam particle and acciden-
tal particle in the same bunch cannot be distinguished.
To identify such cases, we estimated the total energy
spectrum obtained by using the Time-Over-Threshold
data of its signal. Figure 2 shows the total energy distri-
butions measured at LP-MWDC; two peaks are visible.
The peak at higher energies results from multiple-hit
events, and 75% of the multiple hit events were rejected
by selecting energies below 6,000. This value is con-
sistent with the probability of an occurrence of pile up
events.

After the treatment, the tracking efficiency of the
beam was 95%. In the present experiment, one of the
LP-MWDCs installed at F-H10 was damaged under the
intense irradiation of the ®He beam and operated with
a low efficiency of 48%. The overall tracking efficiency
of the 8He beam is therefore 80%, which still ensures
better statistics than the previous experiment.

Data analysis is in progress toward the final result.
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MRTOF-MS system equipped with an a-TOF detector
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Toward the precise mass measurement of heavy and
superheavy nuclides, the SHE-Mass-I1 facility!) was con-
structed with a multi-reflection time-of-flight mass spec-
trograph (MRTOF-MS)?) coupled with the gas-filled re-
coil ion separator GARIS-II.3) We installed an a-TOF%
detector, which simultaneously records the time-of-flight
(TOF) signal and subsequent a-decay. In order to
demonstrate the a-TOF detector, an experiment was
performed using the 1V + 159Tb reaction. A 'V beam
was accelerated to 6.0 MeV /nucleon by the RIKEN Ring
Cyclotron (RRC). The beam energy on the target was
reduced by an aluminum degrader to 4.8 MeV /nucleon.
The beam impinged upon 460 pg/cm?-thick °Tb tar-
gets with a 3 pm Ti backing, mounted in a rotating
target wheel.

The fusion evaporation residues (ERs) were separated
from the primary beam and transported using GARIS-
II. After decelerating ERs using a Mylar foil, the ERs
were stopped in a cryogenic helium gas catcher, and the
thermalized ions were extracted by a radio frequency
(RF) carpet and transported to the MRTOF-MS via
multiple RF ion traps.

We observed ERs, 2°6:207Fr, and 206:207Ra as doubly
charged ions. The subsequent a-decays were addition-
ally detected by the a-TOF detector. Using 26 207Fy
as the isobaric references, the masses of 296:297Ra, were
directly determined. The mass excess of 2°Ra was
3540(54) keV, which agrees with the values reported in
AME2016.

The TOF spectrum for the A/q = 103.5 region is
shown in Fig. 1. The singles events and 20"Ra decay-
correlated events are plotted. In the case of the ground
state of 2°7Ra, the correlated events of the TOF and the
a-decay could not be observed, because the incoming
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Fig. 1. Time-of-flight spectrum around the °’Ra*" region.

The red histogram indicates the decay-correlated events.
The green and blue lines show the fitting of the ground
and isomeric states of the singles (solid lines) and decay-
correlated events (dot lines).

rate was higher than the decay rate, while the decay-
correlated events were observed in the isomeric state
207TmRa owing to its short half-life. The energies of the
a-decay were selected as higher than 7.32 MeV, 20 apart
from the centroid of 2°79Ra, to avoid contamination from
2079Ra.

The peaks of singles 2°79/"Ra?t and decay-correlated
20"TmR a2+ were fitted. The shape of the peak was deter-
mined by 2°7Fr?*. The mass excess of 2°79Ra was deter-
mined to be 3538(15) keV, and the excitation energy of
207TmRa was Fex = 552(42) keV from the a-decay corre-
lated TOF spectrum. These values are consistent with
those evaluated by a-decay spectroscopy.”)

The alpha branching ratio of 2°7™Ra was determined
from the counting of TOF and a-decay events. The spin
parity was expected to be 13/2%7 based on its single-
particle level energy and the analogous reduced alpha
width to the neighboring nuclei.
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We present the first direct measurement of the
atomic mass of a superheavy nuclide. Atoms of 2°"Db
(Z = 105) were produced online at the RIKEN Nishina
Center for Accelerator-Based Science using the fusion-
evaporation reaction 2°Pb(°'V,2n)?*"Db. The gas-
filled recoil ion separator GARIS-II was used to sup-
press 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 stop-
ping cell wherein they were thermalized. Thermal-
ized 2°"Db?* ions were then transferred to a multi-
reflection time-of-flight mass spectrograph for mass
analysis. An alpha particle detector embedded in
the ion time-of-flight detector allowed disambiguation
of the rare 2°"Db3t time-of-flight detection events
from background by means of correlation with char-
acteristic a-decays (see also T. Niwase in this is-
sue). The extreme sensitivity of this technique al-
lowed a precision atomic mass determination from
11 events. The mass excess was determined to be
100 063(231)stat (72)sys keV/c?.

In recent experience, elements with a second ioniza-
tion potential below 24 eV have been near uniformly
extracted from the gas cell as doubly charged ions.
Surprisingly, no counts were seen for 2°’Db?*, while
257TDb3* was observed with the rate which, based on
cross-section, target thickness, and primary beam in-
tensity, indicated it constituted the preponderance of
257Db ions. The rate of 2°"Db3t extracted from the
gas cell was roughly 4 per day. These ions were ana-
lyzed by the MRTOF-MS with the a-TOF detector,")
which allowed us to correlate ToF events with subse-
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Fig. 1. Apparent A/q evaluated for each ToF single near
the expected position of 2" Db3". The data are plotted
in terms of deviation from the A/q for 2"Db3" as de-
termined from AME16.2) Statistical uncertainties are
only evaluated for a-decay correlated ToF events.

quent a-decays. Such correlations allowed removal of
even low-intensity backgrounds and confirm that we
were truly measuring 2*"Db3t.

Figure 1 shows the data measured over 105 hours of
beam on target. As the MRTOF was operated with a
resolving power of R, ~ 300000, the A/q range pre-
sented is about 10-FWHM. The red points represent
events where the ToF signal was followed within 120 s
by an o decay event with energy E, > 7.0 MeV to en-
compass all possible a-decays from 2°”Db and its decay
products; some a-decay-correlated ToF events within
this gate were attributed to the a-decay of 2! Po.

Based on the 11 alpha decay correlated ToF events,
the mass of 2*"Db could be determined with a preci-
sion of 231 keV/c? (82 pu/e). The value is in agree-
ment with indirect measurements.>® Unfortunately,
the mass resolution of the MRTOF and the energy res-
olution of the a-TOF were insufficient to resolve iso-
meric states. With recent improvements in the mass
resolving power (See S. Yan in this issue) we should be
able to resolve the isomer and ground state provided
the isomer has excitation energy above 250 keV/c?.
A followup effort to determine the state order via
MRTOF mass analysis is planned for FY2021.
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The nuclear data of neutron-rich nuclei around N =
126, such as the nuclear mass, decay half-life, and de-
cay scheme, are key for understanding the formation of
the third peak around A = 195 through the r-process
in explosive stellar environments, and the data are re-
quired to be investigated experimentally. Furthermore,
the neutron-rich region around Z = 75 is not only a tran-
sition region of nuclear deformation, but also expected to
contain high-energy long-lived isomers. Owing to the as-
trophysical and nuclear physics interests in this nuclear
region, nuclear spectroscopy has been performed at the
KEK Isotope Separation System (KISS) »?) installed in
the Radioactive Isotope Beam Factory (RIBF), RIKEN.

The isomeric states of ¥7Ta (Z = 73, N = 114) were
first observed in the Experimental Storage Ring (ESR)
at GSL?) In that study, the half-lives and excited en-
ergies were determined to be 2.3(6) min for the ground
state (gs), 22(9) s for the first isomeric state (m1) at the
excitation energy Fy, = 1789(13) keV, and >5 min for
the second isomeric state (m2) at Fy = 2935(14) keV.?)
We performed the 3- and vy-decay spectroscopy of 87 Ta
to investigate the nuclear structure of the ground and
two isomeric states at KISS. They are predicted to have
nuclear spins of 25/27 and 41/2% for the m1 and m2
states, respectively. The results of successful experi-
ments on the m1l isomer were reported in Ref. 4). The
present report describes the progress of the analysis in-
vestigating the unknown S-decays of 1878%ml,m2m,

187gs, m1, m2Ty  were produced using multi-nucleon
transfer reactions of a natural tungsten target (5 pm
thick) and ?%Xe beam (7.2 MeV /nucleon, 50 particle-
nA). The target-like fragments were thermalized and
neutralized in a gas cell filled with purified Ar gas of
~1 atm? and re-ionized element-selectively by using a
laser resonance ionization technique® at the exit of the
gas cell. Subsequently, the mass number was chosen by
using a dipole magnet with a mass resolving power of
AJAA ~ 900. The mass-analyzed ions were transported
to the decay station, which consists of a tape transport
device, a multi-segmented proportional gas counter,%
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Fig. 1. Energy spectrum of v-rays associated with the [-
decay of '8"Ta and '8"W, as well as some of the internal
transitions of ¥™™1Ta. The labels indicate the energy
(keV) and possible origin of the observed 7-rays. The
inset shows a part of the low-energy level scheme in *¥7W,
The values in parentheses are the relative intensities of

transitions.”)

and four clover-type germanium detectors.

Figure 1 shows the 7-ray energy spectrum in coinci-
dence with events of the gas counter telescope, which
are sensitive to electron energies of >100 keV.%) The
measurement was performed with the time sequence of
beam-on/off = 1800/1800 sec. We observed ~-rays orig-
inating from B-decays of '8"Ta as well as 18"W (T2 =
24.0 h), which is the daughter nucleus of ¥"Ta, and from
the internal decay of 8™ Ta (T}, = 7.3(9) sec)®) emit-
ting high-energy (>100 keV) conversion electrons. The
~-ray transitions were assigned not only through com-
parison with previously reported transition energies,”
but also by checking the half-lives from the energy-gated
time spectra for each gamma peak. Consequently, all of
the observed 7-rays emitted from 87W were identified
(upper right scheme in Fig. 1). The observed ~-rays
emitted from 87Re agree with those measured in previ-
ous decay studies.

Further analysis to determine the decay branch from
the three states of '87Ta is ongoing.
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(3-~ Spectroscopy of 92Re

H. Watanabe,*>*2*3 Y, X. Watanabe,*® Y. Hirayama,*> A. N. Andreyev,***> T. Hashimoto,*® F. G. Kondev,*”
G. J. Lane,*® Yu. A. Litvinov,* J. J. Liu,*'* H. Miyatake,*> J. Y. Moon,*® A. I. Morales,*!! M. Mukai,*?*3:*12
S. Nishimura,*? T. Niwase,*?*!3 M. Rosenbusch,*® P. Schury,*> M. Wada,*? and P. M. Walker*!4

Decay spectroscopy of '®?Re has been carried out us-
ing the KEK Isotope Separation System (KISS).'® A
RI beam of '?Re was produced via multi-nucleon trans-
fer between a 50-particle-nA projectile of '35Xe and
a natural Pt target with a thickness of 10.7 mg/cm?.
The 10.75-MeV /nucleon primary beam from the RIKEN
Ring Cyclotron was decelerated to 8.8 MeV /nucleon af-
ter passing through Ti degraders placed in front of the
Pt target. The reaction products were thermalized and
neutralized in a doughnut-shaped gas cell filled with 80-
kPa gaseous argon, and then transported by a gas flow
to the cell outlet, where a two-color, two-step resonant
laser ionization technique was applied for an unambigu-
ous selection of a single element. The singly charged
192Ret jons were extracted through the RF ion guides
and reaccelerated at 20 keV, followed by mass separation
using the KISS spectrometer.

During 4.2 days of data run, about 1.5 x 10° 192Re nu-
clides were collected with an average intensity of 0.3 par-
ticles/s on a 12-pm-thick aluminized mylar tape at the
end of the KISS beamline. The decay measurements
were carried out with three different beam-on/off con-
ditions of 90/180, 24/48, and 45/15 s in order to ac-
commodate decays both from the ground state (1%, =

16(1) s¥) and from a previously reported long-lived iso-
mer (T} /o = 61130 s°) in 2Re. The implantation posi-
tion was surrounded by a multi-segmented proportional
gas counter (MSPGCQC) that covered 80% of the 47 solid
angle with two layers of 16 counters.®) The MSPGC was
surrounded by four large-volume Clover-type HPGe de-
tectors in a close geometry, having a ~-ray add-backed
full-energy peak efficiency of 7.8% at 1 MeV.

Figure 1 shows an example of the §-delayed ~-ray co-
incidence spectrum and the decay scheme of '92Re ob-
tained in the present work. More details about the ex-
perimental results and physics discussion are described
in Ref. 7).
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Fig. 1. Top: ~-ray energy spectrum measured in coincidence
with MSPGC following implantation of '®?Re. Transi-
tions in '°?Os are labeled with their energy values, while
~-ray peaks that originate from the room background and
beam contaminants are marked with crosses and asterisk,
respectively. The inset magnifies a high-energy region.
Bottom: Level scheme of '°20s populated in the £ de-
cay of '2Re. The observed v rays are consistent with
those reported in Ref. 4). The superscript “1u” indicates
first-forbidden unique 8 decay.
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Insight into the reaction dynamics of proton drip-line nuclear system
I7F + 58Ni at near-barrier energiesJr

L. Yang,*! C. J. Lin,*"*!6 H. Yamaguchi,*?*3 J. Lei,** P. W. Wen,*! M. Mazzocco,*>*¢ N. R. Ma,*' L. J. Sun,*!
D. X. Wang,*! G. X. Zhang,*” K. Abe,*> S. M. Cha,*® K. Y. Chae,*® A. Diaz-Torres,*® J. L. Ferreira,*!°
S. Hayakawa,*? H. M. Jia,*! D. Kahl,*! A. Kim,*'* M. S. Kwag,*® M. La Commara,*'? R. Navarro Pérez,*'3
C. Parascandolo,*'* D. Pierroutsakou,*' J. Rangel,*' Y. Sakaguchi,*? C. Signorini,*>* E. Strano,*"*6
X. X. Xu,*! F. Yang,*' Y. Y. Yang,*'® G. L. Zhang,*” F. P. Zhong,*"*!6 and J. Lubian*'°

In recent times, the availability of high-quality ra-
dioactive beams has greatly increased our ability to
study the reactions induced by exotic nuclei.!) In con-
trast to neutron-halo projectiles, reactions induced by
weakly bound proton-rich nuclei, especially those with
proton-halo or valence-proton structures, present dis-
tinctive properties. Both the core and valence proton
have long-range Coulomb interaction with the target;
thus, the dynamic Coulomb polarization effect is of par-
ticular importance.?) So far, research on reactions with
proton drip-line nuclei is still in its infancy, and the re-
action mechanism is not yet clear.

I7F can be treated properly with a two-body model
as an inert 90 core and a loosely bound proton.?) In
this report, we present the results of complete kine-
matics measurements to investigate the reaction mecha-
nisms of 1’F interacting with ®Ni at energies around the
Coulomb barrier. The experiment was performed at the
Center for Nuclear Study Radioactive Ion Beam separa-
tor (CRIB).Y The Multi-layer Tonization-chamber Tele-
scope Array (MITA)® was used to detect the reaction
products over a large range of Z. Angular distributions
of elastic scattering, exclusive and inclusive breakup, as
well as the total fusion (TF) cross sections were derived
simultaneously for the first time.

The excitation functions of the total reaction (o),
inclusive (o,c160) and exclusive (opye160) 160, as well
as the TF from evaporation protons are shown in Fig. 1.
Fusion is dominant in the above-barrier region, and
it reduces exponentially as the energy decreases. The
One.160 and Opy.160, however, vary smoothly with

f Condensed from the article in Phys. Lett. B 813, 136045
(2021)
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the energy, and oy, 169 becomes the major compo-
nent in the sub-barrier region. The behavior of the TF
cross section can only be reproduced by the continuum-
discretized coupled-channels (CDCC) calculation con-
sidering the couplings from the continuum states, in-
dicating that the enhancement of TF at the sub-barrier
energy is mainly due to the breakup coupling.
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Fig. 1. Excitation functions of the total reaction (stars), ex-
clusive (squares) and inclusive (triangles) breakups, and
the TF (circles). The curves denote the correspond-
ing theoretical results: the solid line denotes the cou-
pled channel (CC) result; the dot-dot-dashed and dotted
curves are the CDCC results for TF and elastic breakup,
respectively; the dashed line shows the CDCC calcula-
tions performed by switching off the couplings from the
continuum states (NCC); and the dot-dashed line is the
result of the three-body model proposed by Ichimura,
Austern, and Vincent® plus CDCC. The arrow indicates
the nominal position of the Coulomb barrier.

References

1) L. F. Canto et al., Phys. Rep. 596, 1 (2015).

2) M. Ito, K. Yabana, T. Nakatsukasa, M. Ueda, Nucl. Phys.
A 787, 267¢ (2007).

3) C. A. Bertulani, P. Danielewicz, Nucl. Phys. A 717, 199
(2003).

4) Y. Yanagisawa et al., Nucl. Instrum. Methods Phys. Res.
A 539, 74 (2005).

5) N. R. Ma et al., Eur. Phys. J. A 55, 87 (2019).

6) M. Ichimura et al., Phys. Rev. C 32, 431 (1985).

_35-






2. Nuclear Physics (Theory)






11-2. Nuclear Physics (Theory)

RIKEN Accel. Prog. Rep. 54 (2021)

Dineutron and effective pairing forces in momentum space

M. Yamagami *

The spatial two-neutron correlation, called dineutron
correlation, is one of the unique features around the neu-
tron drip line. The dineutron correlation has been dis-
cussed extensively in light-mass nuclei such as '!'Li,%?)
but it is considered to be a universal phenomenon over
all mass-number regions.®)

We propose a new effective pairing force by fo-
cusing on the spatial structure of a neutron pair.
First, we discuss the necessity by performing a three-
body model calculation with the density-dependent
zero-range force (DD §(r)-force), "2 Vs(ri,ry) =
VO 11 —plp(ry)/po]} 8(r1 — 73). The DD §(r)-force is
widely used in nuclear structure calculations.™ ) It must
be supplemented with a cutoff in the two-particle spec-
trum, €1 + €3 < Eey. The parameters V() and 7 are
adjusted for each E., so as to reproduce the properties
of low-energy neutron-neutron (nn) scattering and the
two-neutron energy FEs,, of finite nuclei. The parameter
po = 0.16 fm~3 is the saturation density.

In Fig. 1, the root-mean-square (rms) values k¢ and
dem Of the relative and center of mass (cm) momenta of
paired neutrons in "Li and ?Be are shown. ke con-
verges, while ¢.,, diverges as a function of E.,; owing to
undesirable coupling to high-momentum components of
single-particle states in the continuum.

In order to overcome the difficulties, we consider
a new effective pairing force in momentum space (k
space) that has a non-local separable form (k-SEP
force), Vsgp = —ﬁVéO)g(k)g(k')h(q)h(q’). Here, the
Yamaguchi-type form factor g(k) = 1/(k® + A?) and
the Gaussian distribution h(q) = (ﬁqo)_Se_qZ/qg for
the relative momentum k and the cm momentum q of
paired neutrons are adopted. The parameters Vk(o) and

2 —=—""Li (k-SEP force) --—-o--''Li (DD s-force) [
——"Be (k-SEP force) ---o--- "Be (DD &-force)

rel
cm

O T T T T
20 40 60 80 100 120
[MeV]

0 T T T T
20 40 60 80 100 120
E  [MeV] E

cut cut

Fig. 1. Relative momentum k,e; and cm momentum gem of
the neutron pair in *'Li and '*Be. The results using the
k-SEP force and the DD §(7)-force are shown.
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Fig. 2. Two-neutron energies Fs, obtained with the k-SEP
force (go = 0.209 and 0.171fm ') and the DD §(r)-force
with fixed Feur = 40 MeV and n = 0.849, in comparison
with the experimental data.

A are fixed so as to reproduce the properties of low-
energy nn scattering.*) The parameter qq is fixed by the
two-neutron energy FEs, of finite nuclei.

The k.o and ge, obtained with the k-SEP force are
shown in Fig. 1. They converge well above E.,; =
100 MeV. Here, the parameter ¢y = 0.209 fm~!
(0.171 fm~1) is used for 1 Li (*?Be). The small cm mo-
mentum ¢, indicates that the pairing correlation occurs
only around the nuclear surface region in real space. The
relative momentum k. in '?Be becomes larger than that
in Borromean ''Li owing to the high-momentum com-
ponent in the bound 1p, /, state.

The two-neutron energies Fo, of three-body systems
can be classified into two categories as shown in Fig. 2.
The Borromean nuclei (*He, 22C, 'Li) are well de-
scribed with ¢o = 0.209 fm~!, while ¢y = 0.171 fm~!
for non Borromean nuclei. Because the parameter g
introduces a cutoff for correlations in the opening angle
0r between ki and ks as cosf < ¢3/(2ki1k2) in h(q),
the pairing correlations have a more collective nature in
calculation with a larger qo.

In conclusion, we proposed a new effective pairing
force that describes well the structure of the neutron
pair. It is also easily utilizable in various frameworks
such as the density functional theory in k space.?)
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Structure of 2C studied by the no-core Monte-Carlo shell model

T. Abe,*! P. Maris,*? T. Otsuka,*"*3 N. Shimizu,** Y. Utsuno,*>** and J. P. Vary*?

Carbon-12 is of particular importance in our life. This
nucleus is produced by the triple-« reactions through the
second 07 state known as the Hoyle state. The proper-
ties of this state are still being investigated actively both
in the experimental and theoretical ways. On the theo-
retical side, ab initio approaches for low-energy nuclear
structure calculations have been developed rapidly in re-
cent years, owing to recent computational and method-
ological developments. Here, we report the low-lying
states of 12C examined by the ab initio calculations in
the no-core Monte Carlo shell model (MCSM).")

We have performed the large-scale calculations in the
no-core shell-model (NCSM) method,? applying the
MCSM technique for conventional shell-model calcula-
tions.®® The no-core MCSM calculations have been
done with 100 basis states in the basis space of Ngpenn = 7
with the harmonic-oscillator energy of iw = 20 MeV. We
have adopted the Daejeonl6 NN interaction,® which is
based on an NN interaction from chiral effective field
theory (YEFT).

Figure 1 shows preliminary results of the no-core
MCSM calculations in comparison with the experimen-
tal data.”) In Fig. 1, the absolute energies and tran-
sition strengths for three low-lying states are shown.
The no-core MCSM results with the Daejeonl6 inter-
action provide a reasonable agreement with the exper-
imental data for the ground 07 and the first-excited
2T states. The experimental ground-state energy is
—92.16 MeV, while our result is —91.9 MeV and well
reproduces the no-core full-configuration (NCFC, one of
the other NCSM approaches) result with the same in-
teraction of —92.9(1) MeV.%®) The point-proton radius
for the ground state is ~2.29 fm both in the no-core
MCSM and the NCFC methods, corresponding to the
experimental value of 2.33 fm. The excitation energy
of the first-excited 27 state is 5.01 MeV in the no-core
MCSM and 4.57(15) MeV in the NCFC. These ener-
gies are also comparable with the experimental value of
4.44 MeV. The electric quadrupole and monopole tran-
sition strengths are also in reasonable agreement with
the experimental values.

The excitation energy of the second 07 state, however,
is higher than the experimental value by ~3 MeV and the
point-proton radius is 2.60 fm, which is smaller than the
values by the phenomenological calculations, typically
larger than 3 fm (see, for example, Ref. 8) and references
therein). It is because the Hoyle state is believed to
have the loosely-bound three-a-cluster structure and is
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Fig. 1. Excitation spectra of >C. The right (left) side in the
figure shows no-core MCSM results (experimental data)
with the red (black) color. The energy levels of three
low-lying states are shown by horizontal bars. The elec-
tric quadrupole and monopole transition strengths are de-
noted by arrows. The experimental data are taken from
Ref. 7).

challenging to be described in the harmonic-oscillator
basis at least with the basis space employed here. It is
awaited to extrapolate our results obtained in the finite
basis-space size into the infinite basis-space-size limit so
as to compare with the experimental values and also
the other theoretical calculations in more detail. Based
on our preliminary calculations, the investigation of the
intrinsic structure of '2C is currently underway, aiming
to elucidate the a-cluster structure in light-mass nuclear
systems from first principles.
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Double charge-exchange phonon states’

X. Roca-Maza,*1*2 H. Sagawa,*3** and G. Colo*1*2
) b

The possibility of inducing double charge-exchange
(DCX) excitations by means of heavy-ion beams at
intermediate energies has recently fostered interest in
new collective excitations such as double isobaric ana-
log states (DIAS) and double Gamow-Teller giant res-
onances (DGTR). A research program based on a new
reaction, (12C, ?Be(05)), is planned at the RIKEN
RIBF facility with high-intensity heavy-ion beams at
the optimal energy of Ej,, = 250 MeV /nucleon to ex-
cite the spin-isospin response.!) A big advantage of
this reaction is based on the fact that it is a (2p, 2n)-
type DCX reaction, and one can use a neutron-rich
target to excite DGTR strength. In this report, we
present some formulas to evaluate different combina-
tions of the average excitation energies of DIAS and
DGTR by using commutator relations for the dou-
ble isospin ij:l t_(i)t_(j) and spin-isospin operator
ij:l o(i)t_(i)o(j)t_(j). Here, t = 7/2, and o and
T denote the Pauli matrices in spin and isospin space,
respectively. Specifically, we present formulas to es-
timate Epias — 2FE1as from the most relevant isospin
symmetry breaking (ISB) terms in the nuclear Hamil-
tonian and Epgrr — Epias — Q(EGTR — EIAS) from a
simple albeit realistic Hamiltonian including separable
residual interactions.

