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Preface

This is the annual report of the Center for Nuclear Study (CNS), Graduate School of Science, the
University of Tokyo, for the fiscal year 2022 (April 2022 through March 2023). During this period, a
lot of research activities in various fields of nuclear physics have been carried out and a wide variety of
fruitful results have been obtained at CNS. This report summarizes such research activities. I hereby
mention some highlights of the report.

The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the
characteristic states where the Isospin, Spin and Quark degrees of freedom play central roles. These
researches in CNS lead to the understanding of the matter based on common natures of many-body
systems in various phases. We also aim at elucidating the explosion phenomena and the evolution
of the universe by the direct measurements simulating nuclear reactions in the universe. In order
to advance the nuclear science with heavy-ion reactions, we develop ECR ion source, CRIB and
SHARAQ facilities in the large-scale accelerators laboratories RIBF. The OEDO facility has been
developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to obtain
a good quality of low-energy beam. A new project for fundamental symmetry using heavy Rls has
been starting to install new experimental devices in the RIBF. We promote collaboration programs at
RIBF as well as RHIC-PHENIX and ALICE-LHC with scientists in the world, and host international
meetings and conferences. We also provide educational opportunities to young scientists in the heavy-
ion science through the graduate course as a member of the department of physics in the University
of Tokyo and through hosting the international summer school.

The Low Energy Nuclear Reaction group studies exotic structures in high-isospin and/or high-spin
states in nuclei. In the spring of 2022, two nuclear reactions, 13OSn(d, p) and 56Ni(al ,P), SHARAQI18
and 19, respectively, were performed at the OEDO-SHARAQ system in inverse kinematics by em-
ploying the surrogate technique, where the decay channels of the unbound states were identified
directly from the measurement of reaction residues. Prior to the SHARAQ18, MS22-01 was carried
out to establish a new optics for transporting the ion beam with better transmission. In winter 2022,
another OEDO experiment, SHARAQ12, for the single particle structure in 3'Ca was partially per-
formed. The analyses of the experiments, InPACT17-02-01, -02, and SHARAQI11, 4He(gHe, 8Be)4n
reaction, are in progress. The analysis of the groundbreaking experiment on the inelastic decay from
the isobaric analog resonances is almost finished. The CNS GRAPE (Gamma-Ray detector Array
with Position and Energy sensitivity) is a major instrument for high-resolution in-beam gamma-ray
spectroscopy. The digital signal processing equipment for the GRAPE is under development.

The Exotic Nuclear Reaction group studies various exotic reactions induced by heavy-ion beams.
We proceeded with the data reduction of the double charge exchange (12C, >Be) reaction taken in the
previous year for a search of double Gamow-Teller resonance.

The OEDO/SHARAQ group pursues experimental studies with RI beams by using the high-
resolution beamline and the SHARAQ spectrometer, and the OEDO for the decelerated RI beams.
The uniqueness of the OEDO-SHARAQ system is its versatile performance in low-energy RI produc-
tion and high-resolution spectroscopy. In FY2022, taking advantage of this feature, two low-energy
RI experiments for (d, p)-type surrogate reactions and a high-resolution direct mass measurement for
two-proton radioactivity were performed. Through the measurements, we were able to demonstrate
a smooth re-arrangement of the beamline and experimental detector setups. In addition, we installed
an active stopper detector and y-ray detectors for the in-flight isomeric tagging of exotic nuclei in the
mass measurement program. Data analysis of performed experiments is ongoing. The experimental
study of 0~ strength in nuclei using the parity-transfer charge exchange (10, 1°F) is in the final stage.
The results of the first and second experiments with the OEDO system for LLFPs will be completed
and reported soon.

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special



nuclear structure, such as clusters, using the low-energy RI beam separator CRIB. In Oct. 2022, a
®He radioactive beam was produced for the second time at CRIB, with improved beam intensity and
purity by introducing wire chambers (MWDC) and a degrader. In Mar 2023, we performed a direct
measurement of astrophysical '*O(a, p) reaction in an international collaboration with the groups in
IBS (Korea), Texas A&M University (US) and others. An active-target system developed in Texas
(TexAT) was brought to Japan to perform this measurement with the thick-target method using the
140 radioactive beam at CRIB. This was the first experiment at CRIB with participants from foreign
countries after the pandemic.

Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter
created by colliding heavy nuclei at relativistic energies. The group has been involved in the PHENIX
experiment at Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, and the
ALICE experiment at Large Hadron Collider (LHC) at CERN. As for ALICE, the group has involved
in the data analyses, which include the measurement of low-mass lepton pairs in Pb-Pb collisions, the
measurement of long range two particle correlations in p-Pb collisions, searches for thermal photons
in high multiplicity pp collisions. The group has involved in the ALICE-TPC upgrade using a Gas
Electron Multiplier (GEM), where the group is very active in the development and benchmarking
of the online space-charge distortion corrections using machine learning techniques running on the
Graphical Processing Unit (GPU). The group has started simulation studies for the ALICE 3 future
upgrade.

One of the major tasks of the accelerator group is the development of ion sources and the optimiza-
tion of the beam transport system for the experimental devices installed in the E7 experiment room. In
2022, HyperECR ion source was operated for 2,151 hours. A new method for sustainable magnesium
beam production was put into practical use for CRIB. The >*Mg®+ beam was successfully produced
for 18 days with four breaks to refill the sample crucible. In a university-industry collaboration, a
magnetic design for a new ECR ion source was proposed for industrial applications. For the devel-
opment of the pepper-pot emittance monitor to diagnose the beam extracted from AVF cyclotron, an
optical system with a digital camera was completed. Then, the required angular accuracy was esti-
mated to be less than 0.3 mrad. The beam test for the prototype was planned and the preparation was
started.

The development of the quantum sensor to search for a permanent electric dipole moment (EDM)
with an optical lattice interferometer is in progress at RIKEN. The RF filter was newly developed and
installed to the beam transport system to obtain the secondary beam of the Fr ion with a high purity,
which was used to improve the trapping efficiency of the magneto-optical trap. The parameter tuning
to get high intensity cold Fr atoms in the MOT is continued. Furthermore, a homemade Yb-doped
fiber amplifier (YDFA) is developed, required to generate a deep optical lattice potential that would
enable a long interrogation time for the EDM measurement.

The nuclear theory group is conducting large-scale shell-model calculations, having a strong re-
lationship to the project “Program for Promoting Researches on the Supercomputer Fugaku”. One
of the key achievements in FY2022 is finding the mechanism of the strongly hindered EO transition
from the superdeformed 07 state to the ground state in *°Ca. We are also performing shell-model
calculations for the structure of neutron-rich nuclei in collaboration with experiments carried out in
RIBF, RIKEN, focusing on the region around >*Ca. Another important direction of our activity is
application to the fundamental physics. In this year, we have found that the nuclear Schiff moment is
strongly correlated to nuclear magnetic moments, which enables providing reliable Schiff moments
in comparison to existing data.

The 21st CNS International Summer School (A3F-CNSSS22) was held from August 20th to 24th,
2022. The school was organized by CNS in collaboration with the JSPS A3F program and the Super
Heavy Element Center at Kyushu University. We shifted to a hybrid format following previous online
editions. The event, relocated to Shinrin-koen Heritage Resort, featured 8 lecturers and a total of



99 attendees, including 51 on-site participants and online attendees from Malaysia, Vietnam, Korea,
China, and India. We also welcomed participants from Oslo University for the first time.

Finally, I thank Ms. Shimane and other administrative staff members for their contributions through-
out the year.

Yasuhiro Sakemi
Director of CNS
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Data Analysis of OEDO day-0 Experiment Measuring °>Zr + d Transmutation
Reactions for the Study of Deuteron Breakup

T. Chillery, J. W. Hwanga, M. Dozonob, N. Imai, S. Michimasa,

T. Sumikama®, N. Chiga®, S. Otad, s. Nakayama®
for the ImPACT Collaboration
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Radioactive high level waste (HLW) treatment remains a
challenge in achieving long-term sustainability of nuclear
power generation [[I]. In particular, long-lived fission prod-
ucts (LLFPs) with half lives reaching millions of years con-
tinue to pose a problem to waste management. A promis-
ing alternative is using nuclear transmutation, whereby the
LLFP is bombarded by energetic light particles to form sta-
ble and short-lived products for simpler management. Early
transmutation studies [] used neutron-capture processes
on HLW, however LLFP *3Zr with a half life 1.61 million
years remains an exception. The neutron-capture cross sec-
tions are relatively small compared to other LLFPs, also
the small isotopic abundance (about 14% [2]) of *3Zr in
waste means additional >Zr may be produced by neutron-
capture on stable *°°1927Zr isotopes [B] thereby dimin-
ishing the technique’s effectiveness. Recent experimen-
tal studies were performed for deuteron-induced reactions
on %Zr, notably previous ImPACT studies across 50 —
210 MeV/nucleon [d-£], the results of which suggest a
promising alternative in the transmutation of this LLFP.
In particular, deuteron-induced reaction cross sections for
LLFPs are enhanced by deuteron breakup mechanisms at
energies above 50 MeV/nucleon [Z, 8].

Theoretical models TALYS [9] and DEURACS [R]
are under development to model reaction mechanisms in
deuteron breakup. However, additional cross-section data
is needed at energies below 50 MeV/nucleon to further
investigate the enhancement of production cross sections
from breakup channels, and benchmark current deuteron-
breakup models at lower energies. In October 2017 the
37Zr + d reaction was studied under inverse kinemat-
ics at 27.7 MeV/nucleon using the OEDO beamline and
SHARAQ spectrometer, housed at RIBF, RIKEN in Japan.
This report covers the analysis performed between April
2022 — March 2023 to obtain clear particle identification
(PID) of the reaction products, necessary to extract produc-
tion cross sections.

The ?3Zr secondary beam was produced in the BigRIPS
separator from in-flight fission of 345 MeV/nucleon 233U
with a ?Be 5 mm thick target. The beam energy was de-
graded to approximately 32 MeV/nucleon using a 3.5 mm
thick Al wedge-shaped (3.68 mrad) degrader. The beam

was transported down to the OEDO beamline, where it
bombarded a cryogenically-cooled deuterium gas target in-
stalled at focal plane SO. Downstream of the D, target, the
SHARAQ spectrometer was operated in QQD mode to col-
lect and momentum-analyze the reaction products. A di-
agram of the setup around SO may be found in Fig. 4 of
Ref. [T0]. Parallel plate avalanche counters (PPACs) were
installed at focal planes FE12 and S1 to measure position,
timing, and magnetic rigidity (Bp) of the beam and prod-
ucts. Near the back of S1, a 30 pad ionization chamber (IC)
with 750 mm active depth (1000 mm total depth from S1)
was filled with 130 Torr CF4 gas to successfully stop the
beam and products, thereby measuring their Bragg peaks.
The SHARAQ D1 dipole was set to one of five settings
ABp/Bpy = —9.5%, —5.5%, —1.5%, +2.5%, and +6.0%
where 0% is the central beam trajectory (Bpg = 1.6210 Tm).

Beam entering the gas target was counted using the time-
of-flight (TOF) measured by diamond and PPAC detec-
tors installed in the BigRIPS separator and OEDO beam-
line. Reaction products were identified at S1 using their
Bp, flight-path-length (FPL), TOF, Bragg peak energy, and
range information. The tracking information of FE12 and
S1 PPACs was fitted to extract the Bp and FPL through
SHARAQ. The TOF between SO - S1 was calculated as
the difference between S1 PPACs’ anode timing and timing
extrapolated to SO using FE12 PPACs’ tracking and anode
timing. The mass-to-charge (A/Q) was calculated from Bp
o A Bp e

Q yBcmy’
where 7 is the Lorentz factor, 8 is velocity (FPL/TOF)
scaled to the speed of light ¢, and - is a constant

(0.3214 C-s’kg~!m~!). The Bragg peak structure was fit
event-by-event using a spline normalized to SRIM-2013
stopping-power data to extract the peak and range informa-
tion. Sample fits are shown in Fig. [l. The mass number (A)
was extracted from the fitted range, assuming the energy
per nucleon is the same as beam, and the ion’s atomic num-
ber (Z) is proportional to peak energy. The Z-resolution was
improved by correcting the fitted peak energy for high order
dependencies on S1 X,y positions due to the IC response.
The atomic number vs IC depth of ions with § = 0.212




60

~Fit
50 Fit

—Fit
40

- Fit

30

Energy per pad [arb. units]

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

W R S
o b b b b e b b by 1l
300 400 500 600 700 800 900 1000
IC Depth [mm]

Figure 1: Sample Bragg peaks collected by the ionization
chamber at S1 using the measured energy deposited in each
pad (markers) with complementary spline fits (lines)

at setting ABp/Bpy = —1.5% is plotted in Fig. 0. Beam
contamination present at approximate range 755 mm ex-
tends towards the Z = 41 region, and to resolve this the
Z-identification used two-dimensional cuts on atomic num-
ber vs range, represented by the dashed lines, thus clearly
separating each fragment; Nb, Zr, and Y.
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Figure 2: Atomic number (Z) vs range of ion (at § = 0.212)

deposited in IC chamber at SHARAQ setting ABp /Bpy =

—1.5%. Dashed lines represent the two-dimensional cuts
applied to select each Z.

Final PID was achieved using the mass number vs mass-
to-charge gated on each Z locus. The PID at setting
ABp/Bpy = —1.5% is shown in Fig. B. Each isotope has
multiple loci due to the wide charge-state distribution at this
measurement’s low energy: 23.2 MeV/nucleon at S1. In the
near future the clear PID from this analysis will be used to
count the number of each reaction product, allowing the ex-
traction of production cross sections from the data. The fi-
nal cross sections with discussion of their impact on nuclear
transmutation and understanding deuteron breakup will be
submitted for publication in the near future.
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The r-process nucleosynthesis is a major origin of heavy
elements beyond iron. Because of high neutron densities in
explosive astrophysical conditions, neutron-rich radioactive
isotopes (RIs) are involved in the r-process. Though pos-
sible scenarios of the r-process were proposed more than
fifty years ago, the astrophysical sites of the r-process are
still one of the biggest problems in physics. Nucleosynthe-
sis simulations require precise nuclear-physics inputs such
as f decay rates, masses of the nuclei, and neutron cap-
ture rates, which can constrain the astrophysical conditions.
However, as the neutron targets are not available yet, it is
impossible to measure the capture cross sections and related
rates directly. Most neutron-capture rates rely on statistical
model calculations in particular to describe the compound
processes. There are significant uncertainties on level den-
sities and y-ray emission probabilities from the highly ex-
cited states, causing theoretical cross sections to differ by
several orders of magnitude between the models.

We evaluated the neutron capture reaction rate on ’°Se
with the surrogate reaction of 7°Se(d, p) in inverse kine-
matics, where the ¥ emission probabilities in the unbound
states of 8Se were determined by measuring the residual
nuclei without detecting the y rays [0]. The present study
aims to determine the neutron capture rate on *Sn via (d,p)
reaction with a '3°Sn beam. The surrogate ratio technique
was employed by also measuring the '3°Te(d,p) reaction. In
addition, the systematic error was evaluated by measuring
1248n(d p).

The experiment was conducted at the OEDO beamline at
RIBF. The cocktail beam including '*°Sn was produced by
the in-flight fission of 233U at 345 MeV/nucleon. The TOF
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Figure 1: PID map of the secondary beams at FE9. See the
text for details.

of the beam measured between F3 and FE9 indicates the
energy of around 170 MeV/nucleon. RI beams were iden-
tified by the Bp-TOF method. Figure [0 shows the particle
identification (PID) map of the secondary beam, demon-
strating that '3°Sn beam is well separated from the other
isotopes. Thanks to the new optics developed in the MS22-
1 and described in the report by S. Michimasa et al., in
this volume, the transmission between F3 and FE9 was im-
proved to be 85% for the beam with the F1 momentum slit
of £0.5%. The energy of the cocktail beam was further de-
graded to around 20 MeV/nucleon by a combination of the



Figure 2: The correlation between the charge and the hor-
izontal (x) position for each y position. Panels of (a)~ (f)
indicate the correlation for every 5 electrodes from the top.

angle-tunable degrader and a flat degrader. The energy of
the beam was determined event-by-event by measuring the
TOF between FE9 and FE12.

The '3°Sn beam of around 150 kcps was focused on the
secondary target of 287 pg/cm?-thick deuterated polyethy-
lene. The recoil protons were detected by the TiNA2 ar-
ray which was composed of four TTT double-sided square-
shape Si detectors, six YY1 single-sided sector-shape Si de-
tectors, and sixteen CsI(Tl) detectors. TTTs were placed
in a cubic-configuration and YY1 were in a lampshade-
like configuration. The four CsI(Tl) were placed behind
each TTT to measure the AE-E correlation of the charged
particles. The outgoing residual nuclei were momentum-
analyzed by the D1 magnet of the SHARAQ spectrome-
ter. Two SR-PPACs [] and an ionization chamber were
installed at the final focal plane to identify the residual nu-
clei.