The expectation value for the energy of the DIAS is
defined as

Epias = (DIAS[H[DIAS) — (0/H[0), (1)

where |0) represents the ground state, and

T_[IAS)
(IAS|T T_|IAS)!/2

IDIAS) = (2)

is the definition of the DIAS state in terms of
the TAS that, in turn, can be written as |TAS)
T_10)/(0| T T_[0)/2, where Ty = Y27t (i) and T_
Z? t_(i) are the isospin raising and lowering opera-
tors, respectively.

Starting from Eq. (1) and the definitions of DIAS
and IAS previously given, one may write the excitation
energy of DIAS as

(0[[T%, [H,T2]]]0)
(o|rzT%10)

Epras =

3)

assuming that the ground state has good isospin;
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in other words, there is no isospin mixing, and
T.]0) = 0. Remembering that the Erpg is written
as, within the same approximation (i.e., no isospin
mixing in the ground state), Ejag = (IAS|H|IAS) —
(0[#]0) (O[T, [H, T_]]|0) /(0T T-]0), one can
eventually write

<O| [T+7 [T+a [[Ha T—L T—]]]|O>
2(N—-Z)N—-Z-1)

The energy of the double GT state can be defined in

an analogous way to Eq. (3) as

(0][0Z., [H, 02]]|0)
(0jor0%jo)

Epias = 2E1as + (4)

()

Epgtr =

where the GT transition operators are OiL =
Z? 0.(4)t+ (7). After some algebraic manpulations, we

can rewrite the energy of DGTR (5) as

(O[04, [0+, [[H,0_],0_]]]|0)
2N —Z)(N—Z—1)

Epgrtr = 2EaT +

(6)
Double GT and IAS average excitation energies have
been determined for the first time using double and
quartic commutator relations. In order to pro-
vide semi-quantitative theoretical estimates, we have
adopted two approximations. First, an independent
particle picture has been assumed. We have also pro-
vided expressions in which, by simplifying further, the
neutron and proton distributions have been taken as
hard spheres. This simplification has turned out to be
very useful to capture the main terms dominating the
calculated quantities.

In conclusion, within our approach, double TAS and
GT resonance energies in neutron-rich nuclei are dom-
inated by the same physics as their single counter-
parts because the main contribution is from 2Fiag
and 2EqTR, respectively. Hence, the effect of two-
body Coulomb interaction has a decisive effect on the
average energy Fpias, while the spin-orbit and resid-
ual isospin and spin-isospin interactions play a sub-
stantial role in the average energy Eparr — EDIAS-
More specifically, we have found that the corrections
due to quartic commutators follow the approximate
laws Epias — 2Fiag &~ %A‘l/?’ MeV (even the isospin
mixing effects are accounted in Ejag) and Epgrr —
Epias — 2(EGTR — EIAS) ~ 16A~" MeV.
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Exotic nuclear shape due to cluster formation at high angular
momentum’

Balaram Dey,*! Shan-Shan Wang,*? Deepak Pandit,*? Srijit Bhattacharya,** Xi-Guang Cao,*> Wan-Bing He,*®
Yu-Gang Ma,*” N. Quang Hung,*® and N. Dinh Dang,*"

It is now well established that clustering plays a very
important role in self-conjugate light nuclei and is also
associated with strongly deformed shapes of nuclei.'?)
One of the probes to study this deformation experi-
mentally at high temperature (7') and angular momen-
tum (J) is the vy-decay from the giant dipole resonance
(GDR) built on excited states.’»?) The GDR lineshape
gets fragmented in deformed nucleus providing crucial
information about the nuclear deformation. As a matter
of fact, it has been successfully employed experimentally
to study the Jacobi shape transition, an abrupt change
of shape from non-collective oblate to collective triaxial
or prolate shape above a critical spin, in several light nu-
clei such as 3'P, %5Sc, “6Ti and 47V.%2) However, when
this shape transition is examined in self-conjugate nu-
clei 328V and 28Si? through the reactions 2°Ne+ '2C
and 160 +12C, respectively, the GDR lineshape frag-
ments into two prominent peaks at high J(~20h) pro-
viding a direct evidence of the large deformation but,
intriguingly, the shapes found are completely different
from those seen from Jacobi shape transition (signature
of which is a sharp peak at 10 MeV arises due to the
Coriolis splitting of the GDR frequencies). Therefore,
these observations clearly highlight that the clustering
is not only important in mass A < 20 region but could
also play major role in A ~ 30, which has not been
studied enough.

Microscopic effects such as shell structure, pairing
and isospin effects play important role in deciding the
nuclear structures at low excitation energy. However,
even after incorporating these effects, the experimen-
tal GDR lineshapes (T ~ 2.0 MeV and J ~ 20h)
could not be explained for 28Si and 328 nuclei.®) In the
present work, an extended quantum molecular dynam-
ics (EQMD) model® has been carried out to understand
the GDR lineshapes of 28Si and 32S nuclei, and to inves-

T Condensed from the article in Phys. Rev. C 102, 031301(R)
(2020)

Bankura University

Shanghai Institute of Applied Physics, Chinese Academy of
Sciences

Variable Energy Cyclotron Centre

*4 Dept. of Phys., Barasat Govt. College

*5  Shanghai Advanced Research Institute and Zhangjiang Labo-
ratory

Key Laboratory of Modern Physics and Ion-Beam application
(MOE), Institute of Modern Physics, Fudan University
Shanghai Institute of Applied Physics, Chinese Academy of
Sciences, and Key Laboratory of Modern Physics and Ion-
Beam application (MOE), Institute of Modern Physics, Fudan
University

Institute of Fundamental and Applied Sciences, Duy Tan Uni-
versity

*9  RIKEN Nishina Center

*1
*2

*3

*6

*7

*8

Yield (arb. unit)
N [#] o (4.} a

-

@n o

MW A

Yield (arb. unit)

-

o
&

25 30 10 15 20 25 30

10

15 20
E, (MeV)

Fig. 1. EQMD calculations for both 2S and 2%Si nuclei.

tigate how the exotic shapes due to cluster formation
at high 7" and J are manifested through GDR strength
function.

The results of EQMD calculation have been compared
with the existing experimental data of 32S and 28Si as
shown in Fig. 1. It should be mentioned that the alpha
correlation is included in the EQMD model based on
the fact that the many body nucleon-nucleon correlation
is intrinsically embedded in all microscpic QMD type
model and the details of EQMD results are discussed in
Refs. 3, 4). It is found that the EQMD predicts the gen-
eral trend of the experimental GDR strength functions
for 32S and 28Si by considering the ring or toroidal con-
figuration. Nevertheless, the peak around 25 MeV can
only arrive due to cluster formation highlighting the ex-
istence of the a-clustering structure at such high 7" and .J
since this peak could not be predicted within the mean-
field calculations. Interestingly, the rotation of these
exotic shapes will not lead to the Coriolis splitting of
the GDR strength function (due to larger moment of in-
ertia leading to smaller angular frequency), which could
be the reason for the absence of the Jacobi shape tran-
sition in 32S and ?8Si. The present result highlights the
role of « cluster states above the decay threshold, which
is still an open field of investigation.
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Probing dilute nuclear density by antiproton-nucleus scattering’

K. Makiguchi,*! W. Horiuchi,*! and A. Kohama*?

Nuclear density distributions are the basic properties
of atomic nuclei. Traditionally, the charge density distri-
butions have been measured using electron-nucleus scat-
tering. Hadronic probes have been used to study matter
density distributions, especially via proton-nucleus scat-
tering. Recently, we proposed a practical approach to
extract the nuclear surface diffuseness of unstable nu-
clei using proton-nucleus elastic scattering differential
cross sections.’?) As a natural extension of the previ-
ous study, we investigated antiproton-nucleus scatter-
ing because it could provide a different sensitivity to
the nuclear structure than the proton probe because the
antiproton-nucleon (pN) total cross sections are typi-
cally 3-4 times larger than those of NN at incident en-
ergies varying from a few hundreds to thousands MeV.

High-energy antiproton-nucleus reactions can be ef-
ficiently described by the Glauber model.?) The total
reaction and elastic scattering cross sections can be ob-
tained by evaluating the optical phase-shift function
eX(®) a5 a function of the impact parameter vector
b. In optical limit approximation, we have iy(b) =
— [ pn(r)Tyn(b — 8)dr, where r = (s,z) with z de-
noting the beam direction, nucleon (N) one-body den-
sity px (), and antinucleon-nucleon N' N profile function
'y (b). The parameters of the profile function were de-
termined to reproduce the pN and p-'2C cross-section
data. The validity of the present model is demonstrated
in Fig. 1. The theoretical cross sections were signifi-
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Fig. 2. Ratio of total reaction cross sections of 2*3'F for
antiproton and proton scattering as a function of the in-
cident energy adopted from the original paper.

cantly consistent with the experimental data without
any adjustable parameter using harmonic-oscillator type
density distributions that reproduce the observed charge
radii.

We found that strong absorption occurs even beyond
the nuclear radius owing to the large pN elementary
cross sections, resulting in strong sensitivity in the nu-
clear tail. This sensitivity is quantified by taking an
example of a possible halo nucleus *'F, which is located
at the fluorine dripline; however, the antiproton scatter-
ing on unstable nuclei is still not feasible. According to
the investigations in Ref. 4) the shell gap between 0f7 /2
and 1ps/o orbits is essential and the dominance of the
(1ps /2)2 configuration forms the halo structure in 3'F.
We considered these density distributions of 3'F with
(1ps/2)? (halo) and (0f7/2)* (nonhalo) dominance from
Ref. 4) and calculated the ratio of the total reaction cross
sections of antiproton and proton scattering. Figure 2
displays the ratios of 3'F as a function of incident energy.
The ratios of 2°F with harmonic-oscillator type density
distributions are also plotted for comparison. 3'F with
the halo tail yielded the largest ratios, while the non-
halo density produced almost the same behavior as 2°F,
which demonstrates the advantage of antiproton scatter-
ing in the analysis of dilute density distribution.
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Nuclear charge radii with a trained feed-forward neural network’

D. Wu,*! C. L. Bai,*! H. Sagawa,*?*3 and H. Q. Zhang**

During the last few decades, theoretical and experi-
mental studies of the isotopic changes of ground- and
low-lying states have been performed intensively to elu-
cidate the evolution of the shell structure, shape coex-
istence phenomena, and shape transitions. In particu-
lar, charge radii and electromagnetic moments are very
sensitive quantities from which precise information of
the nuclear structure can be extracted.

Machine learning (ML) is one of the most popu-
lar algorithms for dealing with complex systems ow-
ing to its powerful and convenient inference abilities.
The neural network, which is an algorithm of machine
learning, has been widely used in different fields: arti-
ficial intelligence (AI), medical treatment, and physics
of complex systems. In this work, we attempt to train
a ML model for a description of the nuclear charge
radii based directly on some experimental or quasi-
experimental data, such as proton and neutron num-
bers, shell effect, and deformation. We search for any
other physical quantities that are correlated to the
charge radii.

To this end, we employ a standard fully connected
feed-forward neural network (FNN), which can build a
complex mapping between the input space and output
space through multiple compounding of simple non-
linear functions. The FNN is a multilayer neural net-
work with an input layer, hidden layers, and an output
layer. The structure of the neural network is labelled
as [Ny, Na, ..., N,], where N; denotes neuron num-
bers of the ith layer and i 1 and n represent the
input and output layer, respectively. In this study, we
adopt the input layer N; = 3 and the output layer
N, = 1. The model is trained with the input data set
of proton number Z, neutron number N, the excita-
tion energy of the first 27 state E21+, and the symmetry
energy. The deformation and shell effects on charge ra-
dius are included by the Ezf values. We adopt as the
data set all the nuclei for which the experimental val-
ues of both E2;r, and charge radii are available. The
data set includes 347 nuclei in total. As the data set
is not large enough, we must choose a small network
structure, which includes 44 neurons and involves 201
parameters.

In the present ML study, all the charge radii of Ca,
Sm, and Pb isotopes are included in the testing set
to check the prediction power of models. The model
reproduces well not only the slope of isotopic depen-

T Condensed from the article in Phys. Rev. C. 102, 054323

(2020)

College of Physics, Sichuan University

RIKEN Nishina Center

Center for Mathematics and Physics, University of Aizu
China Institute of Atomic Energy

*1
*2
*3
*4

_42 -

—§— ML-FNN no Es
—#— ML-FNN w. E
—— Exp.

3.60

3.58

3.56

3.54

{ren) (fm)

3.52 A

3.50 A

3.48

3.46

28 30 32 34
N

20 22 24 26
Fig. 1. Charge radii of Ca isotopes calculated by the model
trained with and without taking the symmetry energy
input into account. The ML results obtained with and
without the symmetry energy input are labelled by the
red stars and green diamonds, respectively. The exper-
imental data taken from Refs. 1), 2) are labelled by the

filled black circles.

dence, but also the kink of charge radii at the magic
numbers N = 82 of Sm isotopes and N = 126 of Pb
isotopes. The obtained charge radii of Ca isotopes
with and without symmetry energy input are shown
in Fig. 1. Experimental results taken from Refs. 1),
2) show a sharp kink structure at N = 28 and a peak
between two closed shells at N = 20 and 28, followed
by a rapid increase after N = 28. This figure indicates
that the symmetry energy input is critical for the qual-
itative and quantitative description of the Ca isotopes.

We also perform Hartree-Fock-Bogolyubov (HFB)
calculations for the radii of Ca isotopes. The HFB
calculations show a clear correlation between the sym-
metry energy and charge radii in Ca isotopes as far as
the absolute magnitude is concerned. Whereas the ML
shows that the symmetry energy input has a remark-
able effect on the precise descriptions of charge radii of
Ca isotopes including the kink structure, the HFB cal-
culation shows that the symmetry energy changes the
absolute magnitude of charge radii, but the kink struc-
ture at N = 28 is not well reproduced. The physical
implication of the present successful ML study remains
an open question and needs to be studied in the future.
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Effects of finite nucleon size, vacuum polarization, and
electromagnetic spin-orbit interaction on nuclear binding energies
and radii in spherical nuclei’

T. Naito,*!*2 X. Roca-Maza,*3** G. Colo,*>*4 and H. Z. Liang*"*?

In the density functional theory (DFT) for nuclear
physics, the ground-state energy is usually given by
Egs = TO + Enucl [Pp, pn} + ECd [pch] + ECX [pch]v where
Ty is the Kohn-Sham kinetic energy and Fyhue, Fod,
and Ecy are the energy density functionals (EDFs) of
the nuclear, Coulomb direct, and Coulomb exchange
parts, respectively. Here, p, and p, are the ground-
state density distributions of protons and neutrons,
respectively, and p.y, is the charge density distribution.

The Coulomb EDF E¢ = Ecq+ Ecx is, in principle,
written in terms of the charge density pen, ) because the
Coulomb interaction involves the charge itself, instead
of the point protons. Nevertheless, the protons and
neutrons are assumed to be point particles, i.e., pc, =
Pp, in most self-consistent nuclear DFT calculations.
In this paper, the finite-size effects of nucleons are im-
plemented to the self-consistent steps of the Skyrme
Hartree-Fock calculation, where only the electric form
factors of nucleons are considered. The Coulomb di-
rect term Egq holds the conventional form, while the
modified Perdew-Burke-Ernzerhof GGA Coulomb ex-
change functional 2?) is used instead of the exact Fock
term.

The charge density distribution pe, is written
terms of p,, p,, and the electric form factors
protons and neutrons, @Ep and Gg,, as Pen (Q)
Grp (¢%) p (0)+Grn (¢%) pn (q), where the quantities
with the tilde denote those in the momentum space.
Once the finite-size effects are considered, i.e., pen #
pp, the chain rule of the functional derivative should
be applied to derive the effective potential of the nu-
cleon 7, Vog, (r) = %’“(f)”] Finally, the Coulomb
potential for nucleons with the finite-size effects reads
Ver (r) = {Ve [pen] * Grr} (r), where Ve [pen] is the
conventional form of the Coulomb potential and * de-
notes the convolution. The Coulomb potential for
the neutrons does not vanish within the self-consistent
finite-size effects, because Gg, # 0.

Other possible electromagnetic (EM) contributions,
i.e., the vacuum polarization and EM spin-orbit inter-
action, are also considered. We used effective one-body
potential of the vacuum polarization for a charged
particle under the Coulomb potential caused by pep,
known as the Uehling potential.*) The EM spin-orbit
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interaction, which originates from the interaction be-
tween the nucleon spin and V¢, is also considered by
using the first-order perturbation theory.

The isospin-symmetry breaking (ISB) terms of the
nuclear force are also implemented to compare the con-
tributions of the EM interaction with those of the ISB
terms of nuclear force. The SAMi functional® is used
for the nuclear EDF for most calculations, and the
SAMi-ISB functional® is used instead when the ISB
originating from El, is considered explicitly.

The proton finite-size effect makes the nuclei more
bound; for example, the nucleon finite-size effect de-
creases the binding energy by 8.2 MeV in 2%Pb. In
contrast, the neutron finite-size effect makes the nuclei
less bound, and its contribution is almost one order of
magnitude smaller than the proton contribution, for
example, by 1.2 MeV in 2°8Pb, which is non-negligible
in heavy nuclei. The contribution of the vacuum polar-
ization to the total energy is also non-negligible, and it
makes the nuclei less bound, for example, by 3.7 MeV
in 208Pb. The contribution of the electromagnetic spin-
orbit interaction to the total energy is approximately
50 keV. Systematically, the contribution of the ISB
terms of the nuclear force to the total energy is com-
parable to that of the proton finite-size effect in heavy
nuclei, while the former is more significant than the
latter in light nuclei. The neutron finite-size effect and
vacuum polarization are also non-negligible. On the
other hand, the contribution of the electromagnetic
spin-orbit interaction to the total energy depends on
the shell structure.

The mass difference between the mirror nuclei *Ca
and “®Ni was also calculated. All the corrections to the
Coulomb functional with the SAMi-ISB functional co-
operate to reproduce the mirror-nuclei mass difference
within 300 keV accuracy, while the error is 1.5 MeV if
the conventional Coulomb functional is used.
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Trajectory in 2D plot of IS and IV densities of 8Ca and 2°8Pb'

S. Yoshida,*! H. Sagawa,*?*3 J. Zenihiro,***4 and T. Uesaka*?

Recently, the neutron skin thicknesses of doubly
closed shell nuclei 280§Pb126 and ggCagg have been in-
vestigated intensively. Theoretical studies with mod-
ern energy density functionals (EDFs) indicate that the
thickness of the neutron skin, Ar,, = r, —rp, embodies
the stability of pure neutron matter and provides im-
portant information on the symmetry energy of neutron
matter equation of states (EoS), which is a sum of the
well-known EoS of the symmetric nuclear matter and
the symmetry energy. The two EoSs govern the forma-
tion of not only nuclei but also astrophysical phenomena
such as neutron stars and supernova explosions.

In this paper, we propose a model to examine the de-
tails of the symmetry energy by using the isoscalar (IS)
and isovector (IV) density distributions. The neutron
skin is an integrated quantity extracted from neutron
and proton density distributions. However, the radial
density distributions will provide more information to
elucidate quantitatively the EoS of both nuclear matter
and neutron matter. To this end, it is essential to study
the radial dependence of IS and IV densities, which can
be extracted from neutron and proton densities.

The IS and IV densities are defined as ps(r) =
pu(r) + pp(r) and prv(r) = pu(r) — p,(r), respectively.
Experimental IS and IV densities of 8Cal) are plotted
in Fig. 1. The solid black curve sandwiched by the dot-
ted lines is the experimental trajectory of IS versus IV
densities at different radii . The equi-energy contour
lines of HF EDF, £(p,,, pp) = €(p1s, prv) = constant, are
calculated using SAMi-J27 and plotted for the values
from 3 MeV at pig = prv = 0 to —15 or —16 MeV at the
saturation density pig ~ 0.16 fm~—3 with an energy step
of 1 MeV.

The dashed lines correspond to the constant IV den-
sity line pry = pis(N — Z)/A of the asymmetric nu-
clear matter. The experimental trajectory is above the
constant density limit in the surface region. This fea-
ture suggests a strong IV pressure to push the IV den-
sity towards the surface region rather than the interior
of nucleus. The Fermi liquid of a finite nucleus may
fill the valley determined by EDF from the bottom at
approximately pig = 0.16 fm~2 to the top of valley at
p1s = prv = 0.0 fm—3. The trajectory plots are started
from the right-hand side at » = 0 fm and ends at the
left corner at » = 6 fm. The dots on the solid line in-
dicate different radius points with » = 0,1,2,3,... fm
from the right to the left. The positive IV density at
r = 0 fm reflects a larger neutron density than that of
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Fig. 1. Trajectories of isoscalar (IS) and isovector (IV) den-
sities of **Ca. The experimental curve (black solid line)
is compared with theoretical ones with Skyrme interac-
tions. The equi-energy contour lines are calculated using
the SAMi-J family. The equi-energy contour lines are
plotted for SAMi-J27. See the text for details.

protons at the central region corresponding to r = 0 fm.
Keeping the pig almost constant, the experimental curve
rises to the surface region at » = 3 fm, where the dots
are separated largely because of a rapid change in the
IV density. This can be understood qualitatively from
a flat contour map around the IS density p = 0.16 fm—3
so that the IV density can have large freedom within the
limit of the equi-energy contour line.

We can see a clear J-dependence for the enhancement
of IV density at r = 4 fm; a larger J value yields a
greater neutron density at the surface. Compared with
the experimental data, SAMi-J27 shows the best agree-
ment in the entire region of this plot.

In summary, we propose a new 2D plotting method
of IS-IV densities to extract not only the empirical sym-
metry energy coefficients J, L, and Ky, but also the
asymmetric isospin term K, in the nuclear incompress-
ibility. We found strong correlations between the curva-
ture of the 2D density at the density pig = 0.1 fm~3 and
the symmetry energy coefficients J, L, and K,. The
optimal values are found to be J = 27.2 MeV, L =
31.6 MeV, Kgy, = —154.7 MeV, and K, = —300.6 MeV
for the SAMi-J EDF from the IS-IV density plots of 48Ca
and 203Pb.
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Energy-weighted sum rule for Gamow-Teller giant resonances in
high-spin isomeric states of N = Z nucleif

M. Sasano,*! H. Sagawa,*!*? T. Suzuki,*>** and M. Honma*?

Among collective modes,”) the Gamow-Teller (GT)
giant resonance is an interesting excitation mode. It is
a 0 hw excitation that is characterized by the quantum-
number changes in the orbital angular momentum
(AL = 0), spin (AS = 1), and isospin (AT = 1).
It is induced by the transition operator or.

Recently, an experimental project was proposed to
measure the GT transitions from the *?Fe(12%) high-
spin isomeric state provided as an RI beam.? Inspired
by this, herein, we derived an energy-weighted sum
rule (EWSR) to estimate the energies of GT giant res-
onances in high-spin isomeric (HSI) states in N = Z
nuclei and evaluated the spin and isospin residual inter-
actions by comparing the EWSR with the shell model
calculations.

The sum rules provide a reliable tool for evaluating
the natures of giant resonances. In the calculations of
sum rules, the contributions from all the final states
are summed up. Therefore, the sum-rule values solely
depend on the properties of the initial ground state
and the Hamiltonian of the system, but they are not
sensitive to the details of the final states. Roughly
speaking, the non-energy-weighted sum rule (NEWSR)
provides a criterion for the collectivity of the observed
resonances, while the EWSR provides a measure of the
interaction strength driving the oscillation.

By dividing EWSR with NEWSR, the average en-
ergy of the resonance can be derived. We found that,
with the simple Bohr-Mottelson Hamiltonian,® the av-
erage energy relation is written as

Ror — Ko . .
4——— (i|So| 7).

v=—1 v=—1
EGT - EMl A

= (1)
Here, k., and k, are the spin-isospin and spin coupling
constants used in the hamiltonian. A is the mass num-
ber of the nucleus. (i|Sp|4), and E47 " and By~
correspond to the expectation value of the spin excess
along the elongation axis of the nucleus, the average
energies of the GT and M1 transitions, respectively.
This relation is analogous to the average energy re-
lation derived in Ref. 4) for N > Z 0" nuclei. In the
latter case, the left-hand side of the relation is the en-
ergy difference between the GT giant resonance and
the isobaric analog state. (i|Sp|4) in the right-hand
side is replaced with the neutron excess N — Z. Thus,
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instead of Kyr — Ko, Kor — ks appears. The GT energies
in high-spin isomers with N = Z have different sensi-
tivies from those in N > Z 0 nuclei. This is because
these states have different symmetries in the spin and
isospin space.