The analysis of TTT, YY1 and CsI(TI) detectors has been
developed to select the protons and to reconstruct the miss-
ing mass spectrum. Also, the data from the beam-line detec-
tors have been analyzed. It turned out that the x position of
the SR-PPAC largely depends on the y position as presented
in Figs D. The x position was compensated by selecting ev-
ery 5 electrodes in y. After correcting the x position at S1,
the ions were identified. The PID plot was shown in Fig. B.
The Bragg curve is being analyzed.
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Operation of the OEDO-SHARAQ system commenced
with the SHARAQ spectrometer [[II] and a dispersion-
matched beamline, called High-Resolution Beamline
(HRB) [2] in 2009. Before the installation of the OEDO
device, we had two types of ion optics modes for high-
resolution spectroscopic experiments, which were named
by High-Resolution Achromatic (HRA) transport and Dis-
persion Matching (DM) transport, respectively. In 2014, the
development of the OEDO system was launched for nuclear
experiments with radioactive isotopes (RIs) in the energy
region of 10-50 MeV/u, and was completed in March 2017
as part of the upgrade of the HRB [B]. A schematic layout
of the BigRIPS, OEDO, and SHARAQ spectrometer is il-
lustrated in Fig. . We performed the reaction cross-section
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Figure 1: Schematic layout of BigRIPS separator, OEDO
beamline, and SHARAQ spectrometer. The closed circles
on the beamlines indicate the names of the focal planes.
The inset shows how the OEDO beamline was rearranged
in June, 2021.

measurements of long-lived fission products (LLFPs) with
proton and deuteron nuclei at approximately 25 MeV/u.
The data obtained are very fundamental and crucial for safe
disposal of nuclear fuel waste. The OEDO-SHARAQ is
also used to facilitates spectroscopic investigations of the
nuclear structure in particular nuclei far from the 8 stability
line by using single-nucleon transfer reactions. Moreover,
we are developing similar reaction measurements to pursue
astrophysical studies by using surrogate reactions and are

aiming at understanding neutron capture processes under
the conditions of explosive phenomena in compact astro-
nomical objects and in the Big Bang. However, the instal-
lation of the OEDO system arose from a situation in that
high-resolution spectroscopy cannot be performed without
magnet rearrangements.

In 2021, we performed a minor update of the OEDO-
SHARAQ system as shown in the inset of Fig. [ to ob-
tain better transmission of slowed-down RI beams as well
as a recovery of scientific opportunities of high-resolution
spectroscopy in the same magnet arrangement. The inset in
Fig. [ illustrates how the OEDO beamline was rearranged
in June, 2021. Finally, the OEDO-SHARAQ system suc-
cessfully attained quite unique dual performances and mul-
tifaceted operations of them, enabling researches on these
essential topics in nuclear physics. In this report, we present
the record in FY2022, showcasing high and stable perfor-
mances in each operation mode, as well as the ability to
swiftly switch the modes.

The OEDO-SHARAQ has provided a total of four exper-
imental opportunities in this fiscal year, covering both low-
energy reaction studies and high-resolution spectroscopic
studies. Table [ summarizes the experiments performed and
their conditions. The record comprises three LE-A S1 setup
and one HE-DM S2 setup. The LE-A S1 setup indicates
the setting for inverse-kinematics reaction measurements by
low-energy achromatic RI beams at SO where the reaction
products are analyzed by S1 setup of SHARAQ spectrom-
eter, while the HE-DM S2 setup is the setting for normal-
kinematics high-energy high-resolution spectroscopy where
the dispersion matching in BigRIPS-OEDO-SHARAQ are
satisfied and S2 detector setup was used. The details of
the experimental conditions and these setups will be elab-
orated on in each article within this annual report. Addi-
tionally it is noteworthy that the experimental setting was
swiftly changed from the LE-A S1 mode to HE-DM S2
mode within four days .

All the experiments conducted in the LE-A S1 mode
were inverse-kinematics (d,p) reaction measurements at
around 20 MeV/u by using the TiNA particle-detector array
for transfer reaction [4,5] at SO. The ion optical design for
the new magnet arrangement was detailed in Ref. [B]. We
emphasizes that this arrangement brought a significant im-
provement in the transmission of RI beams from F3 to the



Table 1: Experiments using OEDO-SHARAQ in FY2022

Exp. ID Date RI beam Mode
SHARAQI8 10-16 April ~ 130sn S ngef; >
SHARAQI9  16-21 May SONi S]LEGI;‘J .
SHARAQI3 2§ ﬁ‘;ﬁ 46Fe ;Es];ﬁ
SHARAQI2  5-11 Dec. 0Ca Snge’;‘l >

0
) (b)Energy at SO

15.6 £ 1.1 (c) MeV/u
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0T T
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Figure 2: The characteristics of °Ni beam in the FY2022
series of OEDO-SHARAQ experiments. (a) Beam spot pro-
file at the SO secondary target. (b) Energy distributions of
the RI beam at the SO secondary target.

secondary target at SO. Table I summarizes the measured
transmission of the RI beams before and after the rearrange-
ment. The first two experiments were done in FY2022, and

Table 2: Transmissions of RI beams in OEDO S1 mode.

Beam  Energy  Transmission Magnet
(MeV/u) in F3-S0 arrangement
B0sn 229 ~ 85% Present
ONi 19.5 ~ 85% Present
Se 35.0 ~18% Original [3]

the last experiment was performed using the original mag-
net arrangement back in FY2017. The introduction of the
new ion optics resulted in a significantly improvement in
the beam transmission, approximately by a factor of 4.7.
These measurements were successfully completed and the
obtained data analyses are in progress.

During autumn, another experiment involving inverse-
kinematics measurement of >’Ca(d,p) reaction was per-
formed. However, this experiment had to be suspended due
to an accelerator malfunction, leaving some part of the ac-
commodation incomplete. We plan to resume the physics
measurement as soon as possible and obtain the complete
set of experimental data.

The beam conditions at SO measured in the °Ni experi-
ment is shown in Fig. D. Figure D(a) shows the beam profile
at SO, where a solid red circle indicates 50 mm?, which
is the size of the secondary target. The beam was focused
well on the target because the ion optics were tuned as de-
signed. The energy distribution of 15.6 £ 1.1 MeV/u was
achieved, as shown in Fig. (b). The compression of the
energy spread has significantly improved from the previous
performance in 2017.
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Figure 3: Correlation between SO horizontal position and
S2 horizontal position of 3*Ca beam in SHARAQ13 exper-
iment.

A high-resolution performance of OEDO-SHARAQ was
essential for an experiment aiming to measure the atomic
masses of proton drip-line nuclei around Fe isotopes. The
experiment is positioned as the next program of TOF-Bp
mass measurement around >*Ca region [[1, B] and the re-
covered performance of DM ion optics [9] was maximally
utilized. Figure B shows the correlation between hit posi-
tions of a momentum-dispersive SO focus and the final focus
S2. These hit positions had no correlation and therefore the
lateral dispersion matching condition of OEDO-SHARAQ
was fully obtained for the experiment. This measurement
was successfully conducted, and the obtained data analysis
is currently in progress.

This report described the OEDO-SHARAQ possessed
dual performances in high-energy high-resolution spec-
troscopy and low-energy nuclear reaction measurements in-
duced by RI beams. This duality resulted from the update
of the beamline of the system in 2021. OEDO-SHARAQ
intensively promotes programs that use both modes of op-
eration and at the same time encourages innovative ideas for
future experiments.
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Neutron-deficient stable isotopes, referred to as p-nuclei,
are known to be produced by p process nucleosynthesis.
However, certain lighter p-nuclei, e.g. Mo and Ru, are sig-
nificantly underproduced in the present astrophysical sce-
nario. The vp process [[] ascribes their origin to core-
collapse supernovae, wherein the availability of neutrons
aids the flow to bypass the waiting point *°Ni on the syn-
thesis path. The neutron capture cross section of °Ni, how-
ever, remains experimentally unknown because both the
neutron and ®Ni are short-lived. To evaluate the cross sec-
tions, we applied the surrogate method [] to the (d,p) re-
action by using an energy-degraded ®Ni beam at OEDO.

The experiment was performed at the OEDO beam line of
RIBF. The secondary beam was produced by the projectile
fragmentation reaction of a "8Kr beam at 345 MeV/nucleon
and purified by the BigRIPS fragment separator. The total
beam intensity at F3 was measured to be about 500 kpps
(particles per second) with a purity of about 30% for ®Ni.
The impurities included >>Co (50%) and *Fe (10%), both
isotones of “°Ni with N = 28. The energy of °Ni transmit-
ted from BigRIPS to OEDO was about 113 MeV/nucleon.
The beam energy was degraded at FE9 by an angle-tunable
wedge-shaped degrader (3 mm in central thickness) to-
gether with a flat degrader (0.3 mm in thickness) [B], both
made of aluminum. The angle of the former was set to
4 mrad to obtain a desired beam energy. The beam energy
of 5°Ni was estimated to be 15.1(10) MeV/nucleon based

on the time of flight measurement from FE9 to FE12. The
RF deflector at FE10 was operated at 100 kV to reduce the
spot size of *°Ni. The phase shift of RF was optimized to
increase the transmission through the target frame aperture
of 50 mm in diameter (Fig. M). The transmission from F3
to FE12 was about 75% with a total rate of 370 kpps at
FE12. CD; targets of 285 and 644 ug/cm?, provided by
INFEN, were set at SO about 1 m downstream of FE12. The
incident position and angle of the secondary beam were de-
duced by a pair of SR-PPACs [@] in the vacuum chamber
of FE12. The recoiling protons were detected by the silicon
and Csl detectors array TiNA [5]. Missing mass spectra are
deduced from the scattering angle and total kinetic energy
measured by TiNA. The scattered particles were transmit-
ted to a QQD spectrometer at zero degrees for the particle
identification, which facilitated the determination of the de-
cay channels. The spectrometer was equipped with a pair
of SR-PPACs followed by an ionization chamber (IC) with
CF,4 gas at 100 Torr. The transmission through the spec-
trometer was roughly 50%.

The analysis work has mainly been focused on the SR-
PPACs and the IC so far. The charge calibration of the
SR-PPAC was made by using the secondary beam data of
5Ni obtained with the prescaled beam trigger during the
physics run. Note that no pulser calibrations data are avail-
able with the present detectors. In the analysis, the uncali-
brated charge distributions were first made as a function of
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Figure 1: Horizontal position at SO vs. TOF from F3 to FE9
of the secondary beam with the optimal RF settings.

readout strips. Here we only took the three largest charges
into account and eliminated the smaller charges so that the
resulting charge spectra show a distinct peak in each strip.
The gain parameters were determined to adjust the peak
heights to be almost constant among the strips belonging
to a given readout plane.

During this calibration step, we found that the gains are
not uniform especially in the vertical direction, which re-
sults in significant charge fluctuations. The cause of this
issue is likely inherent in the detector construction itself,
where the foils of the electrodes may not be secured suffi-
ciently flat. To correct for the non-uniformity, the horizontal
strips were subdivided into segments by every five vertical
strips and the gain parameters were obtained for each seg-
ment. An example of the charge distribution after making
all the corrections is shown in Fig. 2.

With the gain parameters thus obtained, the position was
deduced by the so-called Qg-Q; method based on the ra-
tio (R(Q1/Qo)) of the first (Qp) and the second (Q) largest
charges found in adjacent pairs of strips. The R(Q1/Qp)
ratio is translated to the position by using a table of conver-
sion coefficients defined for all combinations of adjacent
strip pairs. These coefficients were fine-tuned for each strip
pair by using the beam data to make the resulting position
distribution as smooth and seamless as possible inside and
at the extreme ends of a strip. Otherwise, the spectra show a
roughness with spike structures. The two-dimensional po-
sition distribution in Fig. B is thus obtained for *°Ni beam
particle events recorded by the prescaled beam trigger. The
widths of the position distributions in the horizontal and
vertical directions are evaluated to be 11 mm and 14 mm
r.m.s., respectively, by Gaussian fittings.

The analysis of the IC is presently underway. The charge
calibration was made by using pulser data acquired prior to
the beamtime. The gain parameters were obtained by fitting
a set of peaks in ADC spectra obtained for the respective
strips. The pedestal data were not included in the fittings
since the non-linearity turned out to be not negligible below
about 500 ADC channels. The conversion coefficients to
translate the calibrated ADC channels to the absolute ener-
gies were obtained by using the data of the *°Ni beam with
the high energy setting (about 110 MeV/nucleon). The av-

erage energy loss is estimated to be about 3.7 MeV/strip.
Once the charge calibration is complete, we will start work-
ing on the analysis of the Bragg curves.
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Figure 2: Charge distribution of the *Ni beam in the hori-
zontal readout plane of the upstream SR-PPAC at FE9.
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Figure 3: Position distribution of the **Ni beam at the target
obtained from the analyis of the SR-PPACs.
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The atomic nuclei near the self-conjugate line at Z = 21
are known to systematically have spin-gap isomers formed
by low-lying d5/, and f;, orbitals. In #7#7Sc (Z = 21)
isotopes, isomers with the d3 ,-hole configuration have al-
ready been reported, while some of isomers with the mirror
configuration at N = 21 remain unreported.

In this report, we present a preliminary result regarding
the half-life of the isomeric state in **Cr (Z = 24, N = 21),
which was determined for the first time. The isomeric state
was discovered to be located at an excitation energy of 107
keV in the previous study [[I]. This state was tentatively
assigned as the mirror state in *3Sc at 12.4 keV with a spin-
parity of 3/2" and a half-life of 318 ms. However, the half-
life of the isomeric state in **Cr had not been determined
yet. Only the lower limit of the lifetime of the 107-keV
state was reported (>80 us) and it was estimated to be on
the order of more than 100 us. Recently, the y-ray spec-
troscopy for mirror nuclei with isospin 7 = 3/2, and with
A = 45 and 47 was performed via one- and two-nucleon
knockout reactions []. However, the 107-keV Y rays were
not observed directly due to the long lifetime of the isomeric
state. The present study on “*Cr was performed by combin-
ing with the TOF-Bp mass measurements in the vicinity of
4TFe (SHARAQI13) in May-June 2022, which will be ex-
plained by Ref. [3].

The experimental setup was similar to the previous ex-
periment [4,5]. We carried out the delayed 7y-ray spec-
troscopy [B] of unstable nuclei including Cr. A secondary
beam consisting of various proton-rich isotopes in the pf-
shell region was produced by fragmentation of a "®Kr pri-
mary beam accelerated at 345 MeV/nucleon impinging on
a Be target with a thickness of 2.2 g/lcm®. After the TOF
measurements of the secondary beam particles, these iso-
topes were implanted into an active stopper consisting of

two plastic scintillators located downstream of the final fo-
cal plane (S2) of OEDO-SHARAQ. For the delayed y-ray
spectroscopy, two HPGe detectors were placed in the prox-
imity of the active stopper, perpendicular to the beamline.
The y-ray energy and hit timing of two HPGe detectors
were recorded by a self-triggering DAQ system equipped
with digital signal processor which shared timestamp infor-
mation with the DAQ for mass measurements. This system
enables us to match the heavy-ion events and y-ray events
without limitation of the time window.

Figure 0 shows the particle identification plot around **Cr
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Figure 1: Particle identification plot in the SHARAQ13 ex-
periment. The x axis represents the charge-to-mass ratio
(A/Q), while the y axis corresponds to the atomic number
(Z). The boxes surrounding the isotopes of *V, *Cr and
4TMn are used as the gate of the isotope selection for the y
rays.

obtained in this experiment. The particle identification was
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clear for incident RI beams. The **Cr nuclei implanted in
the active stopper amounted to approximately 5 x 10° par-
ticles in the 25 hours currently analyzed, which is part of
the beam time of about 100 hours. The energy spectra of y
rays followed by the implantation of **V, *Cr and ’Mn are
shown as Fig. B, where the time window after the implan-
tation of the RI beams was opened from 1 s to 2 ms. A
107-keV y-ray peak has been clearly observed in only *3Ctr,
which is consistent with the previous report [[]. The time
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Figure 2: Comparison of gamma-ray energy spectra of three
nuclides in the proximity of 3Cr.
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Figure 3: Decay curve in the time spectrum of the 107-
keV 7 rays from ¥Cr. The backgrounds have been already
subtracted by using the neighboring region of the 107-keV
peak in the energy spectrum.

spectrum of the 107-keV ¥ rays in *>Cr is shown in Fig. B.
The backgrounds have been already subtracted by using the
neighboring region of the 107-keV peak in the energy spec-
trum. The fitting function was used exponential function
for measuring the half-life of *Cr. The time spectrum was
fit to an exponential function plus a constant background as
f(t) =Noexp (—1n2 x t/Tl/z) +C, where three free param-
eters of Ny, 7j />, and C are used. In the current analysis, we
revealed that the half-life of the isomeric state in **Cr was
preliminary determined to be 2 ms. Detailed analysis to de-
termine the precision of the half-life including systematic

10

uncertainties are ongoing. After establishing the half-life
value, the reduced transition strength B(M2) for the 107-
keV transition from the first excited state with J* =3/2% to
the ground state with J* =7/2~ can be deduced. We plan
to discuss the features of the isospin symmetry in pf shell
nuclei including *>Sc-*Cr pair in comparison with theoret-
ical calculations.
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The two-proton radioactivity (2p decay), where two pro-
tons are simultaneously emitted during nuclear decay, was
theoretically predicted over 60 years ago [I]. In the early
2000s, 2p decay was discovered in very proton-rich nuclei
such as ®Fe and *Ni [2,8]. The energy level structure
and one- and two-proton separation energies (S, S»,) are
essential for evaluating the two-proton emission probabil-
ity of the 2p emitter tunneling through the Coulomb and
centrifugal potentials. Since the level structure and mass
difference among one- and two-proton-deficient nuclei are
directly related to S, and S5, the systematic measurement
of the masses of nuclei around the 2p emitter leads to a
complete understanding of 2p decay.