We used the newly derived energy relation to ana-
lyze the results of the shell model calculations for the
GT transition from ®?Fe(12%) and “*Ag(217) N = Z
high spin isomers. In the shell-model calculations, the
effective interactions, GXPF1J? and PIGD5G3% were
used for Fe and Ag, respectively. From the analysis,
Kor — ke was derived as 20.4-20.5 MeV. By assuming
a Ko, value of 23 MeV, the strength of the spin resid-
ual interaction, x, was deduced as 2.5 MeV. Thus, we
demonstrated that the GT energies in high spin iso-
mers are useful for evaluating the short-range part of
the spin residual interaction, which is important to de-
scribe the onset of the pion condensation in nuclear
matter.

We thank Haozhao Liang for the valuable dis-
cussions.  This work was supported in part by
JSPS KAKENHI (Grant Numbers JP19K03858 and
JP19K03855).
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A fully microscopic model of total level density in spherical nucleif

N. Quang Hung,*"*? N. Dinh Dang,*3 L. Tan Phuc,*!**2 N. Ngoc Anh,** T. Dong Xuan,*"*? and T. V. Nhan Hao®

The nuclear level density (NLD) is one of impor-
tant inputs for the calculations of low-energy nuclear
reactions and astrophysics. It also contains various in-
formation on the internal structure of atomic nuclei
such as single-particle levels, pairing correlations, spin
distributions, collective (vibrational and/or rotational)
excitations, nuclear thermodynamics, etc. Although
many theoretical studies have been carried out during
the last seven decades to find a reliable and fully micro-
scopic model of NLD, there has still been lacking a fully
microscopic NLD model. Recently, we have proposed
a microscopic NLD model based on the exact pairing
plus independent-particle model at finite temperature
(EP-+IPM).Y The latter, which has a very short com-
puting time and contains no fitting parameters to the
experimental NLD data, can describe quite well the
NLDs and thermodynamic properties of several hot
nuclei. Nevertheless, the EP4+IPM still contains two
shortcomings, which limit its fully microscopic foun-
dation. These shortcomings come from the use of em-
pirical formulas for the spin cut-off ¢ and collective
enhancement factors. The latter is a multiplication of
the vibrational k.;;, and rotational k..,i enhancement
factors.!)

In this paper, we develop a fully microscopic ver-
sion of the EP+IPM, limited to spherical nuclei (rota-
tional enhancement factor kyor = 1), in which three
significant improvements are included. First, the
single-particle spectra are taken from the Hartree-
Fock mean field plus exact pairing (HF+EP) with an
effective MSk3 interaction,? instead of the Woods-
Saxon potential in the original version of EP-+IPM.
Second, the spin cut-off parameter is directly calcu-
lated by using the statistically thermodynamic method

o2 =1 Yok misech2 (%Ek/T), where my, is the single-

particlze spin projection (in the deformed basis) and
Ej is the quasiparticle energy. Last, the vibra-
tional enhancement of NLD is directly calculated
based on the vibrational partition function Zy;p(7T)
doni(2A+ 1)6*E3/T, where E7 are all the eigenvalues
obtained by solving the self-consistent HF+EP+RPA
(SC-HFEPRPA) equation® for the corresponding mul-
tipolarity A, which runs from 0 to 5. The total parti-
tion function of the system is then calculated by com-
bining this vibrational partition function with that
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Fig. 1. Total NLDs obtained within the fully microscopic
EP+IPM by gradually adding higher collective vibra-
tional modes A to the vibrational partition function ver-
sus the experimental data for °°Ni (a) and °°Zr (b).
Experimental data are taken from Refs. 4-8).

of the EP+IPM (without vibrational enhancement),
namely In Z{ ., = In Zgp  1py + In Z0;,, where Z'(T)
is the excitation partition function.)

The numerical tests for two spherical 5°Ni and *°Zr
nuclei (see Fig. 1) show that the monopole and dipole
excitations (A = 07 and 17) have little enhancement to
the total NLD. By adding the quadrupole A = 2 and
octupole 37 excitations, the EP4+IPM NLDs are in ex-
cellent with the experimental data. However, adding
higher hexadecapole A = 47 and quintupole A = 5~
excitations enhances the NLD further but the results
obtained slightly overestimate the experimental data
because these states are always located at a very high-
excitation energy, which goes beyond the vibrational
excitation region. The results shown in Fig. 1 are of
particular valuable as they are the first microscopic
calculation, which confirms the important role of the
quadrupole and octupole excitations in the description
of NLD. We also found that the vibrational enhance-
ment factor obtained within our fully microscopic ap-
proach is smaller than that calculated using the em-
pirical and phenomenological formulas. In addition,
the spin cut-off factor obtained within our microscopic
approach are larger than that obtained by using the
empirical formula.
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Isobaric analog state energy in deformed nuclei: A toy model’

X. Roca-Maza,*!*2 H. Sagawa,*>** and G. Colo*!»*2

The effects of deformation on the energy of the iso-
baric analog state (IAS) are studied through microscopic
deformed Hartree-Fock-Bogolyubov calculations. A sim-
ple yet physical toy model is also presented to provide
guidance when predicting unknown IAS energies of de-
formed nuclei. The deformed HFB calculations are per-
formed for several neutron-deficient medium-mass and
heavy nuclei to predict the IAS energies.

Isospin is one of the most important (approximate)
symmetries in nuclei. The validity of isospin symmetry
has been established by the experimental observation
of TASs by charge-exchange reactions. Recently, these
states have been investigated extensively in connection
with the symmetry energy, particularly to determine the
so-called slope parameter L. Thus far, theoretical studies
of TAS have mainly focused on spherical nuclei such as
48Ca, 2°Zr, and 2°8Pb. However, a large number of de-
formed nuclei exist, but transparent information on the
effects of deformation on IAS is still lacking. In this pa-
per, we derive a general formula for the effects of defor-
mation on the Coulomb direct contribution to the energy
of the TAS and provide a simple albeit physical model.
Then, we study several neutron-deficient medium-mass
and heavy nuclei, which are now planned to be studied
experimentally in RCNP, Osaka within the LUNESTAR
project.

The TAS energy Ejas can be defined as the energy
difference between the analog state |A) and the parent
state |0) as follows:

(OIT. [, T_]|0)

EIAS = <A|H|A> - <O‘T+T,|O>

(01#[0) = , (1)

where Ty = Zf‘ t4 (i) are the isospin raising/lowering
operators. The direct Coulomb term of IAS energy for
an axially symmetric nucleus can be evaluated as

EIAS = EICAdSSp][1 {1 - 6227[:21)
(Ban — Bop)(Bon + Bap) . (Ban — Bap)?
+ p47r =t 47 ’ 2)

where [33,,(2p) is the quadrupole deformations for neu-
trons (protons). For B2, = Ba,, this reduces to

Cd,sph B
Erxs = Epg™ {1 - 4;} (3)

From Eq. (3), one should expect that a larger quadrupole
deformation corresponds to a smaller TAS energy. For
a qualitative understanding of the effect of deformation
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Table 1. Results of deformed HFB calculations with SAMi
EDF.D All energies are in MeV. EfRe® is the sum of the
direct Coulomb, exchange Coulomb, and isospin mixing
contributions. The deformation effect on IAS energy has
been estimated from the HFB calculations, AEFEP =

IAS (527” 5271) &FSB (5271 =0, B2p - 0)

Nucl. Ban Bop BN ESR? AENE
192pq 0.186 0.174 13.346 —0.162
98¢cd 0.255 0.256  13.810 —0.089
t129n 0.192 0.199 14.085 14.019 —0.001
1297 0.039 0.042 14.353 —0.001
124X e 0.000 0.000 14.749 0.000
13984 0.000 0.000 15.114 0.000
138Ce 0.126 0.158 15.352 —0.081
138Ce 0.040 0.047 15.331 —0.010
1E2Nd 0.000 0.000  15.509 0.000
1a4Sm 0.000 0.000 15.950 16.075 0.000
Dy 0.201 0.225 16.755 —0.003
18Dy 0.197 0.217 16.723 —0.028
2 Er 0.348 0.378 16.975 16.861 —0.112
1S4Er 0.346 0.377 16.881 16.778 —0.110
%8Yb 0.385 0.413 17.171 —0.212
LT HE 0.304 0.319 17.629 —0.091
TSHf 0.267 0.276 17.538 17.388  —0.086
120w 0.278 0.299 17.911 —0.101
1820s 0.335 0.355 18.223 —0.171
P0pt —0.147 —0.141 18.649 —0.037
198Hg —0.180 —0.187 18.906 —0.070

on the TAS energy, Eq. (3) predicts, for very deformed
nuclei with 85 =~ 0.8, a relative reduction in FEjpag of
approximately 5% with respect to the spherical nucleus.

Table 1 lists the results of deformed HFB calculations
for several neutron-deficient nuclei as predicted by SAMi
EDF. EFEP is the sum of the direct Coulomb, exchange
Coulomb, and isospin mixing contributions. The defor-
mation effect is also shown as AEHEE, and it varies from
—212 keV in '%8YDb at the maximum to zero for no de-
formation cases.

The deformed HFB results reproduce well the experi-
mentally known IAS energies within an error of approx-
imately100 keV and previde a good guide for the ex-
perimental search for new TAS states of these neutron-
deficient nuclei. In general, the deformation effect is
small, but it might be important for the precise predic-
tion of IAS energy within an accuracy of several tenths
of keV.
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Parity-conserved self-consistent CHFB solution

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

We developed a new program for solving the con-
strained Hartree-Fock-Bogoliubov (CHFB) equation
without parity mixing. In this scheme (CHFB5), we
require five constraints, one each on the total angular-
momentum I, proton number Z, in the 4 parity shell
(p™), proton number Z_ in the — parity shell (p~),
neutron number N, in the + parity shell (nT), and
neutron number N_ in the — parity shell (n7). As
an example, we choose '3*Nd with the same param-
eter set as that adopted in Ref. 1). Here, we solved
the full CHFB equation?® including all exchange terms
(Fock terms), while Ref. 1). adopts only the Hartree
terms. The values of (Zy,Z_, Ny, N_) are selected in
reference to the usual CHFB solutions with three con-
straints (CHFB3). The usual CHEFB3 solutions show
(Z4,Z_,Ny,N_) = (14.59,17.41,13.87,10.13) at [ =
0, while (14.04,17.96,14.0,10.0) at I = 26. Here,
(Z,N) = (32,24) are numbers outside the closed core
(28,50). Thus, we select (14, 18,14, 10) for the CHFB5
equation. The intrinsic difference between CHFB3 and
CHFB5 solutions is in the quasi-particle (QP) ener-
gies. In Fig. 1, we compare the behavior of the lowest
QP energies of A with its time-reversed energy A vs.
I. The equations for A and A have been provided in
Ref. 2). The degeneracy is lifted by the Coriolis anti-
pairing effect with increasing I. Figure 1(A) shows the
neutron shell, and (B) the proton shell. In both pan-
els, + specifies the 4 shell; the filled symbols express
A and the open symbols A. Those in the abbrevia-
tion “with" denote CHFB5 solutions, while the others
denote CHFB3 solutions. At low I, QP energies by
CHFB3 and CHFB5 solutions coincide in the neutron
shells (A); however, there is a considerable difference
among the p™ shell (B). The negative value of A in the
nT shell is observed at I = 10 in both CHFB3 and
CHFB5 solutions; this indicates the first backbending
is caused by the i;3/2 level in the n shell. There occur
negative values of A in the nt and n~ shells around
I = 20 to 26, and they correspond to decreasing A,
i.e., 0.00021 (CHFB3) and 0.00035 (CHFB5).
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Fig. 1. (A) Lowest QP energies A and A in the neutron shell
as functions of angular momentum /. The red open-
circles represent A, and the red filled-circles represent
A in the nt shell by the CHFB3 solutions; the orange
open-triangles denote A, and the orange filled-triangles
represent A in the n' shell by the CHFB5 solutions.
The open squares represent A, and the filled squares
represent A in the n”shell by the CHFB3 solutions,
while the blue open-triangles-down represent A, and the
blue filled-triangles-down represent A in the n”shell by
the CHFB5 solutions. (B) The lowest QP energies of
A and A in the proton shell as functions of I. The
red open-circles represent A, and the red filled-circles
represent A in the pt shell by the CHFB3 solutions,
while the orange open-triangles represent A, and the
orange filled-triangles represent A in the pT shell by
the CHFB5 solutions. The open squares represent A,
and the filled squares represent A in the p~shell by the
CHFBS3 solutions, while the blue open-triangles-down
represent A and the blue filled-triangles-down represent
A in the p~shell by the CHFB5 solutions.
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Role of exact treatment of thermal pairing in radiative strength
functions of %1:163Dy nucleif

L. Tan Phuc,***2 N. Quang Hung,*!*2 N. Dinh Dang,*® L. T. Quynh Huong,** N. Ngoc Anh,*® N. Ngoc Duy,*¢
L. Ngoc Uyen,*” and N. Nhu Le,*®

The photon or radiative strength function (RSF), de-
fined as the average electromagnetic transition proba-
bility per unit of y-ray energy Ew,l) has an important
role in the study of nuclear reaction properties such as
~-ray emission rate, reaction cross section, and/or nu-
clear astrophysical processes.?) Very recently, we have
proposed a microscopic model to simultaneously describe
the nuclear level density and RSF.?) For the RSF, we
employed the phonon damping model (PDM),* which
consistently includes the exact thermal pairing (EP), in
order to take into account both temperature-dependent
giant dipole resonance (GDR) width (within the PDM)
and thermal pairing (within the EP). The goal of the
current work is to shed a light on the microscopic na-
ture of the low-energy enhancement in the RSF data
caused by the PDR (Pygmy Dipole Resonance). Three
dysprosium isotopes !61:162:163Dy are selected to do
the calculations within the EP+PDM. The results will
be compared with the phenomenological models (stan-
dard Lorentzian-SLO and generalized Lorentzian-GLO)
and the other microscopic model (Quasiparticle random-
phase approximation-QRPA). The RSF at each energy
E., and temperature T is defined as follow

fe(E,,T) =
1 7 op1l'e1(Ey, T)SE1 (B, T) (1)
3m2h2c? ) 2 E, ’

where o1 is the GDR cross section which is obtained mi-
croscopically within the PDM, I'g; is the temperature-
dependent GDR width, and Sg; is the GDR strength
function.

Figure 1 depicts the total RSFs obtained within
the PDM with and without EP the experimental
data® as well as those obtained within the microscopic
DIM+QRPA (E1 and E1 + M1) and phenomenologi-
cal GLO-SLO models. The results obtained show that,
due to the effect of EP, the EP-+PDM can describe rea-
sonably well the RSF data in both low and high-energy
regions without adding any extra strength function. Asa
result, at least eight free parameters have been reduced
within the EP+PDM calculations as compared to the
description by the phenomenological GLO-SLO model.
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Fig. 1. Total RSFs obtained within the PDM (thin solid
lines), EP+PDM (thick solid lines) versus the QRPA
RSFs for the E1 and E'1+ M1 excitations and the exper-
imental data® for 6! 1631y, The dashed, dash-dotted,
and dotted lines stand for the RSFs obtained within
the phenomenological GLO-SLO models with 2 PDRs,
1 PDR, and without PDR, respectively.

Temperature is found to have a significant effect on the
RSF at the low energy F, < S,, whereas it does not
change much the RSF in the high-energy one E, > S,
questioning the validity of the Brink-Axel hypothesis.
In addition, due to the effects of EP and couplings of
all ph, pp, and hh configurations within the PDM, the
EP+PDM can also partially reproduce the scissors res-
onance in 113Dy nucleus at low E., without adding a
SR strength function in the RSF. These findings indicate
the importance of EP and couplings to non-collective pp
and hh configurations at finite temperature in the mi-
croscopic description of total RSF in excited nuclei.
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Non-relativistic expansion of Dirac equation by the reconstituted
Foldy-Wouthuysen transformation’

Y. X. Guo***2 and H. Z. Liang*?*!

In the past few decades, the density functional theory
(DFT) has been successfully applied in both the non-
relativistic and relativistic frameworks to describe the
ground-state and excited-state properties of thousands
of nuclei in a microscopic and self-consistent manner.
However, the connection between these two frameworks
remains unclear. The non-relativistic expansion of the
Dirac equation is considered to be a potential bridge
connecting these two frameworks.!2)

Recently, the reconstituted similarity renormaliza-
tion group (SRG) method was proposed.?) Compared to
conventional methods, the reconstituted SRG method
not only showed a much faster convergence, but also
yielded single-particle densities p,(r) = ¥ (r)y(r) that
are closer to the exact values. Moreover, for the single-
particle scalar densities p,(r) = ¥T(r)y0(r), the 7o
matrix should be transformed in the same manner as
the Dirac Hamiltonian. However, the original Dirac
Hamiltonian is operated with infinite steps of unitary
transformations in both the conventional and recon-
stituted SRG methods. Therefore, the calculations of
single-particle scalar densities are not trivial in SRG
methods.

Meanwhile, with the consideration of the strong
scalar potential, we further applied another well-known
technique, the Foldy-Wouthuysen (FW) transforma-
tion, to the general cases in the covariant DFT and
performed the corresponding expansion up to the 1/M*
order.*) With the present FW transformation, all the
unitary transformations involved hold explicit forms.
On this basis and with inspiration from the reconsti-
tuted SRG method, we developed the reconstituted FW
transformation. By replacing the bare mass M with the
Dirac mass M* and defining the corresponding new op-
erators, the contributions related to the higher powers
of the quotient of the scalar potential and the bare mass
are absorbed into the lower orders.

As a step forward, the so-called picture-change er-
ror,>% j.e., the difference between the densities calcu-
lated in the Schrédinger picture and those obtained in
the Dirac picture, has also been investigated through
calculations starting from basic field operators. After
considering such picture-change errors, i.e., the rela-
tivistic corrections, both the single-particle vector and
scalar densities become much closer to the exact results.
In addition, the difference between p, and p, originates
from the 1/M*? order, as does the relativistic correc-
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Fig. 1. Difference between the single-particle density and
the single-particle scalar density for the neutron 2ds,,
state of nucleus 2°Pb.

tion Ap. Therefore, the relativistic corrections also play
a crucial role in the difference between the vector and
scalar densities.

By taking the 2ds /, state of 208P} as an example, the
difference between the single-particle density and the
single-particle scalar density is shown with the black
solid line in Fig. 1. The result without any relativis-
tic correction is shown with the olive dashed line, while
the results calculated with the consideration of relativis-
tic corrections up to the 1/M*? and 1/M** orders are
shown with the blue dotted and red dash-dotted lines,
respectively. It can be seen from Fig. 1 that the differ-
ences between the results without the relativistic cor-
rections and the exact values are systematic. There are
differences in the positions of peaks and nodes as well
as the amplitudes. In contrast, the results with the rel-
ativistic corrections remarkably reproduce the behavior
of the exact values, particularly in terms of the positions
of peaks and nodes.

Based on the above discussions, the reconstituted
FW transformation is a promising method to connect
the relativistic and non-relativistic DFTs for future
studies.
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On the role of three-particle interactions in nuclear matter?

W. Bentz*! and 1. C. Cloét*2

In a previous publication?) we discussed an interest-
ing relation between the skewness J of nuclear matter
(J =27p* (d3E4/dp?), where p is the baryon density
and E4 the energy per nucleon in isospin symmetric
nuclear matter) and the isoscalar three-particle inter-
action parameters. In this paper, we wish to discuss
an equally interesting relation between the slope pa-
rameter L of the symmetry energy (L = Sp%“;, where
as ~ 32 MeV is the symmetry energy) and the isovec-
tor three-particle interaction parameters.

We extend Landau’s basic formula? for the vari-
ation of the energy density of nuclear matter to in-
clude the third order term, which involves the spin-
averaged three-particle forward scattering amplitude
h(71’273)(E1, Eg, Eg) Here 7; = (p,n), and h is symmet-
ric under simultaneous interchanges of the momentum
variables I;Z and the isospin variables 7;. Taking finally
the isospin symmetric limit, we can derive the following
relations for J and L in terms of the incompressibility
K and the symmetry energy as:

9 2
J= 9K + £
()t )
L:Sas—%
x [(1—§]\Aj*)+u (J\Aj>2‘j\]\j <H6_;Hl)] :

Here pp is the Fermi momentum, M the free nucleon
mass, M* the Landau effective mass, 24 refers to the
momentum dependence of M™* at the Fermi surface,

> Opr
_ 0 (am*
and p = Pap® ( M

AM* = M*®) — M*(") on the isovector density p®) =
p®) — p(") The dimensionless isoscalar and isovector
three-particle interaction parameters

p) hy

2pp M
e (50 ) e i

72
are the ¢ = 0,1 moments of the isoscalar (hy
i(héppp) + Shéppn))) and isovector (h), = i(héppp) -

hﬁp P n))) combinations of the 3-particle forward scat-
tering amplitude at the Fermi surface.

By using empirical information, it was shown in
Ref. 1) that the above expression for J requires a large
positive 3-particle term MM (Hy — Hy) > 1.24. On the
other hand, if we use the canonical value ay; = 32 MeV

) expresses the dependence of
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Fig. 1. First two terms in the Faddeev series. Circles rep-
resent two-body t-matrices.

together with p ~ 0.27, which is the central value of
the empirical range p = 0.2740.25 reported in Ref. 3),
the sum of the first two terms in [...] in the expres-
sion for L is ~ 0.6, almost independent of M* within
the empirical range 0.7 < M*/M < 1. The empiri-
cal range of the slope parameter®) L = 59 + 16 MeV
then implies that the 3-particle term ]3[4 (H(’J — %Hl)
is negative, with a magnitude smaller than unity.
Theoretically the three-particle amplitudes should
be calculated from the Faddeev equation, which is il-
lustrated by Fig. 1. The driving term, which we call
the “2-particle correlation (2pc) term,” can be easily
estimated by using effective contact interactions of the
Landau-Migdal type. Restricting the calculation to s-
waves (¢ = 0) for simplicity gives the analytic results

5 In2 : /
H = 5 (B3 + 8E2 4 3G3 +9G) |

rope) 2 (1 4 L !
g 102 (3 B4 ARF - LR 1 GR 10,6, - GO2> .

Here Fy, Fj},Go, G|, are the dimensionless ¢ = 0 two-
particle Landau-Migdal parameters, as defined for ex-
ample in Ref. 2). While the isoscalar H(SQPC) is positive
definite and of the order of unity or even larger, de-
pending mainly on the magnitude of Gy, the isovector

H(,)(ch) is negative and small compared to unity for
most of the published sets of Landau-Migdal param-
eters. Because the p-wave term H; is suppressed by
large factors,?) this simple estimate makes it plausible
that the three-body interactions give a large positive
contribution to J, and a small negative contribution
to L. To obtain more quantitative results, it would be
interesting to apply the Faddeev method in the frame-
work of effective field theories for nuclear matter.
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A3-Foresight theory collaboration for nuclear data library: A3LIB

K. Yoshida*! for the A3LIB Collaboration

A quantitative understanding of the rprocess nu-
cleosynthesis requires nuclear data across the nuclear
chart, including the vicinities of the neutron drip line,
which are experimentally inaccessible. Thus the nu-
clear theory plays a decisive role to bridge between
nuclear experiments at RI beam facilities and micro-
scopic inputs of the rprocess simulation.

The condition of the r-process is given by an as-
trophysical environment of explosive phenomena with
some possible scenarios. Although nuclear physics that
enters the reaction network may depend on the sce-
nario, the most important nuclear data are the nu-
clear masses, [-decay properties, and neutron capture
rates;"?) Given the neutron-number density, tempera-
ture, and entropy, the seed nuclei are formed through
the nuclear statistical equilibrium. Here, the nuclear
masses are a key nuclear physics quantity. When the
temperature decreases in the order of 100 keV, various
nuclear reactions take place, and the neutron-capture
process generates neutron-rich nuclei. If the neutron-
number density is high, it proceeds to the production
of the heaviest nuclei, and fission occurs. In every pro-
cess, competition with the g-decay should be consid-
ered. The -decay and the -delayed neutron emission
play a role in shaping the final abundance distributions
observed in nature.

The nuclear energy-density functional (EDF) ap-
proach is a possible theoretical model to describe the
above-mentioned nuclear properties in a vast mass re-
gion of the nuclear chart in a single framework. Re-
searchers in the A3 (Chine, Japan, and Korea) coun-
tries have developed the nuclear EDF method and
computational techniques. It is natural to start collab-
oration on the construction of the nuclear data table
necessary for the r-process modeling and the develop-
ment of the associated nuclear many-body theory.