We performed direct mass measurements of proton-rich
Fe isotopes including “Fe using the TOF-Bp technique
[@] at the OEDO-SHARAQ beamline in RI beam factory,
RIKEN. Figure 1 shows the configuration of the beam-
line for the experiment. Proton-rich isotopes were pro-
duced by the fragmentation of the ’Kr primary beam
at 345 MeV/nucleon in a Be target with a thickness of
2.2 glem?. The fragments were separated by the BigRIPS
and transported to the OEDO beam line followed by the
SHARAQ spectrometer. OEDO and SHARAQ were op-
erated as a single spectrometer in the dispersion match-
ing mode [8], which achieved a momentum resolution of
1/15,000. In the TOF-Bp method, the mass value is de-
termined by the charge g, the time of flight (TOF) ¢, mag-
netic rigidity By, and flight path length L using the follow-

ing equation:
2
(z) -
q

where c is the speed of light. TOF was measured by dia-
mond detectors installed at the focal planes F3 and S2. Two

ct
L

m_Ze (1)

c
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multiwire drift chamber (MWDC) tracking detectors were
also installed at both F3 and S2 to calibrate the flight-path
length. To measure the Bp value, a strip-readout parallel-
plate avalanche counter (SR-PPAC), newly developed for
measuring high-rate heavy-ion beams [f], was used at the
intermediate focal plane SO. A silicon strip detector (SSD)
was mounted at S2 to identify the atomic numbers of beam
ions. Two layers of plastic scintillators surrounded by
gamma-ray detectors were installed after S2. This system
was used not only to stop the beam and measure the parti-
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-
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e 3
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= Timing detector (Diamond)

= Tracking detector (MWDCXx2)
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= Tracking detector (MWDCx2)

» Momentum slit
+ Energy degrader

{ /BigRIPS

Primary beam Production Target (*Be) |

8Kr 345 MeV/u

Figure 1: Schematic of the beamline and detector configu-
ration used for mass measurement.



cles emitted from stopped ions, but also to identify isomers,
which could shift the peak in the measured mass spectra.
Figure 2 shows the preliminary particle identification
plot. Proton-rich Ti, Cr, and Fe isotopes were detected in
the vicinity of the proton drip line. More than 30 reference
masses widely distributed in proton and neutron numbers
were also measured at the same time. The distribution of
each nucleus along the x-axis, i.e. mass value, comes from
the broadening of TOF due to trajectory differences. There-
fore the mass spectrum can be corrected by trajectory infor-
mation. Precise calibration analysis is now in progress.
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Figure 2: Particle identification plot.
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The mass of atomic nuclei is one of the most impor-
tant physical quantities for understanding nuclear structure.
Direct mass measurements for neutron-rich pfg-shell nu-
clei were successfully performed with TOF-Bp method in
SHARAQ spectrometer [, Z]. For the experiments with
secondary beam of heavier radioactive ions including the
direct mass measurement, the confirmation of particle iden-
tification is critical. In this experiment, the particle identifi-
cation can be confirmed by detecting delayed 7y rays emitted
from short-lived isomeric states of some of the fragments,
which is called isomer tagging. Since the energies and half-
lives of isomeric 7y rays have specific values , the isomer
tagging provides us with an exact fingerprint for the parti-
cle identification [B, d]. In addition, the isomeric ratios are
also crucial for determining the ground-state masses [2].

The mass measurement for proton-rich pf-shell nuclei
in the vicinity of *’Fe was carried out at OEDO-SHARAQ
[8] in May-June 2022. The experimental setup for isomer
tagging was installed at the downstream of the final focal
plane of SHARAQ spectrometer (S2+), as shown in Fig.
M. An active stopper with two 10-mm-thick plastic scin-
tillators was located at a 45 degree angle to the beamline.
The signals of the stopper were read out by MPPCs at-
tached both side of the scintillators. Two HPGe detectors,
ORTEC GMX80P4-95-S (Gel) and CANBERRA GX5019
(Ge2), were installed in close proximity of the active stop-
per, perpendicular to the beam direction. Two CeBr3 scin-
tillators with a diameter of 1 inch and a thickness of 1 inch
equipped with a PMT (HAMAMATSU H7145MOD) were
also placed along an axis tilted at 45 degree to the beam-
line. Between S2 and the active stopper, an Al energy de-
grader with a thickness of 3 mm was set for implanting RI
beams in the center of the active stopper. Additionally, a
veto scintillator was placed downstream of the active stop-
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Figure 1: Experimental setup of delayed y-ray spectroscopy
at S2+.

per to identify events where beam particles penetrated the
stopper. The energy and hit timing of the HPGe detectors
(the CeBrj3 detectors and the active stopper) were recorded
by a self-triggering DAQ system equipped with a digital sig-
nal processor (DSP) of Techno-AP APV8008 (APV8104-
14 and APV8504-14). To optimize the energy resolutions
of the DSP, each HPGe detector signal was split in two and
recorded in channels with different dynamic energy ranges
of 1500 keV and 5500 keV. The typical energy resolution
of Gel (Ge2) at 1333 keV in FWHM were 2.2 keV (2.0
keV) for the 1500-keV range and 2.7 keV (2.4 keV) for the
5500-keV range, respectively.

To confirm the particle identification of the present ex-
periment, we identified known isomers by using the isomer
tagging system. Figure [ shows the particle identification
plot of the secondary beams in this experiment. Known



Figure 2: Particle identification plot of the secondary
beams. Known isomeric-y rays from circled isotopes were
observed in this experiment.

T @K g gw’f\(b) BmSe 70
2 2 R =
0 wf 3 wop|\136 &
El g
Qo =]
S S
= =
. Ey(keV) Ey(keV)
o [(c)*mSe . = Nd)PTL g
E S 2 E m.r(\) 2
a fs2 g 0w g
z v 2.
E Tus) i I} .
=, h =
Mm LR O .|
E,(keV) E,(keV)
Figure 3: Energy spectra for isomeric y rays from

BSmK,43mSC, 46mSC, and 43mTi.
in these insets.

Decay curves are also shown

isomeric-7y rays from circled five isotopes of 3K, 4¥"Sc,
46mgc 43mTj and 4"V were observed. The typical delayed
Y-ray energy spectra for each of isomers are shown in Fig. B.
Decay curves are also shown in these insets. Table 1 shows
the comparison of our preliminary results of y-ray energies
and half-lives of known isomers with reference data [6-9].
Our results are consistent with those from the references.
Therefore, we successfully obtained reliable particle identi-
fication for widely distributed secondary beam species.
Data analysis with the CeBr; detectors and the active
stopper are ongoing. It is expected that the active stopper
will be used to identify the B-delayed 7y rays as well as iso-
meric 7y rays. Then, direct or 3-delayed proton emissions
may be observed by the stopper. The CeBrsz detectors will
help us to observe the y-y coincidence with HPGe detectors.
Further analysis for the discovery of new isomeric states are
also in progress. We will soon determine all the isomeric ra-
tios of observed isomers for the direct mass measurement.
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Measurement of double charge exchange ('>C, 12Be(Ozr )) reaction aiming for
the observation of double Gamow-Teller giant resonance
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The double Gamow-Teller (DGT) transition is a nuclear
process such that the spin and isospin are changed twice
by a (67)? operator without change of the orbital angular
momentum, where ¢ and 7 are the spin and isospin opera-
tors, respectively. A giant resonance which occupies most
of the DGT transition strength is expected to exist in a high-
excitation energy region [[II], but it still remains unobserved.
Experimental information of the DGTGR is potentially im-
portant for determining the nature of neutrinos. The tran-
sition strength and the centroid energy of the DGTGR are
suggested to be strongly correlated with the nuclear matrix
element of a neutrinoless double 3 decay [2], while theoret-
ically predicted values of the nuclear matrix element have a
large uncertainty depending on the chosen model [3].