I briefly explain a rough plan of the theory collab-
oration. As shown in Fig. 1, the development of the
theory and model for each nuclear property is strongly
related. The key to success is the construction of the
EDF. Given the EDF, the binding energy of a nu-
cleus and the single-particle level density are obtained
in a Kohn-Sham scheme. Parallel to an attempt at
the microscopic construction of EDF from an inter-
particle interaction, a phenomenological construction
is planned in collaboration with the researchers in Ko-
rea. The KIDS functional was introduced to better
describe the neutron-star equation of state. We apply
the KIDS functional to open-shell nuclei, where the nu-
cleonic superfluidity and shape deformation show up.
Subsequently, the KIDS functional is improved for fi-
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Fig. 1. Plan for the development of A3LIB.

nite nuclei. We developed a novel method for describ-
ing odd mass nuclei for a systematic calculation of the
nuclear mass. The implementation is performed in the
KIDS code.

To describe the neutron capture and 5 decay rates,
we employ the EDF-based quasiparticle RPA (QRPA).
In neutron-rich nuclei where the neutron separation
energy is approximately a few MeV, the direct capture
process dominates over the compound process. In such
a case, the low-lying excited states and transitions are
evaluated microscopically. The description of the tran-
sitions among excited states is in progress. For 3 decay,
we take two approaches: a beyond QRPA method for
magic nuclei to describe the spreading effect and the
QRPA for deformed nuclei.

The microscopic calculation of the fission rate is a
big challenge in nuclear theory. The mass parameters
and potential energy in the collective (effective) Hamil-
tonian for fission are microscopically calculated in an
EDF approach. The fission rate is then evaluated, e.g.,
by WKB approximation. Hybrid modeling for the fis-
sion yield is planned, where the parameters of the phe-
nomenological model, such as the Langevin approach,
are evaluated by a microscopic EDF method.

Finally, the uncertainty quantification is essential in
developing a new generation of the nuclear data table.
The A3LIB is based on the EDF method; thus, all the
calculated quantities are correlated through the cou-
pling constants of EDF. We plan to perform the cor-
relation analysis at each step of the calculation. The
results will be provided in the existing data library on-
line.

References

1) M. R. Mumpower et al., Prog. Part. Nucl. Phys. 86, 86
(2016).

2) T. Kajino et al., Prog. Part. Nucl. Phys. 107, 109
(2019).

_52-



3. Nuclear Data






11-3. Nuclear Data

RIKEN Accel. Prog. Rep. 54 (2021)

EXFOR compilation of RIBF data in 2020

T. Tada,*! M. Kimura,*"*3 M. Aikawa,*?** and N. Otuka*4*>

Nuclear reaction data support the most essential
part of nuclear technologies (power production, nu-
clear fuel cycles, environmental monitoring, dosime-
try, radiation safety, radioisotope production, radio-
therapy, and medical diagnostics, etc.) and sciences
(nuclear physics, nuclear chemistry, geophysics, and
astrophysics). Nuclear databases are compilations of
measured reaction data, and they play a vital role
in providing the best estimate for nuclear reactions
to various science fields and related areas. Onme of
the largest and globally used public nuclear reaction
databases is the EXFOR library (EXchange FORmat
for experimental nuclear reaction data).!) The EXFOR
library is a universal common repository for nuclear re-
actions established in 1967. The International Network
of Nuclear Reaction Data Centres (NRDC) maintains
the EXFOR library under the auspices of the Interna-
tional Atomic Energy Agency (IAEA).?2 The EXFOR
library covers a wide range of nuclear reactions such
as neutron-, charged-particle- and photon-induced re-
actions.

Our group, the Hokkaido University Nuclear Reac-
tion Data Centre (JCPRG),* was founded in 1973 and
joined the NRDC as the first member of the Asian
countries in 1975. We are responsible for the compi-
lation of the charged-particle- and photon-induced nu-
clear reactions measured in Japanese facilities.*) Our
contributions to the EXFOR database reaches ap-
proximately 10% of the total amount. The database
compilation process involves the scanning of peer-
reviewed journals for published papers within the EX-
FOR scope. A unique entry number is assigned to each
selected paper to be compiled for the EXFOR library.
We extract the information of the bibliography, exper-
imental setup, measured physical quantities, measured
numerical data and uncertainties. The information is
input in a single entry of EXFOR. During this process,
we contact the corresponding authors for questions on
the contents of the papers and requests for numerical
data.

JCPRG has been cooperating with the RIKEN
Nishina Center for the compilation of data obtained
by RIBF since 2010, which aims to enrich the avail-
ability of RIBF data. In 2020, we compiled 45 new
articles produced at Japanese facilities and modified
18 old entries. This includes 17 articles from RIKEN,
15 new articles, and 2 old entries. The compiled data
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Graduate School of Science, Hokkaido University

Faculty of Science, Hokkaido University

Research Center for Nuclear Physics (RCNP), Osaka Uni-
versity

RIKEN Nishina Center
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Table 1. Entry numbers with references compiled from
RIBF data in 2020.

Entries

New  E2625° E2626°  E26337
E26348)  E26419  E2644'0
E2645'Y)  E2646'2)  E2648'%)
E2650')  E2652'%)  E2653'0)
E2654'7)  E2655'%®)  E2657'Y)

Revised E255729)  E26162%)
Total 17

are accessible by entry numbers listed in Table 1. We
thank the authors of these papers for their kind coop-
eration.

We acknowledge that collaboration with RIKEN is a
great help for us to establish an effective procedure for
the compilations. Most RIKEN data are very quickly
compiled after publication and end-users can access
it smoothly. We also thank all authors of RIKEN
articles who kindly provided numerical data. This
greatly helps increase the accuracy and quality of the
database.
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Transverse momentum dependence of forward neutron single spin
asymmetries in polarized p' 4 p collisions at /s = 200 GeV'

B. Mulilo*!*2 for the PHENIX Collaboration

The PHENIX Collaboration has, for the first time,
explicitly measured the transverse momentum (pr)-
dependent single spin asymmetries (Ay) for inclu-
sive neutrons produced in the forward region of the
PHENIX detector with 1 > 6.8 using 2015 data. Dur-
ing this time, a proton with transverse polarization col-
lided with another proton at /s = 200 GeV. Owing to
the limited acceptance and resolution of the detector,
the measured quantities were considerably smeared.
We, therefore, corrected for the smearing in the mea-
sured pr and azimuth (¢) using unfolding.")

As the physics of forward neutron production is
not clearly understood, we performed detailed simu-
lations using different event generators as input to a
full GEANT3 simulation.?) The generators DPMJET3.1,
PYTHIA6.1, and PYTHIAS.2 were used because diffrac-
tive processes are very differently handled. Another
generator was an empirical distribution of forward neu-
trons in pp, mimicking a one-pion exchange (OPE)
model in which a pion balancing the momentum be-
tween the incoming proton and outgoing neutron col-
lided with the other proton beam using PYTHIA 8.
Ultra-peripheral collisions (UPCs) also play a role in
forward neutron production.®) The distribution of pho-
tons was, therefore, simulated using the STARLIGHT®
generator, and the photons collided with the proton
beam using PYTHIA 8. As all Monte Carlo (MC) gener-
ators were intrinsically spin independent, we simulated
spin effects by re-weighting events as a function of the
generated pr (pr,) and azimuth (¢4) with the spin
states (1) and (]) randomly assigned. Furthermore, as
the shape of ppr-dependent Ap is not precisely known,
we used three weight forms to provide as much flexi-
bility as possible. The weight (w) based on a polyno-
mial of third order (Pol3), power law, and exponential
forms is given by Egs. (1), (2), and (3), respectively,
with Pol3 being the most general one:

w= (a -pr,g+b- p%g—i—c . pi})g) sin(¢g+A-m), (1)

where A (£1) is the spin state and a, b, and ¢ are free
parameters. Accordingly, the power-law weight is,

(2)

and the last parameterization is an exponential form,
which eventually decays asymptotically as

w= (a-ph,) sin(g, + A7),

(3)

w=a(l- eb‘pT*g) sin(¢g + A - ).

T
*1

*2
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Fig. 1. Overall pr-dependent Ay values shown as black
solid square points averaged over all parameterizations,
MC, and unfolding. Shaded boxes display total uncer-
tainties from the unfolding, choice of MC, and func-
tional form. Light-green, brown, and yellow shaded re-
gions show x? below 10 units for Pol3, power-law, and
exponential forms, respectively, while the correspond-
ing broken lines show the best matching parameteriza-
tions.

The performance of parameters, functional form, and
MC generator in reproducing Ay values was evaluated
by the minimum y? between the measured MC and
data asymmetries. The 2D spin-dependent neutron
yields in py and ¢ were then unfolded using the TSV-
DUnfold class based on a singular value decomposition
(SVD)Y of the smearing response matrix. Overall Ay
values were finally calculated from the unfolded yields
using the left-right Ay formula® after fitting a sine
modulation having magnitude and phase as free pa-
rameters. In Fig. 1, overall Ay values rapidly increase
at low pr (<0.1 GeV/c) and slowly level off at high p.
With this result, the first reliable tests of mechanisms
producing these asymmetries can be performed.
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Transverse single-spin asymmetry for very forward neutral pion
production in polarized p + p collisions at /s = 510 GeV'

M. H. Kim*"*? for the RHICf Collaboration

In high-energy polarized p + p collision, the left-right
cross section asymmetry, which is called as transverse
single-spin asymmetry (Ay) of very forward (n > 6)
particle production, plays an important role in under-
standing the spin-involved production mechanism from
the view points of perturbative and nonperturbative
interactions. The RHICf experiment!) measured the
Ap of very forward neutral pion in polarized p + p col-
lisions at /s = 510 GeV in June, 2017 at the Rela-
tivistic Heavy Ion Collider (RHIC).

The nonzero asymmetries of the neutral pion have
been measured by many experiments??) in the forward
(2 < n < 4) kinematic range, and they have been
explained only by quarks and gluons’ degrees of free-
dom. However, a possible contribution from the non-
perturbative interaction has been recently highlighted
because larger asymmetries were observed in more iso-
lated neutral pion events*® that could be connected
to nonperturbative event topology. A straightforward
approach to studying the role of nonperturbative in-
teraction is measuring the Ay of the neutral pion in
the very forward kinematic area where the nonpertur-
bative interaction is expected to dominate.

We installed an electromagnetic calorimeter (RHICE
detector) at the zero-degree area 18 m away from the
beam collision point at the STAR experiment. The
RHIC detector consists of two sampling calorimeters
with lateral dimensions of 20 mm x 20 mm and 40 mm
x 40 mm, respectively. Both calorimeters are com-
posed of 17 tungsten absorbers, 16 GSO plates for en-
ergy measurement, and 4 layers of GSO bars for po-
sition measurement. Since the radiation length of the
detector is 44 X, the electromagnetic shower stops
its development in the middle of the detector. The
RHICI detector has an energy resolution of 2.5-3.5%
for 100250 GeV 7°s and the ps resolution of 3.0-4.5%
in 0.0 < pr < 0.8 GeV/e.

To the best of our knowledge, we observed large
asymmetry in a very forward neutral pion production
for the first time, which means a possible contribu-
tion from the nonperturbative interaction. Compari-
son between RHICT and previous forward neutral pion
measurements are depicted in Fig. 1. At very low
pr < 0.07 GeV /¢, the asymmetries are consistent with
zero. However, as pp increases, the asymmetries in-
crease as a function of zp, approximately showing the
same magnitudes and tendency of the forward ones.
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Fig. 1. Forward (black) and very forward (color) neutral
pion asymmetries as a function of zp in different pr
regions.

It may be necessary to consider nonperturbative inter-
action to understand both forward and very forward
neutral pion asymmetries.

However, RHICf data can be affected by perturba-
tive interaction in the low pp region. The perturbative
and nonperturbative interactions may make their own
nonzero asymmetries respectively. Since the result of
this report is the one analyzed inclusively, more de-
tailed analysis is necessary to reduce the diverse pos-
sibilities.

We have started combined analysis with STAR. Sig-
nals in the STAR detectors will identify whether the
neutral pions of the nonzero asymmetries come from
perturbative or nonperturbative interaction. Further,
we are preparing a series of follow-up experiments for
developing a larger detector. In the near future, fur-
ther analysis and experiments will provide a powerful
input to understand the origin of both forward and
very forward neutral pion asymmetries.
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Transverse single spin asymmetry in charged pion production at
midrapidity in polarized p + p collisions at 200 GeV

J. H. Yoo*! for the PHENIX Collaboration

One of the main goals of the RHIC spin program is
the determination of the transverse-spin structure of the
proton, which can in turn provide some insight into the
angular-momentum component of partons. For reach-
ing the goal, we measure Transverse Single-Spin Asym-
metries (TSSAs) which are left-right asymmetries of fi-
nal stage particles produced in the transversely polar-
ized p+ p collision.!) The TSSAs (Ay) of pion at mid-
rapidity in p+ p collision is expected to be helpful to
understand the transversity distributions of quark and
gluons, the transverse intrinsic parton momentum, ini-
tial and final state effects. In PHENIX the charged pions
at mid-rapidity can be measured by the central arm de-
tectors that consist of the Electro-Magnetic Calorimeter
(EMCal), Ring-Imaging Cherenkov Detec tor (RICH),
Drift Chamber (DC), Pad Chamber (PC). Trigger fired
if pions deposited energy over than 1.4 GeV on EM-
Cal and we can detect charged pion’s track and en-
ergy. In mid-rapidity charged pion measurement, the
background is categorized into two sources which are
hadron background(kaon and proton) and electron back-
ground(electron and positron). Pions with momentum
above 5 GeV /¢ create Cherenkov light in the RICH but
kaons and protons can’t create Cherenkov light under
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Fig. 1. E/p distribution in pion enhancement sample for five
Pr bins.
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Table 1. Background fraction of two samples.

particle  pr bin (GeV/c) Tre

56 0.0436
6-7 0.0688

7t 7-8 0.1375
811 0.1192
11-15 0.2154
56 0.00652
6-7 0.06569

et 7-8 0.1646
811 0.8560
11-15 0.9178

16 GeV/c and 30 GeV /e, respectively. Ounly electron
background remained an object to subtract. In EM-
Cal, electrons lost most of their energy by electromag-
netic interactions. Therefore, primary electron’s en-
ergy /momentum (E/p) distributed around 1. A sec-
ondary electron track from photon conversion would be
incorrectly reconstructed with large momentum. There-
fore secondary electron’s energy/momentum would be
in the low area. because we can know only background
fraction but we can’t distinguish electron event from
pion event, Eq. (1) is used for background correction
of the asymmetries.?) By using Monte Carlo simulation,
we calculated electron background fraction in both pion
enhancement sample (0.2 < E/p < 0.8) and electron
enhancement sample (E/p < 0.2 and 0.8 < E/p).
ARSE( 1) — AP Er (147

T
N=

(1)

1 —rere
™, Bg e NE
r. = N — ADATA MCrumi_scaled (2)
T NT‘WSig T Ae N7r+e
MCrumi_scaled DATA

A%Sig, Af\}Sig are asymmetry in the pion and electron
enhanced sample, respectively. Afara, ANy wued
are amplitude of the Gaussian centered at around one
in the data and the luminosity scaled MC simulation,

. e e
respectively. Npypa and MCiumiscatea 81€ number of

entries in the F/p distributions for the data and the lu-
minosity scaled MC simulation in pion enhanced sample,
respectively. Figure 1 shows E/p distribution of pion
data and distributions of pion and electron in MC, re-
spectively. Background fraction tended to increase with
increasing py (Table 1). These values are used to calcu-
late corrected Ay for charged pion.
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Improvement of the DCA resolution for PHENIX

G. Nukazuka,*!' Y. Akiba,*! T. Hachiya,*'*? and T. Todoroki*?

The PHENIX experiment accumulated data from the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory from 2001 to 2016 to study quark-gluon
plasma and the spin structure of the nucleon.

The measurement of the distance of closest approach
(DCA), which is the minimum distance from a beam
collision point to the trajectory of a reconstructed parti-
cle, significantly suppress the background to heavy-flavor
production measurements in a single electron channel.
The vertex tracker (VTX)"?) consists of two layers with
silicon pixel sensors and two layers with silicon strip sen-
sors. The VTX in each of the west and east arms mea-
sures the trajectory, and the beam-beam counter deter-
mines the Z-coordinate of the beam collision point. DCA
is calculated event by event using this information.

In 2016, PHENIX measured Au-Au collisions at the
collision energy /syy = 200 GeV. One of the tasks
needed to start the data summary tape production of
the data is the alignment of the VIX detector. In the
alignment process, we found strong linear correlations
between DCA in the transverse direction with respect to
the beam-axis and the residual in track fitting in the di-
rection s = rA¢ (Fig. 1), where r is the distance from the
beam axis and A¢ is the relative azimuth angle between
hits and track projections on the VIX plane. The ab-
scissa and ordinate axes represent the residual in the s di-
rection and the transverse DCA, respectively. Only clus-
ters with a transverse momentum pr between 1.5 GeV /¢
and 2.0 GeV/c are shown in Fig. 1. Green points show
average values over the DCA of a residual bin. A linear
fitting shown with the red line estimates the correlation.

The correlation strength depends on pr, the arm, and
the VTX layer. The correlations can be used to correct
the DCA value and to improve the DCA resolution. The
corrected DCA distribution is narrower than the raw dis-
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Fig. 1. Correlation between DCA and the cluster residual in
the s direction in the innermost layer of the west arm with
the selection 1.5 < pr < 2.0 GeV/c.
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Fig. 3. DCA resolutions as a function of pr. Points except
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tribution (Fig. 2). The dark and light blue histograms
represent the raw and corrected DCA distributions, re-
spectively. Fittings with a Gaussian function to the raw
DCA (red) and the corrected DCA (orange) yield DCA
resolutions.

Figure 3 shows DCA resolution as a function of pr.
The dark and light blue graphs are the raw and corrected
DCA resolutions in the west arm, respectively, while the
graphs in dark and light red are those in the east arm.
The black points indicate the nominal DCA resolution
for a run in 2011.2) By applying all corrections, the res-
olution is improved by 15% to 35%.

In 2016, VTX was operated without one strip layer in
the west arm owing to a beam accident in 2015. Un-
der those severe conditions, a DCA resolution less than
50 pm was achieved in pr > 2.0 GeV/¢, while it was
approximately 60 gm in 2011.%)

This method may reduce background in the heavy fla-
vor measurements because it is valid for data from other
PHENIX runs, in principle.
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Recent progress of polarized Drell-Yan experiment at Fermilab,
SpinQuest (E1039)

K. Nagai,*! Y. Goto,*? Y. Miyachi,*® K. Nakano,*?*4

The SpinQuest (E1039) experiment aims to inves-
tigate the structure of the proton through the polar-
ized fixed-target Drell-Yan process at Fermilab. In the
Drell-Yan process, an antiquark (g) in a hadron and
a quark (¢) in another hadron annihilate and decay
into a lepton pair (¢ + ¢) via a virtual photon (y*):
g+ q— ~* — £+ {. The Drell-Yan process is a suit-
able probe to study antiquarks in the proton because
the antiquark is always involved in this process.

One of the most important unresolved puzzles of the
proton is the “proton spin puzzle.” The proton spin
has been considered to be carried by the quark spins.
However, the EMC experiment at CERN showed that
the contributions of spins of quarks and antiquarks to
the proton spin are much less than 100%.%2) Further
experiments later confirmed that these contributions
constitute only approximately 30% of the proton spin.
Many possible contributions have been considered to
solve this puzzle. One of them is the contribution of
the orbital angular momenta (OAM) of quarks and
antiquarks.

The Sivers function, which is a function of the
Bjorken x and the transverse momentum of the quarks,
can give some hints about the OAM contributions.
The Sivers function is a kind of so-called transverse-
momentum-dependent parton distribution function
(TMD). It represents the correlation beween the trans-
verse momentum of a quark and the spin of the parent
hadron. If the Sivers functions of antiquarks are non-
zero, then the contributions of the OAM of antiquarks
to the proton spin are not zero. The Sivers function
(fsivers) is proportional to the single-spin asymmtry
(AN): Ssivers X Ay x (NL — NR)/(NL + ]\712)7 where
N is the number of Drell-Yan dimuons and the sub-
scripts L and R denote the direction of the virtual pho-
ton (left and right, respectively). Therefore, the Sivers
functions can be experimentally accessed by measuring
the single-spin asymmetry.

The semi-inclusive deep inelastic scattering (SIDIS)
experiments have found the non-zero value of single-
spin asymmetries of quarks. The contributions of
quarks and antiquarks are not separated by SIDIS.
The SpinQuest experiment will measure the single-spin
asymmetry of d and % in the Drell-Yan process using
a 120 GeV proton beam and polarized hydrogen and
deuterium targets.
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Fig. 1. The E906 spectrometer.?’) The target system has
been renewed, and dark-photon hodoscopes are in-
stalled for SpinQuest.

The SpinQuest spectrometer is basically the same as
the SeaQuest (E906) spectrometer® (Fig. 1). We are
now updating it for the SpinQuest experiment. The
major update is the installation of the polarized tar-
gets, as the E906 experiment used only unpolarized
targets. The details have already been reported in the
previous progress report.*) We installed another set
of hodoscope planes to detect potential dark photon
events. Its optimization is underway.

The detectors are being repaired and updated. All
the drift chambers for SpinQuest were used in the E906
experiment, but one of the drift chambers was dam-
aged after the E906 experiment was completed. We
have determined the cause of damage and have re-
paired the drift chamber. Some of the less efficient
proportional tubes and hodoscopes have also been re-
paired. The optimization of their operation is now in
progress.

The beam time is expected to begin in the middle
of 2021. After two years of data aquisition, we expect
to find an important piece in the proton spin puzzle.
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Measurement of J/1 productions in p+d and p+ p at SeaQuest

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

The partonic structure of the proton is one of the most
vital topics in hadron physics. The SeaQuest (E906) ex-
periment at the Fermi National Accelerator Lab (FNAL)
in USA is aimed at measuring the flavor asymmetry
of light antiquarks in the proton, d(x)/u(z), at large
Bjorken z (2 0.3). It utilizes the 120-GeV proton beam
from the FNAL Main Injector and targets of liquid hy-
drogen and liquid deuterium. The preliminary result
of d(x)/u(x) using the Drell-Yan process has been re-
ported.!)

The data recorded by SeaQuest include .J/1 produc-
tions. The p + d/p + p ratio of J/v cross sections is
sensitive to distributions of both antiquarks and gluons
through the ¢g annihilation (¢q¢ — J/v) and gluon fu-
sion (g9 — J/v), as shown in Fig. 1. The ¢¢ annihi-
lation dominates at large Feynman = (xp = 0.4) where
SeaQuest can measure. Therefore, this measurement is
expected to provide additional constraints on parton dis-
tribution functions (PDFs), particularly of antiquarks at
the middle Bjorken z. The systematic uncertainties of
the measurement are largely reduced by taking the ratio
of the cross sections.

Muon pairs from J/1 decays were detected by the
SeaQuest spectrometer.?)

SeaQuest acquired physics data from 2013 to 2017 to
record 1.4 x 10'® beam protons on targets. The first half
of the recorded data were analyzed. Figure 2 shows the
distributions of the invariant mass of muon pairs. The
yield of J/v was evaluated based on the fraction of the
J/¢ component in this fit. The detection efficiency of
J/1 was corrected by simulation. The beam intensity
was measured with a secondary-electron emission mon-
itor (SEM) for normalizing the p + d and p + p cross

sections.
g c
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q c @
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Fig. 1. Leading diagrams of J/v¢ productions.
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Figure 3 shows the p + d/p + p ratio of the J/1 cross
sections as a function of xp. The systematic uncer-
tainty of the SeaQuest result arises from the modeling
of the combinatorial background and the relative lumi-
nosity normalization between targets. The experimental
result is consistent with the two predictions as shown in
the figure. The analysis including the latter half of the
recorded data is underway.
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Fig. 2. Distributions of invariant mass of muon pairs. The
points are experimental data obtained by SeaQuest. They
were fitted by the components of the four processes,
namely the Drell-Yan process, J/1 production, 1)’ pro-
duction, and combinatorial background. The sum of the
four components is represented by the thick line. :
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Fig. 3. Cross-section ratio vs. xr. The points are experimen-
tal data obtained by SeaQuest. The two lines are predic-

tions® by the color evapolation model with different PDF
sets.
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Expression of interest for EIC-Japan

Y. Goto,*! Y. Akiba,*! I. Nakagawa,*! and R. Seidl*! for the EIC-Japan Group

The Electron-Ion Collider (EIC) is a great research
opportunity for Japan, and we are working to form a
Japanese group (EIC-Japan). We will form a high-
energy accelerator-based experimental group in the
field of both nuclear and particle physics. In response
to the “Call for Expressions of Interest (EOIs) for Po-
tential Cooperation on the EIC Experimental Pro-
gram” by BNL and JLab, we submitted an EOI by
the EIC-Japan group in November, 2020. The EOI is
non-binding, and its purpose is to guide expectations
and better understand the potential EIC experimental
equipment scope.

In Japan, the Science Council of Japan (SCJ) devel-
oped a master plan for large-scale research programs in
academia (Master Plan 2020) in 2019-2020. The EIC
was recognized as an important international collabo-
rative research project with a long-term research plan
by the Future Planning Committee of the Committee
on Nuclear Physics, and it was proposed to the Master
Plan. Consequently, the EIC was selected as an aca-
demic major research project although it was not yet
selected as a priority project in the Master Plan 2020.

The EIC-Japan group plans to design and con-
struct forward detectors of the EIC detector, espe-
cially calorimeters, to lead the study on forward and
very forward physics. Forward detectors are one of the
most important detectors for precisely reconstructing
certain events of the deep inelastic scattering (DIS)
process, which is the basis of all research at the EIC.
We can precisely determine the spin and internal or-
bital motion of partons in the nucleon, which is still
poorly understood, by measuring the forward and most
forward jets, hadrons, photons, and electrons and by
studying their correlations. In particular, the contri-
bution of gluons, sea quarks, and orbital angular mo-
mentum to the proton spin remains a mystery. In ad-
dition, our understanding of the most forward events
is expected to greatly enhance the development of
QCD-based event generators. Further, this will greatly
contribute to eliminating uncertainties in other high-
energy particle experiments and cosmic ray observa-
tions.

We participated in the development of the forward
hadron calorimeter,)) which is essential for forward
jet reconstruction and hadron energy measurements,
as well as triggering. Designing and developing the
calorimeter is a joint project with the EIC generic
detector R&D group eRD1 and the STAR upgrade
project. A prototype calorimeter developed as the
STAR forward calorimeter comprises 38 layers of iron
absorbers and plastic scintillator plates. A wavelength-

*1 RIKEN Nishina Center
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shifting (WLS) plate provides uniform and efficient
light collection from all scintillation tiles along the
depth of the tower. The light from the WLS plate
is measured with SiPMs. Since the energy resolution
of this detector is 70%/+/E(GeV)) with an additional
constant term, the one for the EIC requires higher en-
ergy resolution.

We proposed the development of a zero-degree ap-
paratus in the EIC experiment,? and it has been ap-
proved as eRD27 this year. Zero degree detectors serve
critical roles for a number of important physics top-
ics at the EIC. We study the requirements and tech-
nologies of zero-degree detectors, and we develop a
position-sensitive zero-degree calorimeter (ZDC). In
this program, we will conduct 1) a photon detector
study at a low energy <300 MeV, cooperating with
eRD1 for crystal and glass scintillators; 2) a proto-
type study of ZDC with position sensitivity, with the
ALICE-FoCal technology and the LHC-ZDC technol-
ogy with fused silica; and 3) a radiation hardness study
of scintillators.

Subsequently, in addition to the proposals in the
master plan, we have expanded our activities as a
Japanese group to include a group interested in build-
ing a silicon tracking detector. The team is open to
new collaborators. Heavy flavor quarks are highlighted
at the EIC as the ideal probe to study open questions
in QCD, such as mass and flavor dependence of energy
loss, fragmentation and hadronization modification in
a nuclear medium, nuclear parton distributions, and
so on. Silicon sensor detectors are the key technology
employed for heavy flavor detection by observing their
decay vertex precisely. The performance of silicon sen-
sors thus plays a crucial role in pursuing the research in
heavy flavor physics at a satisfactory level. We propose
to apply a silicon sensor based on silicon-on-insulator
monolithic pixel (SOIPIX) detector technology® that
has been developed by the KEK group. SOIPIX has
demonstrated the world’s best tracking resolution of
0.680 £ 0.006 pm in a silicon detector using 120 GeV
FNAL’s test beam. Further SOIPIX is employed as
the inner vertex detector of 47 silicon hybrid detector
proposed by ANL and BNL collaborators.
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Semi-inclusive deep inelastic scattering at the Electron Ion Collider

R. Seidl*!

The electron-ion collider, EIC, will be a newly build
accelerator at Brookhaven National Laboratory to col-
lide polarized electrons with polarized protons and
light ions, as well as unpolarized heavier nuclei. It will
be the perfect place to study the strong interaction
with collision energies between /s = 29 to 141 GeV
and luminosities that are expected to be three orders
of magnitude higher than achieved at the HERA ring
in Germany. In early 2020 the US DOE office of sci-
ence acknowledged the EIC officially as a project that
will be built in the next 10 years. A large commu-
nity of more than 1000 members has already formed
with interest in the EIC, organized as the EIC user
group.!) Within this group a call for a comprehensive
Yellow report was formed that updates earlier publi-
cations on the physics goals®?) and closely looks at
the technological options for EIC detectors to have in
order to fulfill these physics goals. The main process
at the EIC is deeply inelastic lepton-nucleon (or nu-
cleus) scattering, DIS, in which only the scattered lep-
ton is detected. The kinematic variables x, which is
the momentum fraction of the nucleon a parton has,
and the momentum transfer of the process Q2 can be
extracted. Typically scales of Q> > 1 GeV? are con-
sidered as in that case the extracted cross sections and
spin asymmetries can be factorized into hard scatter-
ing processes between partons that can be described
by perturbative QCD and nonperturbative parton dis-
tribution functions, PDFs. PDFs describe the distribu-
tion of quarks and gluons within the nucleon as a func-
tion of the momentum fraction = at a given scale Q2.
In semi-inclusive DIS at least one final state hadron is
also detected and the type, charge, momentum frac-
tion z and transverse momentum relative to the boson
mediating the lepton-parton scattering informs on the
flavor, spin and intrinsic transverse momentum of the
struck parton with the help of fragmentation functions.
These semi-inclusive DIS processes cover most of the
main physics goals of the EIC. For example, the spin
contribution by individual sea quark flavors to the total
nucleon spin can be probed this way. Also the three-
dimensional momentum picture of the nucleon can be
obtained via SIDIS measurements and the closely re-
lated Sivers function and the tensor charges for quarks,
sea~-quarks and gluons (gluons only for the Sivers func-
tion).

As an example of the work by the SIDIS group of the
yellow report, the four-dimensional coverage of SIDIS
hadrons was studied at all envisioned collision energies
taking into account a potential detector configuration
ranging from —3.5 < n < 3.5 with varying particle
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Fig. 1. Particle identification acceptance ratios for pions
from semi-inclusive events at the EIC as a function of
momentum fraction z and transverse momentum Pr,in
bins of z and Q2.

identification (PID) ranges depending on suitable tech-
nologies. Figure 1 displays the coverage for pions. One
can see that at intermediate x and Q2 the maximum
PID momentum of only 6 GeV limits the expected cov-
erage while elsewhere the coverage is sufficient. This
is caused by the fact that at central rapidities no com-
pact PID detector can cover a larger momentum range.
Using these detector coverages and realistic smearing,
pseudo-data was created resembling actual measure-
ments extrapolated to about 10 fb~!, which corre-
sponds to about a year of EIC running. This pseudo-
data was then used in global fits by theorists to extract
the impact on various physics goals of the EIC such as
the tensor charges that potentially relates to physics
beyond the standard model,¥) the Sivers function,®
as well as the expected scale dependence of the func-
tions that relate to the three-dimensional momentum
picture of the nucleon. The Yellow Report is now pub-
licly available®) and provides the basis for the ongoing
review process of the DOE.
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Bus-extender development for sPHENIX INTT detector

T. Hachiya,*"** Y. Akiba,*! D. Cacace,*? K. Cheng,* S. Hasegawa,*® D. Imagawa,* H. Imai,*® T. Kondo,*5
C. Kuo,*? H. -S. Li,*” R. -S. Lu,*® E. Mannel,*? C. Miraval,*> M. Morita,** I. Nakagawa,*! Y. Namimoto,**
S. Nishimori,** R. Nouicer,*? G. Nukazuka,*! R. Pisani,*> M. Shibata,** C. Shih,*> M. Stojanovic,*”

W. -C. Tang,*® and X. Wei*”

sPHENIX is a major upgrade of the PHENIX ex-
periment at RHIC, and it aims to study the proper-
ties of quark-gluon plasma by measuring jet and up-
silon productions and their modifications. An inter-
mediate tracker (INTT) is a silicon strip barrel detec-
tor for sSPHENIX.!) A bus-extender is a special cable
used for signal transfer between the INTT detector and
read-out electronics placed at least 120 cm away from
the INTT. The bus-extender has the following require-
ments: (1) flexibility, (2) length, (3) high-density signal
line (128 lines/5 cm), and (4) high-speed signal transfer
(by LVDS).

We developed a bus-extender in the past three
years.2) We found that the prototype of our 120 cm-
long bus-extender exhibits good electrical performance
in terms of signal loss and reflection. Some issues were
found in the prototype. The first issue is the forma-
tion of the through hole. The bus-extender comprises a
four-layer flexible printed cuicuit, and the through hole
is used to connect the signal lines between layers. We
found that the through hole had a nodule structure,
which can cause instability during long-term use. Fig-
ure 1 shows the layer structure of the bus-extender (left)
and the cross section view of the through hole (middle);
the nodule structure is formed in the through hole. We
attempted the production procedure by changing the
drilling methods and Cu-plating methods to remove
the nodules; however, they still existed. We changed

Fig. 1. (left) Layer structure of the bus-extender. (middle)
Cross section of the through hole made by the original
glue; nodules are formed. (right) Cross section of the
hole with the new glue.
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Fig. 2. Result of the thermal cycling test (1000 cycles in 50
days).

the glue used to laminate the multiple layers; this new
glue works effectively. Figure 1 (right) shows the cross-
section of the hole with the new glue.

We performed a thermal cycling test to test its long-
term stability. The test employs the application of high
(75°C) and low (—15°C) temperatures for 30 min each;
the temperature are changed at short time intervals
(5 min). We repeated this test for 1000 cycles. We pre-
pared three samples and measured the resistance of the
through holes to evaluate the stability. These samples
had 400, 600, and 1000 through holes that are daizy
chained. During the test, the polymer of the sample
expands and shrinks because of changes in tempera-
ture. This results in cracks in the through hole. If
the through holes have cracks, the resistance becomes
a large value. Figure 2 shows the result of the thermal
cycling test. The resistances changes repeatedly within
a valid range because of the changes in temperature for
the entire periods. This indicates that the through hole
has sufficent stability.

The second issue is that the peel strength of the pro-
totype is about 4 N. This value is very small compared
with the standard FPC (20 N). We found that the new
glue improved the peel strength to 30-40 N. The results
are summized in Ref. 3).

The radiation hardness and yield rate of the bus-
extender are also studied. The current status of the
studies are summarized in the Refs. 4, 5).

We successfully developed the bus-extender, and we
plan to start mass production in 2021.
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Non-global logarithms in hadron collisions at IV, = 31

Y. Hatta**2 and T. Ueda*?

Recently, there have been a lot of activities in de-
veloping Monte Carlo algorithms for simulating par-
ton showers beyond the large-N, (leading-N,..) approx-
imation where N, = 3 is the number of colors. Tra-
ditionally, in most event generators, the large-N,. ap-
proximation has been the only practical way to keep
track of the color indices of many partons involved.
Among other observables, the finite-IV,. corrections are
particularly important but difficult to quantify for the
so-called non-global observables?) which are sensitive
to the wide-angle emission of soft gluons in restricted
regions of phase space. In Ref. 2), we have devel-
oped a framework to resum non-global logarithms at
N, = 3 by improving and completing the earlier at-
tempt.?) Numerical results are so far available only
for two observables in ete™ annihilation: interjet en-
ergy flow? and the hemisphere jet mass distribution.®
In this work we demonstrate that our approach can
be practically applied to hadron collisions where it is
probably most useful. We do so by explicitly comput-
ing the rapidity gap survival (or ‘veto’) probabilities in
Higgs plus dijet production pp — HjjX. The relevant
logarithms are of the form (asInQ/FE,,;)" where @ is
the hard scale (Higgs mass or jet transverse momen-
tum) and FE,,; < @ is the veto scale.

Consider quark-quark scattering ¢;(p1)g;j(p2) —
a1 (p3)qi(ps)H where i, 7, k.l =1,2,3 are color indices.
The outgoing quarks with momenta ps3, ps are back-
to-back and detected as two jets in the forward and
backward directions. We are interested in the proba-
bility that the energy emitted in the central rapdiity
region m — 6;, > 0 > 0;, is less than F,,;.

The leading-order amplitude can be written as

Mijkl = Mlékiélj + MSt%z‘t?j‘- (1)
where M g are amplitudes in the singlet and octet
channel. We dress up (1) by attaching soft gluons to
external legs in the eikonal approximation. We then
square it and average over color indices to get the cross
section

N2 -1

C

AN?

MPP,, + Mg Py, (2)

P8 are the gap survival probabilities in the singlet
and octet channels.

Condensed from the article in Nucl. Phys. B 962, 115273
(2021)
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Fig. 1. Gap survival probability in qqg — qqH, color-octet

channel.
1
Py, = N2 <tr(U3Uf)tr(U4U§)>’ (3)
S UNtr t
<tr(U3U2T)tr(U4U1T)_“(U3U1]2,M>
Fua = L

NZ_1

where U, is the fundamental Wilson line in the direc-
tion of @. We compute these probabilities as a function
of

Pr

Qs
7T=—In .
7T Eout

(5)

The result for Py, for 6, = 7/3 is shown in Fig. 1 to-
gether with its various approximations. Surprisingly,
we find a very good agreement with the large-NN. ap-
proximation in which P is simply computed from the
solution of the Banfi-Marchesini-Smye equation.”) A
similar conclusion is reached for other channels includ-
ing gluons in the initial state. While we do not fully
understand the reason of this agreement at the mo-
ment, if it turns out to be a robust feature, it is good
news because one can approximately get full- IV, results
in hadron collisions using the known large-N,. frame-
works. %)
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Verification of the QED tenth-order electron g—2:
Diagrams without a fermion loop

A. Hirayama*'*? and M. Nio*!*2

A comparison between the measured value of the
electron anomalous magnetic moment and its theoret-
ical prediction is the most stringent test of the quan-
tum electrodynamics (QED) and, hence, the standard
model (SM) of elementary particles. The measurement
was performed by trapping a single electron in a cylin-
drical Penning trap. The deviation of the g value of
the electron from Dirac’s prediction, a. = (g — 2)/2,
was determined as!)

aclexpt.] = 0.001 159 652 180 73 (28) [0.24 ppb]. (1)

A new experiment aiming at a 20-fold improvement in
the uncertainty is in progress.

To match the precision of measurement, theory must
take into account small but non-negligible contribu-
tions from hadronic and electroweak interactions. The
QED contribution is dominant and required up to the
tenth order of perturbation theory because (a/7)° ~
6.8x 107, where « is the fine-structure constant. By
now, all terms up to the eighth order have been firmly
established. The tenth-order term was obtained only
by one group and has not yet been cross-checked.?) To
theoretically predict a., a value of « is needed. Re-
cently, two very precise values of o became available,
both of which were determined using atom interferom-
etry. The Cs® and Rb*) atom experiments yielded

a~(Cs) = 137.035 999 046 (27)
a”H(Rb) = 137.035 999 206 (11)

[0.20 ppb], (2)
81 ppt], (3)

respectively. The difference is about 5.50. A new Cs
experiment has already started to reveal one more digit
of a. We then have two SM predictions of a.:

ae[theory : a(Cs)] = 0.001 159 652 181 62 (23), (4)
acftheory : a(Rb)] = 0.001 159 652 180 265 (94), (5)

where the uncertainty is solely governed by that from
« in both cases. Note that the discrepancy between
measurement and theory is positive in sign for a(Cs),
while it is negative for a(Rb).

Considering the accuracy required for future exper-
iments, the tenth-order QED term must be carefully
reexamined. A total of 12,672 Feynman vertex dia-
grams contributes to the tenth-order term. Among
them, 6,354 diagrams without a fermion loop form a
gauge-invariant set called Set V. This is the most dif-
ficult set to evaluate, and the uncertainty of the QED
contribution to a. entirely originates from Set V.

*1 RIKEN Nishina Center
*2 Department of Physics, Saitama University

So far, two independent numerical evaluations of
Set V have been executed by two groups.>% There is,
however, 4.8 o tension between the results. The dif-
ference is still negligible for the current precision of a.
but will certainly become crucial in the near future.

In Ref. 5), numerical integration was performed on
389 self-energy-like diagrams each, which are con-
catenations of nine vertex diagrams via the Ward-
Takahashi identity. In contrast, 3,213 integrals derived
from vertex diagrams were evaluated in Ref. 6). Be-
cause the renormalization schemes used to construct
integrands are different, the numerical result of one in-
tegral of the former does not coincide with the sum
of the corresponding nine integrals of the latter. The
direct comparison of numerical results of integrals is
nontrivial.

The gap can be filled by calculating the difference
in vertex renormalization constants, 0L, of two renor-
malization schemes for every vertex diagram. The dif-
ference in numerical results of Set V integrals can be
expressed in terms of these dL’s and lower-order con-
tributions of the anomalous magnetic moment.

We numerically computed all the necessary 6 L’s that
are derived from 1 second-, 4 fourth-, 28 sixth-, and
269 eighth-order vertex diagrams. The computation
took approximately 120,000 hours in total. This is a
small and quick calculation compared with the numer-
ical evaluation of Set V integrals.

Diagram-by-diagram comparison was performed for
the fourth-, sixth-, and eighth-order cases, and our ver-
ification method worked very well. For the tenth order,
we examined numerical results representing the 2,232
Set V vertex diagrams that have no self-energy subdi-
agram and correspond to 135 integrals of self-energy-
like diagrams. No inconsistency was found in any of
the 135 integrals between Refs. 5) and 6). The inves-
tigation of the remaining 4,122 diagrams that have at
least one self-energy subdiagram is in progress and will
be completed soon.

We thank Prof. T. Aoyama and Prof. M. Hayakawa
for useful discussions. This work is supported in
part by JSPS KAKENHI 16K95338, 19K21872, and
20H05646. Numerical calculations were conducted on
HOKUSAI-BigWaterfall of RIKEN.
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Time development of conformal field theories associated with L; and
L_, operators’

T. Tada*!*2

An unconventional time development of the two-
dimensional conformal field theory (CFT) induced by
the Ly and L_; operators was studied by employing
the formalism previously developed in a study of sine-
square deformation (SSD).") Consequently, we found
that the retention of the Virasoro algebra naturally
leads to the presence of a cut-off near the fixed points
(shown as gray blobs in Fig. 1). The introduction of a
scale by the cut-off may appear at odds with the con-
formal symmetry; however, it is essential to derive the
formula for entanglement entropy.>*)

The SSD of two-dimensional CFT* has been ex-
plained with a formalism developed in Refs. 5, 6), in
which unconventional time developments, other than
the radial time development, were utilized to study
CFTs. One such time development suited with the
study of SSD was named “dipolar quantization.” Fur-
ther generalization was investigated by Wen, Ryu
and Ludwig,”) where the entanglement Hamiltonian
and other interesting deformations of two-dimensional
CFT were studied.

In this study, we visit the following particular time
development, which was not studied in Ref. 6):

Li+L_i+Li+L_q, (1)

instead of ordinary Ly + Lo. We found that this time-
development corresponds to the entanglement Hamil-
tonian as discussed in Ref. 7).

The significance of the operator (1) can be under-
stood in the following way. The Lg, L1, and L_; oper-
ators constitute sl(2, R) algebra. A linear combination
of these operators,

ZL'(O)LO +1'(1)L1 +CE(71)L_1, (2)
can be mapped to
2’ OLy+ 2’V + 2V, (3)

by the adjoint action of sl(2, R); however, the following
quadratic form of the coefficients, which is known as
the quadratic Casimir element, remains the same:

2
A= (x(o)) — 4z W=D, (4)

Using this ¢(?), the general linear combinations (2)
can be categorized into three distinctive groups that

T Condensed from the article in J. Phys. A Math Theor. 53,
255401 (2020)
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are not accessible from each other by the si(2,R) ac-
tion. Typical operators for each group are: L repre-
sents ¢ > 0, Lo — %(Ll + L_1) represents c? = 0,
and L; + L_, represents ¢? < 0. Thus, we could
investigate the Ly 4+ L_q operator by applying the for-
malism developed in Refs. 5, 6) and demonstrate that
the aforementioned three cases, including L; + L_1,
can be studied in a unified manner.

3 =
o)
—

£

e

Fig. 1. Flow of time ¢ can be considered to begin at a sec-
tion of space with length L (solid line). The remaining
space, including infinity, is depicted as a dashed line
and denoted by L°. The setup corresponds to the en-
tanglement entropy for the segment with length L.
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Study of Lorentzian sine-square deformed CFTT

X. Liu*b*2 and T. Tada*2*3

The concept of sine-square deformation (SSD) was
first introduced into two-dimensional conformal field
theory (2D CFT) in Ref. 1). In previous studies, we
found that the introduction of SSD in 2D CFT de-
fines a new time translation generated by the SSD
Hamiltonian.! The SSD CFT processes the Virasoro
algebra with a continuum index.?) Further, inspired
by the discovery in SSD CFT, we generalized this
study to CFT using more general modular Hamilto-
nians, and found three different types of Virasoro al-
gebra in the Euclidean CFT.?) In this study, we extend
our analysis to Lorentzian CFT. To consider CFT in
the Minkowski spacetime, the universal covering space
of the Minkowski spacetime must be introduced. Gen-
erally, a spacetime is mapped to a Penrose diamond
on the cylinder, which is the universal covering of the
Penrose diamond. The time translation is defined on
the universal covering using the Luscher-Mack Hamil-
tonian w.‘l) Consider the worldline for a particle in
a Penrose diamond; if we perform a special conformal
transformation, the worldline may cross the bound-
ary of the Penrose diamond and move on to the next
patch. This problem can be solved if the time trans-
lation for the CFT is defined to be confined in a sin-
gle Penrose diamond, implying that the CFT becomes
effectively non-compact under such time translations.
This can be achieved by applying SSD in Lorentzian
CFT; the non-compactness of CFT can be observed
from the continuum index of the Virasoro Algebra.’)
We performed similar analysis as that in the Euclidean
signature.?®) Next, we investigate the three different
cases with Hamiltonians having plus, minus, and zero
values in the quadratic Casimir element. We select
three examples from the three cases:

e The Luscher Mack Hamiltonian @,

e The Rindler HamiltonianA Mm,
e The Naive Hamiltonian Fj.

We define different mode decompositions of the
energy-stress tensor with Oth modes corresponding to
each Hamiltonian in the three cases. By applying the
commutation relation of the energy-stress tensor, we
can obtain three types of Virasoro Algebra:

e Luscher Mack type: The Virasoro generators in
this type must bear discrete indices; otherwise,
ambiguities are observed in the generators.

e Rindler type: The Virasoro generators in this type

Condensed from the article in Prog. Theor. Exp. Phys.
2020, 061B01 (2020)
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Fig. 1. The universal covering space of the Penrose dia-
mond (shaded region) is charted by u™ and u~. While
the conformal symmetry is represented using the entire
covering space, the time flow by Py (arrowed line) is
confined within a single Penrose diamond.

must bear discrete indices to remove the ambigu-
ities and preserve the local conformal symmetry.
There is UV divergence in the central extensional
term in the Virasoro Algebra.

The Naive type: The Virasoro generators can have
continuum indices. This corresponds to the SSD
case, where the theory is effectively non-compact.
Thus, the time translation is confined inside a sin-
gle Penrose diagram. See Fig. 1.

The conformal invariance requires the introduction
of the universal covering space; moreover, occasionally,
the Lorentzian CFT is considered to be unphysical ow-
ing to the existence of a closed time-like curve. In this
study, our analysis ensured that there is no closed time-
like curve if the Naive Hamiltonian is selected instead
of the Luscher-Mack Hamiltonian.”)
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Empirical formulas for the standard-model parameters

Y. Akiba*!

We report empirical formulas for the parameters of
the standard-model. Table 1 lists the formulas for the
mass of the charged leptons (e, i, 7), three neutrinos
(v1,v9,1v3), six quarks (u, ¢, t,d, s,b), and gauge bosons
(W, Z), and Higgs boson (H). The formulas yield the
masses in terms of the Planck mass

M, = 1.220910 + 0.000029 x 10'° GeV.