We are aiming at the observation of the DGTGR using the
double charge exchange reaction (1>C, ?Be(05)). This re-
action is effective for the observation of the DGTGR for the
following reasons. First, this reaction is expected to have
a large cross section because the transition from 12C(O;,:_s.)

to 12Be(Ozr ) through the intermediate state of ?B(17) is ex-
pected to be strong since these states are all dominated by
07 configurations. Second, we can utilize an isomeric de-
cay of 12Be(03), for the event selection. '?Be(05) has a
lifetime of 331 £ 12 ns and decays into the ground state
by emitting an electron-positron pair [4]. Detecting back-
to-back photons with an individual energy of 511 keV from
the positron serves to tag the events of the double spin-flip
mode.

We performed the experiment at the RI Beam Factory
(RIBF) using the (12C, 12Be(02+ )) reaction [8]. A primary
beam of '2C with the energy of 250 MeV/u bombarded a
48Ca target of 10 mg/cm? thick with a graphene coating
placed at FO of BigRIPS. The momentum of the ejected
12Be was analyzed by the magnets between FO and F5, and
it was measured as the horizontal position at the dispersive
focal plane of F5. We used the DALI2 array for the de-
tection of the delayed-7y rays and successfully identified the
isomeric state of '>Be(05).

Figure M shows the differential cross section of the
Bca('2c, 12Be(Ozr )) against the horizontal position at F5,
F5X, for each scattering angle at the target. In a prelimi-
nary calibration, 1 mm in this distribution corresponds to
0.81 MeV in the excitation energy of *3Ti, and the ground
state of *3Ti is 27.7 mm in the position at FS. The back-
ground events of the 2cd2c, 12Be)lzog.s_ reaction coming
from the graphene sheet attached to the **Ca target will be
around —17 mm.

We obtained the angular distributions for the integrated
cross section focusing four regions of F5X at 10-mm inter-
vals, namely, from —20 to —10 mm (denoted (—20, —10)
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hereafter), (—10, 0), (0, 10), and (10, 20) as shown in his-
tograms in Fig. D. The corresponding excitation energy re-
gions of *8Ti in MeV are (30.6, 38.7), (22.5, 30.6), (14.4,
22.5), and (6.3, 14.4).

In order to extract the DGT transition component from
the experimental data, we compared the angular distribu-
tion with those calculated by ECIS [G] in which the cou-
pled channel calculation is performed. We consider the
initial state of 8Ca(0")+12C(0*), the intermediate state of
BSc(11)+12B(171), and the final state of *8Ti(01)+!2Be(01)
as each channel. We assumed two types of the transfer of
the orbital angular momentum AL in the calculation. First
type is such that in both of the transition from the initial
state to the intermediate state and from the intermediate
state to the final state, AL=0 ([AL=0] x 2), which cor-
responds to the DGT transition. The other type is AL=2
for the transition from the initial state to the intermediate
state, and AL =0 for from the intermediate state to the fi-
nal state ([AL=2]+ [AL=0]). The calculated angular dis-
tribution has a peak at 0° for [AL=0] x 2 while 0.7° for
[AL=2]+[AL=0].

We decomposed the experimental angular distribution
into these components of AL. The proportions for each
AL is determined by the least square method. In Fig. O,
the experimental data, the fitted results of [AL=0] X2, [AL=
2]+[AL=0], and added result of each component are shown
by black histograms, black dotted lines, blue dashed lines,
and magenta solid lines, respectively. For the region of
F5X=(—10, 0) and (0, 10), there seems to be the DGT com-
ponent by several tens of percent within the experimental
cross section. For F5X=(—20, —10), there seems to be the
contamination coming from '?C of the graphene. However,
the strength coming from *3Ca might remain significantly
according to the result of the background measurement. It
is still under discussion for this region.

We are now dedicated to the finalization of the results and
further discussions.
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Figure 2: Angular distribution of the cross section inte-
grated within the each region of the position of F5X=(10,
20), (0, 10), (—10, 0), and (—20, —10) in mm (from top to
bottom). The decomposed results are also shown.
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Owing to the developing technologies of Radioactive Iso-
tope Beams (RIB) around the world, fusion-evaporation
reaction using neutron rich RIB provides an approach in
the search for the Island of Stability, which is one of the
most attractive problems in experimental nuclear physics.
Doubly-magic '32Sn (Z = 50, N = 82) beam was proposed
in reaction '32Sn + °0Gd [II] to reach the edge of the Island
of Stability. Since '32Sn is located on the fission peak of
primary beam nuclei 233U, the intensity of '3?Sn beam is
larger than that of neutron rich Ca beam by four orders of
magnitude at RIBF, RIKEN. However, the reducing mass
asymmetry of the entrance channel will affect the probabil-
ity of forming the Compound Nuclei (CN).Hence, pioneer-
ing studies of more symmetric systems are mandatory.

To design the experiments to study Very/Super Heavy re-
gion and towards the Island of Stability, we need a reaction
model that can precisely give the cross section. However,
the dynamics of fusion reactions has not been established
yet. In particular, a quantitative understanding of the so-
called fusion hindrance effect is far from being achieved
due to the lack of experimental studies.

while Evaporation Residues (ERs) would be stopped in
the graphene sheet and went through o decay. A newly-
developed mosaic-type detector array [] consisting of 128
Silicon photodiodes (Mosaic) and two large-size pad type
Si PIN Photodiode (Pad) was placed upstream of the tar-
get to measure the o decay of ERs. Owing to the inverse
kinematics, Si detectors were totally free from the elastic
scattering events. A Coaxial Ge detector was used to mea-
sure the f-delayed y rays from relatively long-lived (T% >
10 min) daughter and grand-daughter nuclei of ERs.

(a) (b) Activation: 1h measurement
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Figure 2: (a) Partial decay scheme of '>3Bi and '°7Bi; (b)

Several experiments have been designed to quantitatively Off-line y energy spectrum of one-hour measurement starting

evaluate the fusion hindrance effect in near-symmetric sys- from 30 minutes after beam stopped. The red curve denotes
tem. As the first step, the setup and methodologies were the estimated background.

commissioned in an experiment at HIMAC to study the
fusion-evaporation reaction 36Xe + "Zn.

Mosaic: a
—

136K e
6 MeV/u l . I

Angle-tunable _ )
Al degrader MCP: ToF

136X e

1-um Zn + 25-um C  PLA: ToF

Figure 1: Overview of the experimental setup.

Figure [ shows schematically the experimental setup. 6-
MeV/u-139Xe*?* beam was delivered by the LINAC. Since
it was difficult to change the beam energy in the accelerator,
an angle-tunable aluminum degrader was used to tune the
beam energy, which was then determined by the ToF mea-
surement using a Micro Channel Plate (start) and a Plas-
tic Scintillator (stop). Three beam energies (Epap = 598,
621 and 651 MeV) were tuned and applied in the physics
measurement. A natural zinc target with a thickness of 1
um was backed with a 25-um-thick graphene sheet. The
thickness of the target and the back material were chosen
so that after the reaction, the beam would pass through
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The beam size at the upstream of the degrader is 1 cm in
diameter, while due to the multiple scattering of the beam
in the degrader and the large distance between the degrader
and the target, the beam spot was enlarged more than twice
on target, thus part of the beam (~10%) hit the target holder,
the material of which is natural copper. Partial ERs: ' Bi
and '°Bi produced in the fusion reaction between '3Xe
and 93-%5Cu were identified in the activation measurement,
as shown in Fig. D. Unfortunately, no f3-delayed ¥ rays as-
sociated with ERs produced in '3¢Xe + " Zn were observed
since the beam interacted with the Al degrader with a huge
cross section (~1b) and unstable products were stopped in
the target, causing the huge background in the activation
measurement.