The last column of the table presents the relative dif-
ference |myg, /m;" —1| of the calculated value mj, and the
measured value my" for particle p. ~ Table 2 compares

Table 1. Formulas for the masses of the SM particles.

p formula (pp = myp /M) [my/my* —1]
=T
1 s 11 e
1+ - 9x1
¢ 1272 0 ( +4(677)2> o910
-1
3. g 327 1 s
2 1- =4+ 5.2 x 10
reoog% ( 6r T4 (67r)2> .
-1
1/3 31 5 1 _5
T 97('60 (1 — 167 Z 671')2 16 X 10
v 251/2 (1 + i) B See Table 2
! 30 67/,
12 25(1)/2 (1 — —) See Table 2
67{ .
V3 47re(1)/2 (1 + —) See Table 2
6
t 8(6m)%ey/? 5.5 x 1073
¢ 12¢)/° 3.8 %1072
u 8(6m) 2e/? . 39 1072
31 27 1\
b 3(6me)? (1+5— 4= 5.6 x 1072
S R Y A W (S .
5 e? 2.2 x 1072
. 1\ !
d 6m) tep/? (1 —) 1.6 x 1072
(6m) € + 6m x
—1/2
1 ap 1111 s
Z 14+ —— 4 — 1.5 x 10
(872) 0 ( T er T 12 (67r)2> 8
2~ 1/4 1/4 31 9 1 —1/2
w 11— ——- 1.0 x 107*
(872 0 26r 4 (6m)2 8
92 |, 31 9 1 \ 7
1+ — -2 3.4x107*
sz \'T26r T 2(6n) 8

Table 2. Comparison of the calculated masses of neutrinos
with the neutrino oscillation data.

Quantity Calculated Measured
m3 —mi 7.39x107° eV? 7377070 x 107° eV?
m2—m? 258x107%eV?  2.5640.04 x 1072 eV?

*1 RIKEN Nishina Center
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the mass values from the formulas and neutrino oscil-
lation data. Table 3 lists the formulas for the Cabibbo-
Kobayashi-Maskawa quark mixing parameters. Ta-
ble 4 lists the formulas for the neutrino-mixing angles.
Table 5 lists the formulas for the fine structure con-
stant « and the strong coupling constant «. These
formulas yield 24 of 25 free parameters of the standard-
model. The remaining one, the neutrino CP violation
angle dcp, has not been measured. The values calcu-
lated from the formulas are in good agreement with
the data. The one common constant in the mass for-
mulas, g = 2 x (67)~*®, which agrees with the Hubble
constant Hy times the Planck time ¢, (eg ~ Ho X tp1)
within the accuracy of Hj, suggests that the particle
masses are related to the expansion of the universe.
A model to explain these formulae is reported in the
next article,)) and implications to gravity and cosmol-
ogy are reported in the article appearing after that.?

Table 3. Formulas of the CKM matrix elements.

formula calculated measured
TN 172
Vs 1 (1+i) 0.22445 0.22452 + 0.0044
6 6
2 1/2
Veb (5) or 0.04332 0.04214 + 0.00076
4 1
Vb = 0.003753 0.00365 + 0.00012
3 (6m)2
7 31271 1 1 +0.012
n (1+2 67T+ 1 (677)2) - 0.3497 0.355" ) 011

calculated measured

1
3

3

Table 4. Formulas of the neutrino-mixing matrix.
formula

1

1——

e ( ( 67 )(H
( (*%)(1‘67
513(127r> (g (g

1
67
1

N 1/2
> ) 0.547 0.545+0.016

N\ 1/2
) ) 0.729 0.714 £ 0.053

—1
) 0.146  0.147 £ 0.003

Table 5. Formulas of the coupling constants o and as (Mz)

formula calculated rel. error
—1/2
a? 447 (1 + %%) 137.0238 8.9 x10°°
as(Mz) l/f ( + —) 0.11851 3.5 x 1077
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Quarternion-spin-isospin model for the standard-model parameters

Y. Akiba *!

The standard model (SM) successully describes the
nature, but it has at least 25 free parameters. In
the preceding article’ we reported empirical formu-
las with no free parameter for 24 SM parameters: 15
particle masses, four Cabbibo-Kobayashi-Masukawa
(CKM) quark mixing parameters, three neutrino mix-
ing angles, the fine structure constant, and the strong
coupling constant.

The pattern of the formulas suggests that there is
an algebraic model underpinning them and that the
numbers 67 and ey = 2 x (67)~*® play key roles in
this model. The fact that ¢, agrees with the Hubble
constant Hy times the Planck time ¢, €9 ~ Hotpl,
suggests that there is a relation between the mass of
the SM particles and the metric of spacetime.

In this article, we introduce the quarternion-spin-
isospin (QST) model, which explains these formulas
and the relation Hot, = €. The QST model is so
named because it is based on operators that are prod-
ucts of unit quarternions and operators of spin and
weak isospin.

The QST model is based on the following 64 opera-
tors that are introduced here as normalized primordial
action (NPA):

The QST model has five primary ansatzes.
(A1) The Planck time ¢, = 5.3912 x 107 s is the
minimum duration of time in nature. The time ¢ is
an integer n in the unit of ¢;;, and the physics state
at t = n is represented as |n). t, is a fundamental
constant of nature, as are the speed of light in vacuum
c and the Planck constant h.

(A2) The change of |n) for ¢, is represented by a set
LEAD

a 3

elere
67

—elt el
A 27

T

’6’]{'7

IFa?T® eT% €1
6 67’ 67’

of 49 operators we name as elementary action
density (EAD). An EAD corresponds to a term of the
SM Lagrangian.

(A3) An EAD is a sum of the equivalent vee product
P48(S4g, 0) of 48 NPAS,

LYAP =Y Pis(S" 4, 0) =D 0oy VooV o (pas).

where SNPA = {d,,,-- , 0, } is a set of 48 NPAs and
o is a permutation (k — o(k),1 < k < 48).
(A4) All 49 EADs are invariant for the following per-

mutations:
(I' 12,13 — (I', 1%, 13), (1%, I3, 1Y), (I3, I', I?),

(0-170-2’ JS) ‘> (01’ 0—270—3)7 (0—2’ 0—370-1)7 (0—370—1702)'

There are 12 EADs that are invariant for permutations:

*1 RIKEN Nishina Center

, —E€,E, 1, 1}.
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Table 1. Values of elementary action densities.

(67)2e0iT3 (67)2€0i (67)e0iT? (6meni) (67)en coit? €oi  €o

Lgsp 3a

92D 2a
ﬁAGG 247
Luc 8a
Lo 24F
Lic 8p
Ly 18,
e 44 1 3
“ 4q —124 274 3
T 44 -3 3F 1+4
V1 12(1 12 2})
V2 —44 4 24
V3 12, 12 2
vh 12, 12 -2
U15 7120‘ 2a
Uiz 3 X (—4) —12 2
D —12, 1
u 4y —84
¢ 4y + 4o g+
t 4. —8
d —12, —12, —3*
S _1217 3;
b 4, 6 3 27, 184
Z 127 1 I
H —4 —6 18,
w 127 —18* —27

(7'1,7'2,7'3) — (71,7’2,73), (72,73,71), (73,71,72).
(1)

(A5) The SM emerges as a continuous approximation
of the QST model as each EAD becomes a term of the
SM Lagrangian in the limit of ¢, — 0.

We found 49 EADs that correspond to the elemen-
tary particles of the SM, which are summarized in Ta-
ble 1. All of the 24 formulas of the parameters of the
standard model can be derived from the 49 EADs in
the table. The model also predicts that the CP vi-
olation in the neutrino sector is 100%. Thus, all of
the 25 free parameters of the standard model are de-
rived from the QST model. In additon, the model pre-
dicts that the Hubble constant times the Planck time
is Hotp = 2 x (67) 4. We discuss the implications for
general relativity and cosmology in the next article.?)
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R = 12H}? and its implications to gravity and cosmology

Y. Akiba *!

In the preceding article,") T report a model (QST
model) that can yield the formulas of the standard
model (SM) parameters. The model implies that the
product of the Hubble constant Hy and the Planck
time ¢, is Hoty = 2 x (6m) 7% = €. This relation is
derived as follows.

The spacetime metric of the Hubble expansion is

ds® = —dt* + e2Hol (da? + dy? + d2?).

The Ricci scalar curvature R and /—g of this metric
are

R = 12HZ,
\/jg — 63H0t.

For t = tp, we have \/—g = e3H0! ~ 1+ 3Ht,. In the
QST model, the correspondence relation is

\/_g<_>1+[:g3D:1+3€0-

Thus, we have Hoty, = €. Because Hy = €/t is
a constant, R is a constant. The QST model implies
that R = 12HZ (constant). We discuss the implication
of this equation in general relativity and cosmology
below.

We can generalize the metric to allow local changes
of the scale with a constraint R = 12H2:

_e2u(

ds? = —e? @) g2 4 2Hot (422 4 dy? 4 d2?).

The R of this metric is

R

—(2Au + 3(Vu)?)e 2ot 4 12H2e~2v
12H3.

We can show that Coulomb gravity can be derived from
this metric. When we take the approximation Hy ~ 0,
we have

R = —2Au—3(Vu)* = 0.

If u is small, we can ignore the (Vu)? term, and we
have Au = 0. In general relativity, goo >~ —1 — 2¢¢,
where ¢¢ is the gravitational potential. As e?* = —ggq
and e2* ~ 1 4+ 2u, u ~ ¢g. Therefore,

~

Thus, the relation R = 0 implies Coulombic gravita-
tional potential under the weak gravity approximation.
If we take into account the fact that Hy # 0, the po-
tential equation for gravity becomes non-linear.

Next, we discuss the effect of R = 12HZ for the mo-
tion of an astronomical object. Consider the following

*1 RIKEN Nishina Center
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metric (Sp-metric):

dr? 20102 | 2712
1_@4‘7‘ (df=+sin® 0d¢~)

T

ds? = —dt? +e2Hot ( >

One can show that the Ricci tensor Iz, and the Ricci
scalar curvature R of this metric are

o,
Rl = 3HZ, R} = 3H2 — =2 210!,
T
0 ¢ _arr2 | T's —2Hqt
Rj = R = 8H + S50,

R = R{ + R} + Rj + R}, = 12H;.

This metric describes the spacetime metric outside a
very large spherical mass, e.g., a star or a planet. It is a
metric with spherical symmetry, like the Schwartzchild
metric, but with R = 12H¢. Note that R,, = 0 and
R = 0 for the Schwartzchild metic.

One can solve Keplerian moton in this metric. The
solution implies that the radius r of a circular orbit of
an object around the large mass at the origin increases
with time as

#/r =v2Hy = 1.0104 x 107 /yr.

The factor v/2 arises from the fact that the Keplerian
motion is a two dimensional motion. One can show
that the scale expansion rate of two-dimensional radius
p with R = 12H? is v/2H,.

This prediction agrees with the observed rate of ex-
pansion of the the Moon’s orbit radius myioon around
the Earth? within the uncertainty of the data.

TMoon = 3.82 £ 0.07cm/yr,
(0.994 4 0.0182) x 10~ /yr.

fMoon/TMoon

This good agreement indicates that the expansion of
the lunar-orbit radius is due to Hubble expansion.
We found a few emprical formulas of cosmological
parameters that are similar to those of the SM param-
eters. For CMB temperature, we found
1
_ I

G (1 Ir <67r>2>1/2'

This formula yields T&s = 2.7249 K, which agrees
with the obsrved value Toyp = 2.7255 4+ 0.0006 K
within the uncertainty of the data. The QST model
can explain the emprical formula.

1 1
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A novel high-resolution laser-melting sampler for discrete analyses of
ion concentrations and stable water isotopic compositions in firn and ice
cores

Y. Motizuki,*! Y. Nakai,*! K. Takahashi,*! J. Hirose,*! Y. V. Sahoo,*! Y. Yano,*! M. Yumoto,*?> M. Maruyama,*?
M. Sakashita,*? K. Kase,*?> and S. Wada*?

Ice cores preserve past climatic changes and, in some
cases, astronomical signals. Here we present a newly de-
veloped automated ice-core sampler that employs laser
melting (see Fig. 1). In our system, a hole in an ice core
approximately 3 mm in diameter is melted and heated
well below the boiling point by laser irradiation, and the
meltwater is simultaneously siphoned by a 2 mm diam-
eter movable evacuation nozzle that also holds the laser
fiber. The advantage of sampling by laser melting is
that molecular ion concentrations and stable water iso-
tope compositions in ice cores can be measured at high
depth resolution, which is advantageous for ice cores with
low accumulation rates, such as ice cores drilled around
Dome Fuji station in Antarctica.

This device takes highly discrete samples from ice
cores, attaining depth resolution as small as ~3 mm with
negligible cross contamination; the resolution can also be
set at longer lengths suitable for validating longer-term
profiles of various ionic and water isotopic constituents
in ice cores.

The laser beam used to melt the ice is supplied through
the wall of the freezer container by a continuous-wave
operated Er-doped fiber laser (CEFL-TERA, Keopsys
Inc.) through optical fibers (core/clad diameter =
200/220 pm). The laser wavelength is 1.55 pm (near
infrared) and the maximum output power is 10 W. The
1.55-um wavelength takes advantage of the strong ab-
sorption bands of ice and water from 1.4-1.6 pm. In ad-
dition, because 1.55-um lasers are commonly used in op-
tical communication technologies, suitable optical fibers
are commercially available.

To check the stability of the sampler in the —20°C

Fig. 1. Photo showing a newly-developed laser-melting ice
core sampler.

*1 RIKEN Nishina Center
*2 RIKEN Center for Advanced Photonics

Fig. 2. Photo showing an ice block after the continuous ex-
traction of 100 meltwater samples in a stability test.

environment, we performed a continuous sampling test
in which 100 vials were filled with a minimal volume
(0.65 mL) of meltwater. In this test, the laser power was
set at 1.9 W, the nozzle intrusion speed was 0.52 mm/s,
the pumping speed was 5.5 mL/min, and the horizontal
and vertical pitch of the nozzle was 2.5 mm. It took 8
hours 47 minutes to complete this test with no issues
the ~ —20°C environment. Figure 2 shows a dummy ice
block made up from ultrapure water (Milli-Q water) after
this stability test. We conclude that the sampling rate
will not be a bottleneck during high-throughput isotopic
and ionic ice-core analyses.

We also conducted experiments to check whether there
was any leaching of ions from inner components and to
check the degree by which samples mixed with each other
during continuous sample collection. We found a 2.4%
“memory effect,” which is usually significantly less than
the analytical accuracy (a few ug/L) of ion analyses by
ion chromatography. We conclude that internal contam-
ination and cross contamination are negligible with this
sampler.

With this new sampler design, the analysis of the
2,000-year record embodied in the Dome Fuji firn core,
which took us several years, could now be finished in
about 30 working days by using two isotopic analyz-
ers. For the first time, we can now realistically con-
template strategic plans for cores recovered from low-
accumulation sites that include large numbers of re-
peated operations, such as compiling continuous 2,000-
year profiles with annual resolution of ionic and wa-
ter isotopic constituents. Finally, our sampler has the
capability to profile ionic and isotopic constituents at
monthly resolution to pursue intriguing transient signals,
potentially by annual layer counting.

Reference
1) Motizuki et al., submitted to Cold Reg. Sci. Technol.
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Annually resolved d-excess record from a shallow ice core (DFS10) near
Dome Fuji station, East Antarctica

Y. V. Sahoo,*!, Y. Motizuki,*!, Y. Nakai,*!, and K. Takahashi,*!

Ice cores are well preserved and utilized as proxies for
past climates and temperature reconstruction. A second-
order equation given by the deuterium excess! (referred
to as d-excess), d = 6D — 8 x 6180, is defined from
the Meteoric Water Line. Here, 6D and 6'%0 are the
isotopic water compositions given by dD or §1%0 (%) =
(Rmeasured — RVSMOW)/RVSMOW7 where R is the ratio
2H/'H or 80/150, Rysmow is the reference standard,
Vienna Standard Mean Ocean Water, and Rcasured 1S
the measured ratio of a sample.

The d-excess is primarily related to physical parame-
ters such as relative humidity, air temperature, sea sur-
face temperature of the oceanic source or precipitation
at the site, and the trajectory of moisture source.?) On
a global scale, an annual average value of d is relatively
constant around 10.

Vimeux et al.®) demonstrated the d-excess changes
during transition from the glacial and interglacial pe-
riods of Vostok deep ice core data; the changes were well
characterized in the plot of d-excess versus §D, impli-
cating changes in oceanic moisture sources as a result
of changes in Earth’s orbital obliquity. The d-excess
records for the Dome Fuji site have been studied with
daily snow precipitation®?) and a deep ice core spanning
the past 360,000 years.®) So far, moisture sources and
climate changes have been studied for deep ice cores in
Antarctica which span a long period; however, is it possi-
ble to determine the same tendency on short scales with
annually-resolved d-excess data from shallow ice cores?
Here, we briefly report the correlation of d-excess with
§'80 in a shallow ice core.

The shallow ice core (DFS10) was drilled in 2010 from
the site at 10 km south of Dome Fuji station, East
Antarctica. The DFS10 site is located (77°40’S, 39°62’E)
at 3,800 m above sea level. The ice core drilling project
was conducted by Japanese Antarctic Research Expedi-
tion. The analyzed samples represent a temporal resolu-
tion of about one year ranging from 2 m to 60 m in depth
(~1300 years). All samples were analyzed using Liquid
Water Isotope Analyzer (Los Gatos Research, Inc.) at
RIKEN.

A linear relation between 6D and 680, with a slope of
7.77, R? = 0.987 for DFS10 was determined. This is close
to the local meteoric water line. The d-excess shows no
correlation with 80 (6D) on an annual or short scale;
however, simulation studies established a correlation on
longer scales with other ice cores drilled in Antarctica.
Fig. 1la shows a smoothed 50 data points running av-
erage of d-excess plotted against smoothed §'30, and
clusters into groups are evident. This case shows hi-
erarchal structures: For groups of ~500 years, a gen-

*1 RIKEN Nishina Center
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Fig. 1. (a) Deuterium excess versus 6'°0; the data are
smoothed using 50 data points running average. The color
highlights the bunched ~500 years period to show the
changes in d-excess. (b) The same, but for data points
from 1496 to 1973 CE (blue highlight from a) are subdi-
vided into ~50 years period.

eral decrease in d-excess with time is observed, suggest-
ing that the moisture source could have systematically
changed through the years. Each group subdivided into
shorter time scales (~50 years) reveals smaller clusters of
d-excess pattern changing with time (Fig. 1b). As seen
here, the d-excess/d'80 small clusters follow a pattern
with time. This pattern is not observed in a similar plot
with the raw data (R? = 0.04, Pearson’s R = —0.19).

The d-excess variation depends on a number of fac-
tors and intensive simulation or modeling studies are
necessary to provide an insight into climate change on
a shorter scale, which needs to be assessed using shallow
ice cores.
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High-intensity vanadium-beam production to search for a new
super-heavy element with Z = 1197

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

In March 2020, we successfully accelerated the
first beam (*°Ar'?*) using several superconducting
quarter-wavelength resonators (SC-QWRs)?) installed
in RIKEN heavy-ion linear accelerator (RILAC)Y to
achieve enough energy to synthesize new super-heavy
elements (SHEs) with an atomic number greater than
118. To overcome the extremely small production
cross section of SHE with Z = 119, it was neces-
sary to provide a highly charged vanadium (V)-ion
beam such as ®'V!3*+ with very high intensity. Thus,
we constructed a superconducting electron cyclotron
resonance ion source (SC-ECRIS) for RILAC, which
was named RIKEN 28-GHz SC-ECEIS “KURENAT”
(R28G-K).?) R28G-K has essentially the same struc-
ture® as another SC-ECRIS that is the only source of
heavy ions including uranium for RIBF, which is re-
named RIKEN 28-GHz SC-ECEIS “SUT” (R28G-S).%5)
When operating the SC-QWR, the particulate matter
sputtered from the beam pipe irradiated by the beam
is thought to significantly reduce the gap voltage by
increasing the surface resistance of the cavity, thus we
must suppress the beam loss as much as possible. For
this purpose, we installed “slit triplet” in the low en-
ergy beam transport to limit the transverse emittance.?)
This indicates that only a portion of the beam extracted
from R28G-K is available despite the demand for an
unprecedented beam intensity. Therefore, we system-
atically studied the effects of the amount of the V va-
por and power of the microwaves, which heat up the
plasma in the ion source, on the beam intensity, and
the optimal parameters that would allow long-term ex-
periments with the highest possible beam intensity.

The upper figure in Fig. 1 shows the two high temper-
ature ovens (HTOs)") installed in the ion source. The
HTO was developed as an evaporator for high melting
point materials such as vanadium. The V-vapor amount
was equivalent to the sum of the consumption rates of
the metallic V sample in each HTO crucible. The ca-
pacity of each crucible was approximately 2.2 gram of
the granular metallic V. The ®!V13+_beam intensity ex-
tracted from R28G-S was obtained as a contour plot
in the lower figure in Fig. 1 as a function of the con-
sumption rate of the V metal and the total power of
the 18- and 28-GHz microwaves. As a consequence of
the contour plot, it was deduced that a 400-electric A
V13+_beam can be produced at ~6-mg/h consumption
and 2.5-kW microwaves. Because the total capacity of
the two HTO crucibles is 4.4 gram, we can provide the

T Condensed from the article in the Proc. of 24th Int. Work-
shop on ECR Ion Sources (ECRIS’20), East Lansing, USA,
September 2020, in press

*1 " RIKEN Nishina Center

-75-

high intense V beam for one month without interrup-
tion. Furthermore, at 24-mg/h consumption and 2.9-
kW microwaves, we also obtained the V-ion beam with
an intensity of 600 electric pA that is suitable for es-
sential development, for example, target development.

Biased disk]. e

HTO1

z FA
5 2.0 \_/ T |
= .
2
—
2 "
s 1.0
z \
5 Supporting gas : 14N2 ||
g /‘\cceleré‘ition vo‘ltage:l2.6 kV|
o 10 20

Consumption rate (mg/h)

Fig. 1. Two HTO mounted on the injection flange of the
plasma chamber of R28G-K (upper), and obtained con-
tour plot of the V'3 beam intensity as a function of
the consumption rate and the microwave power (lower).
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R&D in AVF cyclotron

J. Ohnishi,** A. Goto,*?

We aim to increase the beam intensity and energy
in the AVF cyclotron. In 2020, 7.25 MeV /nucleon He
beams with intensity greater than 40 pA were sta-
bly supplied for RI-production experiments, and the
maximum beam energy was successfully increased from
14 MeV to 30 MeV for protons. This paper describes the
supply of a 30 MeV proton beam and the temperature-
monitoring system in the deflector septum for extracting
beams with an intensity greater than 1 kW.

Previously, the maximum energy of the AVF cyclotron
for protons was 14 MeV; however, in the summer of
2017, the new central region was installed to accelerate
beams with higher energies, for example, a 30 MeV pro-
ton (Harmonic H = 1 acceleration) and 14 MeV /nucleon
deuteron.?) The shape of the old and new central regions,
orbits of 30 MeV protons, and the central orbit of nor-
mal H = 2 operation are shown in Fig. 1. In February
2020, an acceleration test was conducted because the RI-
production experiment using the 30 MeV proton beam
was scheduled. The results of this test showed that a
part of the beam in the second turn hit the phase slit,
which was modified in 2019, and the shape of the slit was
corrected in a hurry. As a result, a 30 MeV proton beam
with a current of 10 uA was successfully accelerated and
supplied for the user’s experiment in June. The passing
efficiency in the AVF cyclotron was approximately 7%.

To prevent the deflector septum from melting due to
beam loss, a system was installed to monitor the tem-
perature of the septum with thermocouples (TCs) and
to stop the beam when an abnormal temperature rise
is detected. Figure 2 shows a part of the deflector to
which the TCs are attached. The septum is made of

=)

' Jiil
iy / f
!

Fig. 1. New and old central region of the AVF Cyclotron.
Hatched area indicates the old region. Beam orbits for
30 MeV protons and the central orbit of the normal H = 2
acceleration are also shown.

*1 RIKEN Nishina Center
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and Y. Kotaka*3

Fig. 2. Tip of the deflector septum to which thermocouples
are attached.
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Fig. 3. Time response of temperatures on the septum calcu-
lated by ANSYS.

copper, and it has a thickness of 0.3 mm and a height
of 12 mm. As shown in the figure, the septum has a
notch with a length of 20 mm in the beam direction for
dispersing beam loss. The two TCs were attached 6 mm
above and below the tip of the septum notch. Figure 3
shows the time response of the temperatures at the tip
of the septum notch (beam loss point) and the TC po-
sition calculated with ANSYS?) for a beam loss of 300 W
(assuming a beam diameter of 2 mm). These calculation
results show that the maximum temperature of the sep-
tum exceeds the melting point of copper (1085°C) within
1 s with a beam loss of approximately 370 W. Further,
it is found that the temperature rise at the TC position
was as small as one tenth of the maximum temperature
and its response speed was slow. Therefore, we will stop
the beam before the septum melts when the temperature
rise for each 0.1 s measurement interval exceeds a prede-
termined value owing to any abnormal beam loss. The
system will be used in 2021 when the permission limit
on the radiation protection for the 7.25 MeV /nucleon He
beams will be increased to 70 pA.
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Charge stripper ring for RIKEN RI beam factory’

H. Imao*

The use of charge strippers is almost inevitable for
the efficient acceleration of particularly heavy ions such
as uranium in heavy-ion accelerator complexes. At
the RIKEN RI Beam Factory (RIBF), the total charge
stripping efficiency of two strippers, He gas*? and ro-
tating graphite sheet disk strippers,® used for uranium
acceleration is less than 5%, which creates a serious
bottleneck for potential intensity upgrades in the near
future. We have proposed the use of charge stripper
rings (CSRs)*?) as a cost-effective method to achieve a
10-fold increase in the intensity of the 238U beams at
RIBF.

Figure 1 shows a design view of the CSR for the
first stripper (CSR1), which is a compact isometric
ring with the same design circumferences of 37.1953 m
(15 times the distance interval of the beam bunches
from the RIKEN Ring Cyclotron (RRC) at a fre-
quency of 18.25 MHz) for all circulating uranium beams
with eight different charge states from 59+ to 66-+.
CSRI1 consists of gas strippers (He and nitrogen strip-
pers), eight main bending magnets (BM1-8), two accel-
eration cavities, a re-buncher, four charge-dependent
quadrupole stations, injection magnets (IBM and in-
jector quadrupole triplets), extractor bending magnets
(EBM1 and EBM2), steerers for closed-orbit distortion
corrections, and diagnostic boxes involving beam diag-
nostics and vacuum pumps. In the CSR1, beams other
than the selected U%+ beams reenter the stripper with
a ring after recovering the energy lost in the stripper.
The U5t beams are injected simultaneously into the
charge stripper ring using the charge exchange injec-
tion method. The recycling cycles are repeated, and
only the U%* beams are continuously extracted, us-
ing a magnetic deflection channel. The isometric ring

€=37.1958 m

1

is used to hold the bunch structure of beams to match
the acceptance of the latter-stage cyclotrons.

The CSRI1 lattice is a mirror-symmetric reversed lat-
tice with the symmetry plane at the center of the
stripper section. The high-density quadrupole stations
equipped with a quadrupole doublet or triplet for all
charge states will be used to control the optics for all
charge states. The design of a compact quadrupole
magnet is a key issue. We have already finished the cal-
culations and are preparing to manufacture “hourglass-
like” quadrupole magnets® as shown in Fig. 1.

We conducted some calculations for the key design is-
sues of CSR1. A realistic lattice for 8 charge states cir-
culating in CSR1 was derived. Possible sources of emit-
tance growth with a new multi-stage stripper scheme
were also investigated. We also performed calculations
for the beam transport of U3* from RRC to CSR1 and
then those of U%* from CSR1 to fRC. The effective
charge stripping efficiency of CSR1 in the present cal-
culation was approximately 60%, and further detailed
calculations and optimizations were conducted.
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Fig. 1. Design view of the CSR1 (left) and “hourglass-like” quadrupole magnet (right).
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2020 operational report for the Nishina RIBF water-cooling system

T. Maie,*! K. Kusaka,*! E. Ikezawa,*! Y. Watanabe,*! K. Kobayashi,*? J. Shibata,*?> M. Oshima,*?
H. Shiraki,*® and H. Hirai*3

Operation Condition

As the COVID-19 pandemic affected the opera-
tion of the cooling systems of Nishina and RIBF in
FY2020, the RIBF operation planned for the H1 term
was completely cancelled. In FY2020, RIBF’s cool-
ing systems were operated for approximately two and
half months, and Nishina’s cooling systems for AVF-
standalone, AVF + RRC, AVF +RRC+IRC and RI-
LAC2 4+ RRC + GARIS-IT were operated for approxi-
mately five months. No significant troubles that could
cause the long-term interruption of accelerator opera-
tion occurred, and the cooling systems operated stably,
with the exception of some minor problems.

Trouble Report

In troubleshooting, the symptoms were fortunately
minor. Therefore, instead of interrupting the machine
time for repairs, while providing emergency measures,
repairs such as the switching of beams or summer
maintenance were performed during the long-term ac-
celerator outage period. The typical examples of trou-
bles that occurred in FY2020 are a water leak from
the cooling plumbing joint and deterioration of cool-
ing water purity due to water leakage, failure in the
cooling water pump motor bearing, failure in the con-
trol instrumentation air compressor, and device out-
ages caused by an instantaneous voltage drop due to a
lightning strike (1-2 times a year).

Periodic Maintenance

Although the operation time was shorter overall be-
cause the COVID-19 pandemic, regular maintenance
was conducted as planned. As we report it every year,
we omit details about the periodic maintenance

Upgrades

The construction of cooling systems dedicated to the
diagnostic device (named “New FC-GO01”) for high-
intensity beams began this year, as planned. After
the completion of the construction in March 2021, the
construction of the power systems and control systems
is planned to start in April 2021 with the goal of start-
ing a comprehensive test run within F'Y2021. Further-
more, an actual load test using the beam of the equip-

*1
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RIKEN Nishina Center
SHI Accelerator Service Co., Ltd.
*3  Nippon Air Conditioning Service Co., Ltd.
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ment for enhancing the RRC cooling capacity, which
was completed in 2019, is scheduled for March. If the
measurement result is satisfactory, the cooling systems
are planned to be used in the operation of RIBF from
April 2021. The cooling systems are expected to con-
tribute greatly to the mitigation of the fluctuations
in the magnetic field due to temperature variations in
the RRC cooling water, which has been the problem
for many years.
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Status of vacuum pumping systems in accelerator facilities

Y. Watanabe,*! E. Ikezawa,*! M. Fujimaki,*! S. Watanabe,*! K. Yamada,*' M. Nishida,*? K. Oyamada,*?
J. Shibata,*? K. Yadomi,*? and A. Yusa*?

Vacuum pumping systems in accelerator facilities have
the following two problems: vacuum leakage and update
issue. The vacuum leakage is a malfunction of old accel-
erator facilities caused by age-related deterioration. The
update issue is that almost all old vacuum pumps and
accessories cannot be replaced with new units owing to a
budget limitation. In this paper, we discuss the current
status of vacuum pumping systems.lvz)

A vacuum pumping system in an accelerator facil-
ity!) comprises cryopump systems, turbomolecular pump
(TMP) systems, rough pumping systems, additional
chamber (AC) pumping systems, and subpumping sys-
tems (subvacuum of a resonator). Table 1 lists the num-
ber of vacuum pumping systems in accelerator facilities.
Each ring cyclotron contains more than 80 sets of cryop-
ump systems,?) more than 120 sets of TMP systems, and
2-8 sets of rough pumping, AC pumping, or sub-pumping
systems. In addition, more than 160 module-type vac-
uum gauges (total pressure gauge controller) combined
with Pirani and cold cathode gauges are used to monitor
vacuum pressure and interlocking vacuum process con-
trol in accelerator facilities. Table 2 lists the number of
malfunctions in the pumps and gauges from 2018 to 2020.
In a year, three to nine malfunctions occur in each unit.
The number of malfunctions may have been lower before
2017 because of the shutdown of the RILAC due to the
SRILAC installation in 2017-2019 and the closure of the
RIBF due to the COVID-19 pandemic in 2020.

Vacuum pumping systems have been in operation for
14-42 years.?) In particular, RRC cryopumps, large RI-
LAC TMPs (5000 L/s), and large RRC TMPs (5000 L/s)
were manufactured in 1985, 1978-1987, and 1985, respec-
tively. In addition, the doses in the SRC, IRC, and AVF
room are extremely high during beam irradiation. There-
fore, the number of malfunctions caused by age-related
deterioration and environmental radiation will increase
further in the future. New spare units of vacuum pump-
ing systems were purchased gradually, but these spare
units are still not sufficient. The following requirements
remain.

(1) All the existing RRC cryopump compressors have
been discontinued by the manufacturer; therefore,

Table 2. Number of malfunctions from 2018 to 2020.

2018 2019 2020
Cryopump? 4 6 7
Turbomolecular pump® 3 8 4
Rotary pump 5 3 7
Vacuum gauge® 4 6 9

a Includes a compressor. P Includes an attached power supply.
¢ Includes a controller, Pirani gauge, and cold cathode gauge.

at least six cryopump compressors must be re-
placed with new ones within a few years. Based
on such measures, one cryopump system set of the
IRC-NE valley cavity was relocated to the RRC-V'S
valley cavity in 2019, and two cryopump systems
operate in the IRC-NE valley cavity. Six SRC cry-
opump compressors should be also replaced with
new ones in the future.

In the case of large TMPs, although one 5000 L/s
TMP of the RRC was replaced with a new one
in 2017 and one of the RILAC is scheduled to be
updated, the other 5000 L/s TMPs are not yet
scheduled for replacement. In addition, a few mal-
functions of large rotary pumps (RPs) have been
occurring in the rough pumping system of ring cy-
clotrons and have not been repaired. Therefore,
these large RPs must be replaced with new units
in the future, although their operating times are
lower.

However, small TMPs and RPs as well as vacuum
gauges have been repaired or updated, and these have
been relatively stable. Oil leaks in small RPs were mainly
repaired by replacing new O-rings and seals, and vacuum
gauges were repaired by replacing some boards and parts.

Consequently, if more cryopumps or TMPs malfunc-
tion in a year, it will be difficult to operate accelerator
facilities depending on the number of spare units. There-
fore, the priority would be to purchase a sufficient num-
ber of spare units.

References
1) S.Yokouchi et al., RIKEN Accel. Prog. Rep. 41, 101 (2008).
2) Y. Watanabe et al., RIKEN Accel. Prog. Rep. 50, 154 (2016).

Table 1. Number of vacuum pumping systems in accelerator facilities.

RILAC* RILAC2* AVF* RRC fRC IRC SRC BT*
Cryopump system 11 8 2 14 6 14° 22 3¢
TMP system (TMP + RP) 14 11 1 4 2 44 44 78
Rough pumping system (MDP® ++ RP) — — — 2d 2 2 2 —
AC pumping system (TMP + RP) — — — 4 — 4 - -
Sub-pumping system (TMP + RP) — — — — — 4 8 —
Module-type vacuum gauge 16 9 1 14 3 14 10 78

a Excludes ion sources, SRILAC, or charge strippers. P One set was relocated to RRC. © Includes a re-buncher and D6-BEA.

d One is out of order or offline. © Mechanical booster pump.

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
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Development of 21Th and 22°Th beams at the BigRIPS separator

N. Fukuda,** H. Suzuki,** Y. Shimizu,*! H. Takeda,*' J. Tanaka,*! and K. Yoshida*!

We report the status of the development of 216Th and
220Th beams that are to be used in the recently proposed
nuclear-reaction experiment at SAMURAI The goal of
this development is to determine the BigRIPS separator
settings that completely meet the requirements for the
beams used in the experiment.

The Th (>'5Th or 22°Th) beam is produced by means
of the projectile fragmentation of a 345 MeV /nucleon
238U beam and separated using the BigRIPS separa-
tor. The essential requirements for the beam are as
follows:

(1) Th-beam rate >10* Hz
(2) Total beam rate at BigRIPS-F7 < 5 x 10* Hz
(3) Beam energy >250 MeV /nucleon

In order to meet the requirments of (1) and (2) simul-
taneously, the purity of the Th beam must be 20%
or heigher. Meanwhile, to achieve a higher beam en-
ergy (requirement (3)), the thicknesses of the produc-
tion target and degrader must be small, which could re-
sult in insufficient isotope separation and thereby make
it difficult to obtain high purity. Another concern is
the particle identification (PID) of heavy fragments.
In BigRIPS, in-flight PID based on the TOF-Bp-AFE
method? has successfully been performed for heavy
fragments with Z = 82-90 and beam energies of approxi-
mately 200 MeV /nucleon.?) However, for fragments with
higher beam energy (>250 MeV /nucleon in the present
case), PID might be more difficult because of the dete-
rioration in Z resolution caused by possible energy-loss
straggling due to charge-state fluctuations.?)

A test of the Th-beam production was conducted as
a machine study (MS-EXP20-02) in November 2020. In
consideration of the limited beam time of 12 h, we fo-
cused on the evaluation of PID performance and the
investigation of contaminants. The RI beams around
220Th were produced by the projectile fragmentation of
a 238U beam impinging on a 1-mm-thick beryllium tar-
get. The setting of the BigRIPS separator was nearly
optimized for the production of a 22Th beam, in which
the magnetic rigidity Bp values at D1, D2, and the sec-
ond stage (D3-D6) of BigRIPS were tuned for He-like,
H-like, and He-like 22°Th ions, respectively, to remove
huge contaminants from large fission-fragment yields.
A 1-mm-thick aluminum degrader was installed at F5,
while there was no suitable (sufficiently thin) degrader
installed at F1. Instead, the parallel-plate avalanche
(PPAC) detector at F1 served as a charge-exchange foil
to reduce the amount of contaminants.

Figure 1 shows the Z vs. A/Q PID plot for fragments
produced (a) without and (b) with the F5 degrader. The
A/Q values of the fragments were deduced under the
assumption that the charge states of the ions did not

*1  RIKEN Nishina Center
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Fig. 1. Particle identification plot of Z vs. A/Q for fragments
produced in the ***U+Be reaction a) without energy de-
graders and b) with an energy degrader (1-mm-thick Al)
was used at 5. The red solid circle indicates the ex-
pected location of *°Th®* (4/Q = 2.5, Z = 90).

change at F5. The relative A/Q resolution is evaluated
to be 0.08% in lo. No significant amounts of contami-
nants were observed in either setting. In the presence of
the F5 degrader, fragments in the region of Z = 85-95
were extracted as intended, showing that a thickness of
1 mm is sufficient for the aluminum degrader. The ex-
pected location of 220Th®87 is indicated by the red solid
circle, in which no blobs of isotopes are found in each set-
ting. This is probably because most of the ions transmit-
ted to F7 changed their charge state at F5, and conse-
quently, their A/Q values could not be deduced correctly
under the present assumption. Therefore, charge-state
identification based on accurate Bp analysis is required
to achieve correct PID. It should also be noted that the
relative Z resolution is as poor as 0.69% (1o). Elaborate
data analysis is currently in progress.
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BYACO ecosystem for innovative online operation of BigRIPS
experiments with seamless connection to comprehensive analysis

T. Sumikama,*' Y. Shimizu,*! and H. Baba*!

Device and detector settings can be optimized on-
line by using information based on histograms created
in an online analysis. The particle identification (PID)
of a radioactive isotope (RI) beam is often necessary
to check the detector response. PID analysis is one of
the most important issues, especially for RI-beam tun-
ing, to produce the required RI beams at the BigRIPS
fragment separator.!) RI-beam separation and PID are
difficult for heavy or low-energy RI beams, since the
charge state of the RI beam could be different from
that of the fully-stripped ion and/or the accuracy of
the energy-loss prediction may be insufficient. For the
PID analysis of RI beams having different charge states
from that of the main RI beam or occasionally having
any charge states, comprehensive analyses including
fine calibrations and consistency checks among differ-
ent RI-beam settings were performed after the exper-
iments.?* In order to operate the BigRIPS separator
for these types of RI beams, it is desirable to perform
the comprehensive analysis online.

The BeYond Analysis, Control, or Operation alone
(BYACO) ecosystem is being developed for the in-
novative online operation of BigRIPS experiments by
connecting the comprehensive analyses seamlessly with
other components such as device and detector controls
and data acquisition systems. BYACO connects each
component using REST and WebSocket application
programming interfaces (APIs) by applying rapidly
evolving web technologies, as shown in Fig. 1. The
BYACO main server is built using Node.js?) and dis-
tributes a single-page application in the web browser,
which is written using the React JavaScript library.®)
The main server handles requests as the proxy server.
Other servers return a response for the forwarded re-
quest and can generate an event-driven request to oth-
ers. To share information in real time, push notifica-
tions are sent using WebSocket technology. A client or
each server sends a list of interest to the main server.
When each server detects updates, they are sent to
requesting clients through the main server.

The data analysis is divided into real-time and com-
prehensive analyses, as shown in Fig. 1. The raw-
data calibration and PID reconstruction are processed
in the real-time analysis. The obtained variables in-
cluding the raw data are stored as a TTree object
in ROOT.”) When waveform data are taken in the fu-
ture, high-throughput processing will be necessary be-
fore the real-time PID reconstruction. For the com-
prehensive analysis, a ROOT-based graphical user in-
terface (GUI) analyzer for the BigRIPS experiment

*1 RIKEN Nishina Center
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Fig. 1. Conceptual diagram of the BYACO ecosystem. The
REST and WebSocket APIs are used for the communi-
cation. The sequencer programming is for sequential
operations such as automatic RI-beam tuning.

BYACO
Main server

throughput
processing

(BigROOT) was developed. Macro programs used in
the offline analysis are implemented as selectable tools
working on PROOF-Lite in RooT,”) which provides
functions for the event loop as well as histogram draw-
ing and final analyses. The GUIs to perform simple
curve fitting and to make projection and profile his-
tograms have been implemented.

The sequential operation consisting of the data ac-
quisition, analysis, device control, etc. needs to await a
response or status change. At present, the sequence of
these asynchronous tasks, which are performed by re-
ferring to many types of information, are managed us-
ing the Redux and Redux-Saga libraries®? on Node.js.
As the first application of the sequential operation, the
automatic focusing and centering of RI beams were
tested online in 2020 with great success.'®)
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Development of auto-focusing and auto-centering system for the
BigRIPS separator

Y. Shimizu,*! N. Fukuda,*' H. Takeda,*! H. Suzuki,*! T. Sumikama,*' T. Baba,*! and K. Yoshida*!

Various radioactive isotope (RI) beams have been
produced by the superconducting in-flight separator Bi-
gRIPS since 2007.") We are developing the technologies
of the RI-beam separation®?®) and particle-identification
analysis.) We developed efficient RI beam production,
including a control system for the magnetic field with
a feedback algorithm.? In the case of a '32Sn beam,
the production time was reduced by a factor of approx-
imately 1/4 in the past decade. To further improve
the efficiency of RI beam production, we are develop-
ing a fully automatic RI beam production system based
on our technological developments and experiences. As
the first step, auto-focusing and auto-centering systems
were developed to automatically tune the STQs and
dipole magnets on the BigRIPS separator.

In the auto-focusing and auto-centering systems, we
used the BYACO (BeYond Analysis, Control, or Opera-
tion alone) ecosystem developed for online operation of
the BigRIPS separator by connecting the comprehen-
sive analyses seamlessly with others, such as devices
and data acquisition (DAQ) systems.®) The sequencer
programming of the auto-focusing and auto-centering
includes an automated loop, which consists of 7 steps

1. Start DAQ,

Start analysis,

Provide analyzed results,

Stop DAQ,

Evaluate new magnet currents,
Apply new magnet currents, and

7. Output the stability of the magnets.

SOt N

The realtime analysis program is always running to con-
vert raw data into analyzed data stored as a TTree ob-
ject in ROOT.”) Presently, when the step shifts from 5
to 6, one of the choices “APPLY TO TUNE,” “NEXT
FOCAL PLANE,” and “FINISH” must be selected on
the browser interface.

The system test of the auto-focusing and auto-
centering system was conducted online for the %2Ge-
beam production required for HHCARI commissioning.
The auto-centering was performed for each focal plane
in the order of F2, F5, and F7. Subsequently, the auto-
focusing was performed for each focal plane in the order
of F1, F2, F3, F5, and F7. Figure 1 shows the positions
and phase spaces at each focal plane after the auto-
focusing and auto-centering. These auto-tunings were
successfully demonstrated. Furthermore, the operation
time became shorter than that of conventional manual
tuning.

In future work, the simultaneous tuning of the STQs

*1 RIKEN Nishina Center
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and dipole magnets will be continuously automated in
the order of F1 to F7.
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Fig. 1. Positions (left column) and phase spaces (right col-
umn) at each focal plane (F3, F5, and F7) after the
auto-focusing and auto-centering. The pink curves and
lines show the fitted functions of the Gaussian and 1st
order polynomial, respectively. The pl values show the
fitted results.
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Thermo-mechanical simulation of high-power rotating target for
BigRIPS separator

K. Yoshida*! and Y. Yanagisawa*!

Thermo-mechanical simulations have been performed
for the high-power rotating target system®? of the Bi-
gRIPS separator in order to evaluate the stability of the
rotating target against high-power beam irradiation. A
2-mm-thick Be target rotating at 300 rpm is expected to
heat up to 1230°C3) with a 233U beam at an energy of
345 MeV /nucleon and intensity of 1 particle pA, which
meets the target beam intensity of RIBF. The Be tar-
get does not melt in the heat of the beam, because the
melting point of Be is 1287°C. However, it is not clear
whether the target is stable under thermal deformation
or the destruction of the target at such a high temper-
ature. Thus, the thermo-mechanical simulation of the
rotating target was performed to check its stability.

Coupled transient thermal-structural finite-element
analysis using the simulation code ANSYS® was utilized
for the thermo-mechanical simulation. In the first step,
the temperature distribution of the rotating target was
obtained through a transient thermal calculation with
the moving heat-source model described Ref. 3). The
simulation model consisted of the Be target with a di-
ameter of 300 mm and thicknesses of 2, 3, 4 mm and
a cooling disk with a diameter of 240 mm and a thick-
ness of 25 mm in which a cooling water channel was
formed. The temperature dependence of thermal con-
ductivity and heat capacity were taken into account in
the calculation. Heat transfer coeflicients of 10.5 and
3 kW/m? K were used for thermal contacts between the
cooling water and cooling disk and between the cool-
ing disk and Be target, respectively. The obtained time-
dependent temperature distribution was then transferred
to the transient structural calculation with ANSYS un-
der elastic and plastic deformation. The deformation
and stress caused by the thermal expansion of the tar-
get at the given temperature distribution were calculated
in a time-dependent manner. The temperature depen-
dence of the Young’s modulus, strain-stress curve (bilin-
ear hardening is assumed), and thermal expansion coef-
ficient of the Be target were taken into account in the
calculation.

Figure 1 shows the calculated results for a 233U beam
at 345 MeV /nucleon and 1 particle pA with a size of
1 mm? impinging on a 2-mm-thick Be target rotating at
300 rpm. In the figure, only half of the model is dis-
played in order to show the cross section of the target.
In Fig. 1(a), the temperature distribution is mapped in
color on the original model shape. The highest tem-
perature is observed at the beam spot, and the high-
temperature region is spread along the beam trajectory.
The Von Mises stress due to the thermal expansion is
mapped on the deformed model shape in Fig. 1(b). The

*1 RIKEN Nishina Center
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Fig. 1. Results of thermo-mechanical calculation of the rotat-
ing target. Only half of the simulation model is displayed
in the figure to show the cross section of the target. (a)
Temperature distribution of the target displayed in color
on the original model shape (not deformed). (b) von
Mises stress distribution displayed in color on the de-
formed shape. Deformation was magnified by a factor
50 so that the deformation can be viewed easily.

deformation is magnified by a factor 50 and shown in
Fig. 1(b). The Be target is enlarged by 0.6 mm in the
radial direction and bent toward the cooling disk by
0.3 mm at the circumference. Thus, the deformation
is very small compared with the 300-mm diameter of the
rotating target. A small but finite plastic deformation is
observed along the beam trajectory. This is why the von
Mises stress at the beam trajectory decreases after the
beam passes. A plastic expansion occurs at the beam
spot, and the expanded shape is retained even when the
temperature drops after the beam passes through.

The maximum von Mises stress of 260 MPa appeared
at the contact region between the target and cooling disk.
The value is well below the ultimate tensile strength of
440 MPa. The calculation results show that the rotating
target is stable under thermal deformation and destruc-
tion.
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Incidents involving the DMT3 magnet in the beam transport line from
SRC to BigRIPS

K. Kusaka,*! K. Yoshida,*! M. Ohtake,*! and Y. Yanagisawa*!

The DMT3 magnet in the “T-course” beamline is de-
signed as a resistive-type magnet with saddle-shaped
correction coils in addition to main coils. The correc-
tion coils are installed in the gap of the magnet and
were originally excited with the main coils in series.
The main coil has 72 turns and consists of 6 double
pancakes, in which a 13.5 x 13.5 mm hollow conductor
is wound 6 times in each layer. The correction coil, on
the other hand, is a 12-turn double pancake. However,
the layer isolation of the lower correction coil was dam-
aged in an October 2017 incident.!) Furthermore, the
upper correction coil was found to be short-circuited
in November 2019.2) We then investigated the possible
use of the DMT3 magnet without correction coils by
increasing the energizing current.

As the maximum current of the original DMT3
power supply was 650 A, an additional auxiliary DC
power supply was introduced in the DMT3 excitation
circuit in a parallel connection. Water-cooled protec-
tion diodes were also used for safety.?) At the end of
the beam time in December 2019, we excited only the
main coils in the DMT3 magnet using two power sup-
plies with currents of 150 A and 563 A. We confirmed
that the uranium beam focused on the BigRIPS target
well and the main coils were well cooled with sufficient
water flow. However, ramping the DMT3 power sup-
ply from 0 to 563 A with the simultaneous use of the
auxiliary power supply with a current of 150 A caused
instability; therefore, we were forced to ramp up in a
stepwise manner to avoid instability.