To measure the o decay of ERs, the pulsed beam with 3
spills on and 3 spills off (1.65 s/spill) was applied, as shown
in Fig. B, where the x axis is At, defined as the time differ-
ence between the timestamp of each event and the start of
each pulse. It can be seen that even in the beam-off period,

thelg(; are aome ﬁmall Reaks which m]ay be caused by the
behlayre £ %ae) shows the experimental "o¢ energy spectrum

measured gy the Pad detector and Figure Bi(b) shows the an-
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Figure 3: Beam pulsing mode.

gular dependence of « particles measured by the Mosaic
detector, where y axis is the energy and x axis is the dis-
tance from hit position on detector to the target plane along
the beam axis, as shown in the inset. Due to the low statis-
tics, no clear angular dependence was observed. Since we
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Figure 4: Experimental « energy spectra measured by the (a)
Pad; (b) Mosaic detector at E;,;, = 598 MeV.

used quite thick back material to stop ERs, energy loss of o
particles is rather large, therefore the Monte-Carlo simula-
tion was performed to reproduce the experimental spectra.
Figure B shows one optimum fitting using 6.5-MeV « par-
ticles emitted by the ER '°°Po, where &, is a reduced factor
to multiply the range of ERs calculated by ATIMA code.
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Figure 5: The optimum fitting of the experiméntal spectrum
measured by the Pad detector at at E;,;, = 598.4 MeV.
Figures B(a) and (b) present the measured excitation
function of 3°Xe + %3Cu and '3Xe + %Zn, respectively.
For the system 136X e + 03Cu, cross section values are av-
eraged values in the effective thickness of the Cu target
holder, which was defined as beam energy ranging from
incident energy to the Bass fusion barrier. For the sys-
tem !3Xe + 4Zn, cross section values are averaged val-
ues in the target thickness. In the statistical model software
PACE4, the input fission barrier height (By) of the CN was
tuned to reproduce the experimental cross sections. It can
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be seen that for 3°Xe + Cu, B  calculated by Moller [B]
reproduced the experimental results while in the system
136Xe + 647Zn, the experimental cross sections agreed with
the By calculated by the Liquid Drop Model (LDM).
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Figure 6: Extracted excitation functions in (a) 136X e 4+ GCu
— 199Bj* and (b) 3Xe + %*Zn — 200Po*.

In conclusion, a fusion reaction using low-energy '30Xe
beam was performed at HIMAC. Partial ERs produced in
the reactions between '3°Xe beam and "% Cu, "*Zn targets
were identified by the in-beam ¢ measurement and the off-
line activation measurement, independently. Cross sections
deduced from the both measurements above are consistent
at E7,, = 598.4 MeV, and the excitation functions deduced
based on the in-beam o measurement were reproduced by
tuning the input fission barrier height of CN in PACEA4.
Our results suggest that the fusion-evaporation reactions of
the systems 136 4 natCy, "7y were not hindered signif-
icantly, and PACE4 gave a fair prediction of the reaction
cross sections of the systems above.
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The disappearance of the canonical magic numbers, such
as 8, 20, 28, has been observed in neutron-rich unstable nu-
clei []. In the area known as the “island of inversion” [3],
ground states of neutron-rich sd-shell nuclei are predomi-
nantly characterized by intruder configurations that involve
fp orbitals across the N = 20 shell gap, leading to the
breakdown of the neutron magic number N = 20. This phe-
nomenon can be attributed to the evolving shell structure
as one moves away from stability [], and the island of in-
version continues to be an important testing ground for un-
derstanding the nuclear interactions and correlations driving
these significant changes in shell structure.

The nucleus 3*Mg, located at the heart of the island of in-
version, is a pivotal isotope in this region. While its ground
state is strongly deformed, the remnants of the N = 20 shell
closure are thought to manifest in excited 0™ states, associ-
ated with a spherical shape [4,8]. The competition of these
distinct shapes, and consequently the emergence of the is-
land of inversion, is considered to strongly depend on the
delicate balance between the 2p2h intruder and OpOh normal
configurations. However, recent theoretical studies suggest
that the inclusion of stronger mixing, particularly 4p4h con-
figurations, may be essential in describing the N = 20 island
of inversion [B, [Z].

Discriminating between various nuclear models requires
comparison with high-quality experimental data. To this
end, detailed in-beam y-ray spectroscopy of *>Mg was per-
formed. Two different reaction probes, the one-neutron
(two-proton) knockout reactions on 33Mg (®*Si), each sen-
sitive to intruder (normal) configurations, were used to pop-
ulate states in >Mg. The first results were reported in Ref-
erence [B]. The subsequent publication, Reference [9], pro-
vides more comprehensive information about this study.
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The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory at Michigan State University.
Secondary beams of 3 Mg and 3*Si were produced by frag-
menting a **Ca beam at 140 MeV /nucleon on a °Be pri-
mary target. The beams of 3*Mg and 34Si were then directed
onto a ’Be secondary target with a thickness of 375 mg/cm?
to induce nucleon knockout reactions. The outgoing ions
of 3Mg were identified and momentum-analyzed by the
S800 spectrograph. The secondary reaction target was sur-
rounded by an array of y-ray detectors, Gamma-Ray Energy
Tracking In-beam Nuclear Array, GRETINA [IU]. By uti-
lizing its y-ray interaction position sensitivity, the Doppler
correction of y rays emitted from the fast outgoing nucleus
was performed on an event-by-event basis. We note that the
experimental setup is identical to a previous study described
in Reference [IT], but with different rigidity settings of the
beamline and spectrograph.

The strong selectivity of the one-neutron and two-proton
knockout reactions, as well as the high statistics collected
in the present measurement, enabled us to significantly up-
date the level scheme (see Figure ). Parallel momentum
distributions associated with each state were extracted from
the experimental data. Through comparisons with eikonal-
based reaction model calculations, spins and parities were
assigned to each level.

The use of one-neutron knockout has provided evidence
supporting a 3/27 spin-parity assignment for the ground
state of 33 Mg, which points to its 3p2h nature. Conse-
quently, one-neutron knockout is expected to preferentially
populate 3p3h negative-parity states in >>Mg. Such states
were indeed identified, with the lowest-energy negative-
parity state established at 2858 keV. This observation high-
lights the evolving shell structure as one approaches the
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Figure 1: Level scheme of 3>Mg constructed in the present work. States are categorized into three groups: (i) deformed
ground-state band, (ii) negative- and (iii) positive-parity states. The experimental levels were then compared with predic-

tions made by four different models.

island of inversion. New positive-parity states, which are
likely described by normal OpOh configurations, were iden-
tified through the two-proton knockout reaction. Notably,
potential candidates for the elusive 03+ state (see Refer-
ence [[7]) were discovered at excitation energies of 2288 and
2846 keV. To summarize, the present work revealed yet an-
other type of structures coexisting in 3>Mg: (i) the known
ground-state rotational band, (ii) 3p3h intruder negative-
parity levels, and (iii) OpOh normal positive-parity states,
revising the picture of shape coexisting in this nucleus.
The experimental level energies and exclusive cross sec-
tions populating each state were compared with theoreti-
cal calculations that combine the well-established, eikonal-
based reaction model and the state-of-the-art nuclear mod-
els: SDPF-M [[7], SDPF-U-MIX [6], EEdf1 [I3], and IM-
SRG [I4]. Although various models capture different as-
pects of the structure of 3>Mg, a consistent and compre-
hensive description of this nucleus has not yet been ob-
tained. For instance, the SDPF-U-MIX calculations accu-
rately reproduce the experimental level energies (see Fig-
ure M), whereas the two-proton knockout cross sections ex-
hibit discrepancies. For the full details, the reader is re-
ferred to the most recent publication of Reference [9].
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1. Introduction

Type I X-ray bursts are well known explosive stellar
events in the Universe and they occurred on the surface of
accreting neutron stars from a binary companion [[I]. While
the bursts are powered by many nuclear reactions includ-
ing the triple-alpha reaction, the p- and the rp-process [Z],
large uncertainties of their reaction rates cause difficulties
when predicting light curves of X-ray bursts to compare
with observations. Therefore, it is important to understand
these nuclear reactions involved in crustal processes in or-
der to interpret properties of neutron stars such as accreted
composition, source distances, and composition of the burst
ashes [B].

The large uncertainties of the reaction rates are due to
the nucleosynthesis flow driven toward the proton-drip line
by the ap-process and the rapid proton capture process (rp-
process). Recent sensitivity studies [@, 8] have shown that
there are important astrophysical (¢,p) reaction rates affect-
ing a large variation of energy generation and final ash in
X-ray burst models. Among the list of key reactions from
the Multi-zone X-ray Burst model, the 14O(Ot,p)”F reac-
tion was found to produce significant changes (7%) in cal-
culated luminosity, and a direct measurement of its total
cross section has been performed with a relatively large un-
certainty [B].

The reaction was also emphasized as a key determination
of the alternate break-out path from the hot CNO cycle to
the rp-process at sufficiently high temperatures (Tg > 0.5)
and high densities because the « capture on '#O and O
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competes favorably with § decay [[].

The spin and parity of a resonance state at E, = 6.15 MeV
plays an important role but recently the spin-parity assign-
ment was questioned in Ref. [8]. In order to constrain the
astrophysical reaction rate, the total cross section measure-
ment along the large range of E,, is necessary.