In March 2020, we again tested power supplies for
the operation of the DMT3 magnet without correction
coils. Using the same excitation circuit, we energized
the main coils while monitoring the voltage of each
coil pancake. We found that the lower main coil was
damaged.

Figure 1 shows the excitation voltage at each pan-
cake of the DMT3 coils. Firstly, we energized the mag-
net by using the auxiliary power supply only with a
current of 150 A. The voltages of all the pancakes co-
incided. We then further energized the magnet using
the DMT3 power supply with a maximum current of
650 A. The total current was 800 A, which was larger
than the current of 710 A used to transport uranium
beams from SRC. The excitation voltages of the sec-
ond and the fourth pancakes of the lower main coils
decreased with time, while the voltage of other four
pancakes increased because of the temperature rise of
conductors. These unstable behaviors in excitation
voltage indicate damage to the isolation between coil

*1 RIKEN Nishina Center
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Fig. 1. Excitation voltage at each pancake of the DMT3
lower main coil.

layers. We then decreased the current and re-energized
with currents of 100 A and 610 A. The excitation volt-
age of all pancakes coincided in this case. We consider
that the two pancakes are not critically damaged.

Although the lower main coil of DMT3 was dam-
aged, 238U and "°Zn beams were successfully trans-
ported from SRC to BigRIPS targets in 2020 beam
time. We excited the DMT3 magnet with the main
coils and undamaged lower correction coil, which was
installed in 2018.

New main coils for the DMT3 magnet are now being
designed and fabricated. The new main coil is designed
so as to fit in the DMT3 iron pole and yoke. Further-
more, we increased the number of turns from 72 to 84
such that the original DMT3 power supply energizes
the magnet without an auxiliary power supply. New
main coils will be installed in early summer 2021.
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Trace-back method for dispersion matching conditions of primary
beams at RIBF

A. Sakaue,*! D. S. Ahn,*! H. Baba,*! N. Fukuda,*! N. Fukunishi,*! N. Inabe,*! K. Itahashi,*! K. Kusaka,*!
T. Nishi,*! Y. Shimizu,*! T. Sumikama,*! H. Suzuki,*! H. Takeda,*! T. Uesaka,*! Y. Yanagisawa,*!
K. Yoshida,*! S. Y. Matsumoto,*>*3 R. Sekiya,*>*3 Y. K. Tanaka,*> K. Yako,* and H. Geissel*”

We are preparing for an experiment to search for
double Gamow-Teller giant resonance (RIBF-141RI,
DGTGR) at RIBF. We use a part of BigRIPS, F0-F5,
as a spectrometer;") this is a common setup for spectro-
scopic experiments at the pionic Atom Factory (RIBF-
135R1, piAF).

In these experiments, the energy spread of the pri-
mary beam has the largest contribution to the energy
resolution. To remedy this situation, we are developing
dispersion-matching optics, where the energy spread is
canceled out under the condition that the dispersion at
the target position FO (z[0)ro is 34.1 mm/% for DGTGR
and 44.6 mm/% for piAF.

In order to satisfy these conditions with sufficient pre-
cision, we need to develop diagnostic methods of the
phase distributions at FO based on tracking information
and the tuning method by using the optical elements
in the upper stream. Owing to severe radiation condi-
tions, detectors in the upstream sections require radia-
tion hardening, and the information obtained in the sec-
tion is limited. Here, we employ the trace-back method
to obtain the phase distributions from distributions mea-
sured by tracking detectors at the F3, F5, and F7 planes.
In this method, a set of the horizontal position x, angle
a, and relative momentum deviation from the reference
particle § (= dp/p) at F3 is converted to one at a cer-
tain plane by multiplying with a transfer matrix. The
z and a at F3 are instantly obtained by measuring the
trajectory of the beam using the tracking detectors. The
¢ is deduced from the horizontal positions xz at F5 and
F7, which are dispersive and achromatic focal planes,
respectively.

We attempted to apply the method by analyzing
data taken in June 2018 for study of the supercon-
ducting ring cyclotron-BigRIPS (SRC-BigRIPS) optical
system. A primary beam of 803" with an energy of
230 MeV /nucleon was transported to F7. The beam tra-
jectory was measured by parallel-plate avalanche coun-
ters (PPACs) at F3, F5, and F7 for different settings of
optics between SRC and FO.

We obtained reconstructed phase distributions at FO
by using the trace-back method. Figure 1 shows the
distributions at FO for two different settings of optics,
which are (z]0)po = 34.1 mm/% for the upper panel
and 44.6 mm/% for the lower panel. Each slope corre-
sponds to the dispersion at FO, and the deduced values
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Fig. 1. Correlation between the deduced x and ¢ at FO for
two different settings: (x|d)ro = 34.1 mm/% (upper
panel) and (z|d)ro = 44.6 mm/% (lower panel). Fitting
results obtained using linear functions are shown with red
lines. Each slope corresponds to the deduced dispersion.

are 30.8 mm/% and 37.3 mm/%, respectively. The fit
region corresponds to the momentum spread for the well-
tuned beam (o ~ 0.03%).?) The precision of determina-
tion of the dispersion at F0 is approximately 3 mm/%,
which is sufficient as the experimental resolution. The
absolute values of dispersion in this measurement were
slightly different from the ideal values. By referring to
the reconstructed distribution, we can tune the optics
so as to cancel the difference. We are now refining the
tuning method to provide an online feedback based on
the diagnosis.

In summary, we have developed the trace-back
method for tuning the dispersion at FO so as to fulfill
the matching condition. We are now working on an op-
timization of the tuning method for the beam time.
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Conceptual design of a heavy ion storage ring RUNBA

M. Wakasugi,*"*? T. Ohnishi,*! R. Ogawara,*"*? S. Takagi,*? K. Kuze,*?> and Y. Yamaguchi*!

We plan to construct a heavy ion storage ring,
RUNBA (Recycled-Unstable-Nuclear Beam Accumula-
tor) adjacent to the SCRIT facility in the E21 experi-
mental room. RUNBA will be a research and develop-
ment machine for developing and establishing a beam
recycling technique in a storage ring for application to
nuclear reaction studies for rare RI beam. This project is
ongoing under the joint research program between ICR
Kyoto University and RIKEN Nishina Center (RNC). In
the last year, we transfered the storage ring (sLSR),"
which was avandoned for more than ten years, from ICR
to RNC. RUNBA is a rebuilt machine of sLSR and we
are designing the lattice structure and machine layout in
E21. Figure 1 shows a current floor plan of the RUNBA
facility. RUNBA will be connected to ERIS, which is an
ISOL system for SCRIT experiments.

Continuous singly-charged ion beams from ERIS are
converted into a pulsed ion beam by FRAC and a highly-
charged ion beam by RECB (Resonant Extraction
Charge Breeder),? which is under development at ICR.
A fully-stripped pulsed ion beam with 10 keV /nucleon
is injected into RUNBA with a multi-turn injection
method. Consequently, it can be accelerated up to
10 MeV /nucleon by repeating five times the acceleration
process in which the ion velocity doubled by sweeping
an RF frequency at the non-resonant ferrite cavity and
synchronously ramping up the magnetic field.

The concept of beam recycling is that the energy loss,
energy straggling, and transverse angular straggling pro-
duced when the beam passes through the internal tar-
get are corrected turn by turn and particle by parti-
cle, and beam circulation is stably maintained until nu-
clear reaction occurs at the target. Therefore, devices
required to be equipped in RUNBA in addition to the

5,

Injection septum

Ferrite cavity /~

Fig. 1. A plane view of RUNBA facility.
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Fig. 2. Beta and dispersion functions of RUNBA.

Table 1. Lattice structure and properties of RUNBA.

Circumference (m) 26.557
Maximum Bp (Tm) 1.05
Transition -y 1.855
Harmonics (10 keV/nucleon, 10 MeV /nucleon) (32, 1)

RF frequency (MHz) 1.674-3.348
Tunes (Vg, vy) (2.368, 1.695)
Max. dispersion functions (7, 1y) (m) (3.497, 0.0)

at focal point
Beta functions (8, 8y) (m)
Dispersion functions (7z, 7y) (m)

(0.697, 0.527)
(0.0, 0.0)

fundamental optical elements include an internal target
system, acceleration cavity, energy-dispersion corrector,
and transverse emittance corrector. The fundamental
properties in the current design of RUNBA are summa-
rized in Table 1. The beta and dispersion functions over
the whole ring are shown in Fig. 2. RUNBA optics is
formed with 6 bending magnets, 3-family 12 quadrupole
magnets, 2-family 4 sextupole magnets, and a triple-
bend achromatic arc structure that is adopted to pro-
vide achromatic focus points for internal target insertion
in the straight section. In another straight section, an
energy-dispersion corrector will be installed and emit-
tance correctors in the horizontal and vertical directions
are placed at positions where the betatron phase ad-
vances are 0.75 from the target. The diffusion of energy
spread would be suppressed by giving appropriate posi-
tive or negative energy gain determined from the differ-
ence in flight time from the target to energy-dispersion
corrector. The emittance correctors transversely kick
ions according to the transverse position measured at
the target. These new feedback systems are now being
developed at ICR.
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Development of Resonant-Extraction Charge Breeder (RECB)

R. Ogawara,*!*2 S. Takagi,*?> K. Tsukada,*> H. Tongu,*? Y. Kuriyama,*? and M. Wakasugi*!»*2

In the RUNBA project,") RI ions from ERIS? are
accelerated in the storage ring (RUNBA) for nuclear re-
action experiments. For efficient acceleration, RI ions
should be a highly charged ion beam. Although an EBIT
type charge breeder (CB) is widely used to increase
the charge state, an efficiency of only 20% hase been
achieved do far because of finite spread in charge state
distribution.?) We developed a prototype of a resonant-
extraction charge breeder (RECB) to improve the effi-
ciency, the RECB can selectable extract only the desired
charge state ions.

In a RECB, a longitudinal electrostatic potential for
ion trapping is designed as a quadratic shape on an elec-
tron beam axis (Fig. 1). The longitudinal motion of
ions in the potential is a simple harmonic oscillation for
which the frequency depends on the mass-to-charge ra-
tio. Thus, the ion motion is excited by adding an os-
cillation to the electrostatic potential at the resonant
frequency. Then, ions of a selected charge state are ex-
tracted from the trapping regions, and the others are
left in the RECB. When we apply a time-dependent po-
tential Viyap(2,t) = (a + bsin(wt))2? (z, w, and a and
b represent the position, frequency of the potential os-
cillation, and constants, respectively), the ion motion is
described by Mathieu’s differential equation.

As shown in Fig. 1, RECB consists of an electron gun,
a solenoid coil, an electron beam collector, and 20 elec-
trodes that form the trapping potential Viap(z,t) using
a DC power supply and a function generator. In the
trapping region, the energy, current, and beam radius,
of the electron beam were —32 keV, 10 mA, and 0.06 mm,
respectively. Collection efficiency at the electron beam
collector was more than 99.5% when the solenoid mag-
netic field was 0.13 T. Extracted ions with an energy
of 10 keV /¢ from the RECB were separated by the an-
alyzing magnet, and then, they were detected with a
channeltron.

Ion trapping region
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Fig. 1. The schematic diagram of the prototype RECB.
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We evaluate the performance of the potential oscilla-
tion by measuring the extracted residual gas ions (vac-
uum pressure = 5 x 107% Pa). Figure 2 shows an ex-
ample of a 2C** ion extraction where the depth of the
quadratic shape potential is 150 V and the function gen-
erator supplies a 1.0 V;,;, sine wave for a short duration
of 0.5 ms with a repetition rate of 500 Hz. The red and
blue plots indicate the spectrum of the extracted '2C4+
ions from the RECB with and without the potential
oscillation (N,, and Ng), respectively. We confirmed
that 12C** ions were extracted at their fundamental fre-
quency (90 kHz) and second order harmonic frequency
(180 kHz). The spread of the spectrum was attributed
to a distortion of the electrostatic potential produced by
the space charge of trapped ions. Figure 3 shows the en-
hancement factor estimated by the event rate for (Ny, —
Nog) divided by that for Nog at a frequency of 90 kHz.
The enhancements for the 2C**+ ions were 30, 42, and
9.0 times greater than those for the '2C*, '2C2*, and
Hi (same A/q of 2C5%) ions, respectively. In future
work, we will optimize the electrostatic potential form
to improve charge state selectivity for extraction.
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Development of a forward detector for the measurement of the mean
square radius of the neutron distribution of unstable nuclei by electron
scattering

H. Wauke,*"*2 A. Enokizono,*! T. Suda,*!*? K. Tsukada,*"*3 T. Ohnishi,*! M. Wakasugi,*!**> M. Watanabe*!

In nuclear physics, the nucleon density distribution is
an essential physical quantity because it directly reflects
the wave function of nucleons. Electron scattering pro-
vides detailed information of the nucleus’s charge den-
sity distribution, dominated by the proton distribution.
However, it is difficult to determine the neutron distri-
bution by electron scattering because its contribution to
the charge density distribution is less than a few percent.

It was recently suggested that the mean square ra-
dius (msr) of the neutron distribution could be accessed
by measuring the fourth-order moment of the charge
density distribution.’? The charge form factor deduced
from elastic electron scattering at the low momentum
transfer can be Taylor-expanded as F'(q) ~ 1— %q%r

4 6 . .
seeqt — S552q0 -+ -, where F s the form factor, ¢ is

the momentum transfer, and < r™ >. is the nth-order
moments of the charge density distribution. Figure 1
shows the ¢? dependence of the '3?Xe form factor and
the contribution of each term of the above equation. The
msr of the neutron distribution measurement of unstable
nuclei by electron scattering will be obtained in a region
that covers the forward scattering angle (12-25° for the
electron beam energy E. = 150 MeV). In the low momen-
tum transfer region (less than 0.09 fm~2 in the case of Xe
isotopes), the form factor is sensitive almost to only the
second- and fourth-order moments of the charge density
distribution.

The study of the msr of the neutron distribution of Xe
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Fig. 1. ¢® dependence of the *?Xe form factor obtained by
the past experiment.4) The black line shows the form fac-
tor for which all moments are calculated. The red and
blue lines show the form factor up to the second- and
fourth-order moment of the charge density distribution,
respectively.
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Fig. 2. Reconstructed vertex distribution of electron scatter-
ing events from the target region (blue line). The red line
shows the events where the scattered electrons have ki-
netic energies higher than 100 MeV. The events at —450
to —200 mm are from the material upstream of the target
region. The blue line shows events containing low energy.

isotopes (stable : 124136 Xe unstable : 138 140Xe) by elec-
tron scattering is under consideration at the SCRIT facil-
ity.?) A forward detector for measuring the fourth-order
moment of the charge density distribution is under dis-
cussion. A series of background studies were performed
using an alternative detector to investigate the number of
background events at the new setup for the measurement
in the low momentum transfer region. This is because it
may not be possible for the forward detector to distin-
guish between the elastic scattered electrons signals from
the target nuclei and the background signal if there are
more or similar amounts of background events than the
true one in the target region (length is 500 mm). The
background study was performed with a calorimeter ar-
ray of seven Csl crystals and two drift chambers, which
covered a scattering angle of 18 + 1° from the center of
the SCRIT device and measured the scattered electrons
energy E! by summing energy deposits of Csls.

Figure 2 shows the reconstructed vertex distribution
of electron scattering events from the target region. The
red line in Fig. 2 denotes those of E! > 100 MeV and is
identified as the elastic events. These events at —450 to
—200 mm are considered as the elastic scattering events
of the electron beam halo from the material upstream of
the target region. The forward detector cannot separate
these events from the vertex distribution of the target
nuclei. It needs to consider approaches to reduce back-
ground events, for example, by reducing the material
around the SCRIT device.
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Ion-beam-profile monitor using MCP at the SCRIT electron scattering
facility

T. Ohnishi,*! S. Ichikawa,*! and M. Wakasugi*!*?

At the SCRIT electron scattering facility,”) ion-beam-
profile monitors? are installed in the ion-beam trans-
port line for injecting low-energy (~10 keV) ions into the
SCRIT device.!) They are composed of a meshed Fara-
day cup, a CsI(Tl) scintillator, an optical prism, and a
network-based CCD camera. Using these monitors, ion-
beam tuning is performed in real time. However, it is
difficult to apply them to a low-rate ion beam, such as a
continuous beam with 107 ions/s or a pulsed beam with
106 ions/pulse, because the number of produced photons
is considerably less than the expected value calculated
using the conversion factor, 2 x 10* photons/MeV. One
of the reasons for this suppression is that the low-energy
ions stop near the surface of a CsI(T1) scintillator and the
number of involved Csl molecules is insufficient. Thus,
a new ion-beam-profile monitor is required for real-time
beam tuning with low-energy RI beams. This year, we
tested a new monitor using a micro channel plate (MCP)
and report out first results in this paper.

Figure 1 presents a schematic view and photograph of
an ion-beam-profile monitor using an MCP. This monitor
consists of two MCPs equipped with a phosphor screen
(HAMAMATSU F2806 with P46), an optical prism,
and a network-based CCD camera (Basler scA640-70gc).
The horizontal and vertical dimensions of the effective
area of the MCP are 45 mm and 35 mm, respectively. A
collimator, which has a 28-mm diameter hole, is installed
in front of the optical prism to define the effective detec-
tion area because the effective area of the MCP is larger
than the entrance size of the optical prism, 30 mm?2. In
the present setting, ion beams are directly observed with
MCPs. The applied voltages of MCP-in, MCP-out, and
Phos-in, which are electrodes shown in Fig. 1, are 0, 2,
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MCP-in; ;
Photons

N
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e— . .
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\\
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(Bottom)
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Fig. 1. Schematic view and photograph of the ion-beam-
profile monitor. MCP-IN, MCP-OUT, and Phos-in rep-
resent electrodes of the monitor.
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Fig. 2. Beam profile of 1 pulse with a 10" ions/pulse beam.
Left figure is the image of the beam profile and right figure
is its digital number distribution.

and 6 kV, respectively. The extracted electron cloud re-
sulting from the beam encountering the MCP surface is
converted to photons in the phosphor screen, which are
transported to the CCD camera through the collimator
and the optical prism. The exposure time of the CCD
camera is set to 500 ps. Data from the CCD camera
are monitored through a network in real time. With a
pulsed beam, the trigger of the CCD camera is synchro-
nized with the injection timing.

The commissioning of the new ion-beam-profile moni-
tor was performed using a '*8Ba-ion beam of 6 keV. Fig-
ure 2 shows the measured beam profile of only 1 pulse
using a 1-Hz pulsed beam with 10* ions/pulse. The num-
ber of ions with a low-intensity pulsed beam was esti-
mated with the current of a continuous beam, 13 pA,
measured at the Faraday cup installed in front of the
ion-beam-profile monitor. Calibration was performed us-
ing a 0.3-nA continuous beam and a pulsed beam with
5x10° ions/pulse. Figure 2 shows an image of the beam
profile (left) and its digital number distribution (right).
More detailed analysis is being performed to estimate
the number of injected ions using only the digital num-
ber distribution.

We tested the new ion-beam-profile monitor using an
MCP with a low-intensity pulsed ion beam. The beam
profile of a low-intensity pulsed ion beam was success-
fully measured in real time. In the case of RI beams us-
ing the present monitor, electrons corresponding to the
decay of the RIs can cause background events. To avoid
this problem, a thin foil is installed in front of the MCPs
to stop RI beams, and electrons produced during the de-
cay of Rls are used as an MCP signal. Next year, we
will test a new setup using RI beams and evaluate its
applicability considering the efficiency and position res-
olution.
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Extraction test of stopped Bi isotopes in PALIS gas cell

T. Sonoda,*! I. Katayama,*! M. Wada,*? H. Ishivama,*' V. Sonnenschein,*®> H. Tomita,*? R. Terabayashi,*3
K. Hattori,*® H. limura,** S. Ilimura,*! T. M. Kojima,*' M. Rosenbusch,*? A. Takamine,*! N. Fukuda,*!
T. Kubo,*! S. Nishimura,*! Y. Shimizu,*! T. Sumikama,*! H. Suzuki,*! H. Takeda,*! M. Tanigaki,*® and

K. Yoshida*!

We are developing a scheme of parasitic low-energy
RI-beam production (PALIS)Y in the second focal
chamber (F2) of BigRIPS to effectively use rare iso-
topes and to perform comprehensive measurements of
the physical properties of exotic nuclei.

In our previous experiment,?) we confirmed the feasi-
bility of a new gas-cell geometry that separates high- and
low-radiation areas with a long gas tube. The current
setup for the PALIS on-line examination evaluates RI ex-
traction by detecting alpha rays via alpha-emitter decay,
which results in enhanced sensitivity because of the ex-
tremely low background environment. While the alpha-
emitter element should be available on resonant laser
ionization in an off-line or on-line experiment. There-
fore, we chose a bismuth (1'Bi) beam that can be pro-
duced by projectile fragmentation via a uranium beam
and beryllium target. In a 12 hours online PALIS ex-
periment, we focused on two objectives: 1) identify the
stopped Bi isotope and 2) extract the stopped Bi isotope
from the gas cell.

To achieve the first objective, we observed alpha rays
created via decays from the alpha emitters that were
stopped in the AFE solid-state detector (SSD) placed
in front of the gas cell by adjusting the energy de-
grader, as shown in Fig. 1. As the energy resolu-
tion was considerably low because of the high electri-
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Fig. 1. Alpha spectrum observed using a AE Solid-state de-
tector (SSD) placed in front of the gas cell. The inset
shows the alpha counts versus time in the beam-off pe-
riod in the energy range of 6.1-6.6 MeV in the alpha
spectrum.
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Fig. 2. Alpha spectrum observed using a silicon PIN diode
placed after the gas-cell exit.

cal background at F2, isotope identification by alpha
energy (FE,) was impossible from this energy spectrum.
However, we obtained other information from the tim-
ing chart by using a pulsed BigRIPS beam. The half-
lives extrapolated by decay fitting to individual timing
charts for specific energy ranges were 42.12 +4.66 s (5.4—
6.1 MeV), 11.87+0.73 s (6.1-6.6 MeV) and 7.7+0.3 s
(6.6-7.5 MeV). The tentative isotope candidates for
these half-lives are 92Bi (Th )2 = 39.6 5, By, = 6060 keV),
191B; (T2 = 12.4 5, B, = 6309 keV), and 1904 (Th)2 =
6.4 s, E, = 6456 keV).

To achieve the second objective, we performed an
extraction test of RIs that were stopped in argon gas
(50 kPa) and transported to the gas-cell exit via a long
gas tube by simple gas flow to finally impinge on a silicon
PIN diode detector located after the gas-cell exit hole.
We confirmed the extracted Rls from alpha spectra ob-
served using the silicon PIN diode, as shown in Fig. 2.
These extracted RlIs included species of all charge states
such as neutral and positive/negative ions. By com-
parison with the total number of alpha counts detected
at the AE SSD, normalizing primary beam intensity,
and considering the solid angle of the detector, we pre-
liminarily evaluated the extraction efficiency as approx-
imately 1%.

The extraction of stopped RlIs out of the gas cell was
confirmed. In the next beam time, we will apply laser
ionization for producing low-energy RI beam.
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Improvement of evacuation time of RI from argon gas cell

T. Sonoda,*! M. Wada,*? K. Hattori,*® H. limura,** S. Iimura,*! H. Ishiyama,*! I. Katayama,*' T. M. Kojima,*"
M. Rosenbusch,*? V. Sonnenschein,*? R. Terabayashi,*®> A. Takamine,*' and H. Tomita**

An argon gas cell coupled to a resonant laser ioniza-
tion is a powerful tool for the production of high-purity
low-energy RI-beam. This method utilizes neutral RI
transportation using simply a gas flow, until it reaches
the location for laser ionization which is typically close
to the exit of the gas cell. A feasible RI is restricted by
its half-life, which should be longer than the evacuation
time of the gas cell. The evacuation time can be deter-
mined from the conductance of a small exit aperture and
gas cell volume. Under adiabatic expansion, the conduc-
tance depends only on the diameter of the exit aperture!)
as follows:

C =0.14 x ¢ (1)

where the units are L/s for C' and mm for ¢. The gas
is argon. The evacuation time of a gas cell of volume V'
can be written as:

t= ok (2)

For example, when the gas cell volume is 100 cm?® and
the exit diameter is 1 mm, the evacuation time is 714 ms.
This value makes it difficult to aim for very rare RI re-
gions, where the half-lives are typically less than 100 ms.
In order to address a fast evacuation, two solutions
can be considered: (1) using a small volume for the gas
cell and (2) using a large exit aperture. However, these
improvements are limited by the stopping efficiency for
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Fig. 1. Proposed gas cell and differential pumping layout in
combination with rf-carpet.
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