The O(a,p)'’F cross sections are calculated using
AZURE R-Matrix code [9] and TALYS-1.95 [I{], and
plotted on top of previously measured total cross sec-
tions [B, I, T2] as shown in Fig. M. Due to the different
frameworks between the AZURE and the TALYS-1.95, the
results show a discrepancy of two orders of magnitude by
maximum and this implies the importance of the direct mea-
surement. Furthermore, two cross section measurements
from Ref. [I[T, I7] show large disagreements with the data
from Ref. [6] at high energy range (2 MeV < E., < 2.8
MeV) whereas the two of them covering the low energy
range (1 MeV < E., < 1.5 MeV) are somewhat in agree-
ment to each other, encouraging another study to confirm
the reliability of measurements.

To address the uncertainties of the '“O(ct,p)!’F cross
section, a direct cross section measurement was per-
formed at CNS RI beam separator (CRIB), RIKEN. In this
manuscript, we report its experimental setup and the status
of data analysis.

2. Experimental Setup

The schematic diagram of experimental setup is shown
in Fig. 0. In order to produce the '*O beam for the exper-
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Figure 1: Calculated total cross sections of '*O(ct,p) re-
action and previous measured data. The measured cross
sections between E., = 0.5 MeV and 1.3 MeV show de-
viations from the calculated ones and have relatively large
uncertainty. The error bars on the expected cross sections
from this proposed experiment are based on the statistical

uncertainty.
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Figure 2: A schematic diagram of the CRIB beam-line
and experimental setup for the '*O beam production and
14O(a,p)'"F reaction. The energy of '“N primary beam
was chosen to maximize the 'O production from the
TH(N,0)n reaction.

iment, a '*N beam with the energy of 8.40 MeV/u and H,
gas cell target were used. Also, Texas Active Target Time
Projection Chamber (TexAT) was used as a reaction target
and a charged particle detector [T3] as shown in Fig. B. The
detector was developed at Texas A&M University, and up-
graded to Texas Active Target v2 (TexAT_v2) at the Center
for Exotic Nuclear Studies (CENS), Institute for Basic Sci-
ence (IBS) to optimize the detection efficiency for the (o,p)
cross section measurement [T4]. The energy and position
resolution of detected charged particles from the reaction
are enhanced thanks to the three-dimensional tracking of the
particles. Along with the segmented silicon and the CsI(TI)
detectors around the field cage, TexAT enables measuring
more precise cross sections as a function of center-of-mass
energy. In order to manage about 2500 channels from vari-
ous detectors, the GET electronics is used with the GANIL
data acquisition system. Two Parallel plate avalanche coun-
ters (PPAC) were installed at the upstream of the TexAT_v2
chamber to measure the beam identification. Also, a thin
plastic scintillator (2 um) with SiPM readout sensor (BM)
was installed along the beam axis right behind the window
of the TexAT_v2 chamber to monitor beam intensity and
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Figure 3: A front view of TexAT_v2. The field cage is lo-
cated at the middle of the detector and surrounded by Si and
CsI(T1) detectors.
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Figure 4: A beam particle identification plot using the tim-
ing information from PPAC a, PPAC b and BM. The red
circle represents events of '*O beam particles.

to correlate beam particles entered in the chamber. The
140 beam energy after the window was 3.36 MeV/u, cor-
responding to E., = 10.45 MeV and TexAT_v2 measured
proton tracks from the reaction. A silicon detector array and
a CsI(TI) detector array around the active area provide the
total energy deposition of light particles and particle identi-
fication if a particle escapes the active TPC volume.

3. Preliminary Results of Data Analysis

Once all the data transfer and data conversion from the
raw format to ROOT format were completed, the beam
particle identification and good event identification such
as proton or o-particle hits in the Si detectors were per-
formed. The energy calibration of all Si detectors and for-
ward CsI(T1) detectors was also performed with a calibrated
241 Am source.

The beam identification plot using the time of flight be-
tween PPAC a and PPAC b as well as the time difference
between PPAC a and BM is shown in Fig. B. Also, the par-
ticle identification plot of light particles detected by Si de-
tectors is used to find proton or a-particle events as shown
in Fig. B.

Using the gated proton or ¢-particle events, the particle
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Figure 5: (a) A particle identification plot using Forward Si
energy and sum of Forward Si and Forward CsI(T1) energy.
(b) A particle identification plot using averaged energy from
Micromegas and X6 Si energy.

track could be plotted and its reaction vertex could be found
matched with the beam track as a next step. Further analy-
sis such as the efficiency of the detector and excitation func-
tions is necessary to improve the existing '*O(at,p)!"F cross
section data.

In conclusion, due to the importance of low uncertainty in
140(a,p)!"F cross section related to the Type I X-ray bursts,
the direct cross section measurement of the cross section
has been studied at the CRIB, RIKEN, and data analysis is
in progress.
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1. Introduction

Type I X-ray bursts (XRBs) are thermonuclear explo-
sions that have been observed many times since the As-
tronomical Netherlands Satellite (ANS) observed the first
XRBs [[]. Cyburt et al. [P] investigated the sensitivity of
the nuclear reactions to the light curve of XRBs, which is
the time variation of the X-ray flux. The study suggested
that the 2681(06, p)29P reaction has one of the largest ef-
fects on the light curve. In order to evaluate the reaction
rate experimentally, Almaraz-Calderon et al. [3] studied
the energy level structure of 3°S using 28Si(*He, 1)*°S and
28(p, 1)*°S transfer reactions. However, the energy lev-
els they measured were up to 12.04 MeV and the data were
insufficient data above the a-threshold (9.343 MeV), corre-
sponding to the important energy region for estimating the
26Si(ar, p)>°P reaction rate. Therefore, we performed a di-
rect measurement of the 26Si(a, p)?°P reaction to get infor-
mation of the cross section at high energy region (excited
energy < 16.8 MeV).

2. Experimental setup
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Figure 1: Experimental setup at the target chamber.

The experiment was performed at the Center for Nuclear
Study Radioisotope Beam Separator (CRIB) [&]. CRIB pro-
duced a 2Si beam with a typical intensity of 3.2 x 10* pps
and a purity of 29%, which bombarded the “He gas tar-
get at about 250 Torr. As shown in Figure [, beam track-
ing information was measured by two delay-line Parallel

Plate Avalanche Counters (dl-PPACs) [8], and reaction par-
ticles were measured by five AE-E telescopes each of which
consist of three or four Silicon detectors. A Mylar foil
(C1oHgOy4) was used for the window to seal the “He gas
target. We used the thick target method [6] to measure a
wide range of the reaction energy, and with this experimen-
tal setup, the 2°Si(cx, p)*’P reaction was measured up to the
center-of-mass energy of about 7.5 MeV (T ~ 9 GK).

3. Analysis
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Figure 2: Beam identification at the target position. The
positions of 26Si, 2 Al and >*Mg are shown in the figure as
typical beam ions.

CRIB could not completely separate the *6Si ion, and
other beam ions also entered in the target chamber. There-
fore, it was necessary to identify the beam particles. Figure
[ shows the beam identification using the time difference
from the primary target to the PPACb (y-axis) versus the
time difference between PPACa and PPACb (x-axis). Simu-
lations were performed for various beam particles and com-
pared with this results, and 26Si jons were identified.

Then, we selected proton events with the 20Si beam gate
using AE-E identification to select the *°Si(a, p)*°P reac-
tion. We also performed background measurements with
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Ar gas at 54.9 Torr to evaluate background proton events,
and the same process was applied to these data. Figure B
shows an example of the comparison of the proton energy
spectra between the “He gas target and and the Ar gas tar-
get measurement. The number of events in the background
measurement was scaled to the “He gas target measurement
and this is an example for Telescope 5.
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Figure 3: Comparison of the proton energy spectrum be-
tween the physics data and the background data. The simu-
lation result of the elastic scattering at the target window is
also shown.

The result shows that the structure of energy spectrum
appeared in the same position, and with the simulation of
the elastic scattering at the target window, we found that
the proton events in the low energy region (<10 MeV)
mainly originated from elastic scattering at the Mylar win-
dow (Figure B). However, background proton events also
appeared in the high energy region, therefore background
subtraction was necessary to evaluate the correct yield of
the 2°Si(ct, p)>°P reaction.

The same process was performed for all the telescopes
and the reaction cross section was calculated using the
yields with the background subtraction. Figure B shows
the results, together with the cross section of the statistical
model, the NON-SMOKER cross section [[4]. We assumed
a uniform angular distribution and a transition to the ground
state. The reaction cross section was considered to be larger
in the high energy region, and the ratio of the background
events became larger. The events that the reaction occurred
near the window had a center-of-mass energy of 7.5 MeV,
therefore we considered 6.0 MeV to 7.5 MeV to be a rea-
sonable region for evaluating this data. The energy depen-
dence of the cross section was assumed to be the same as for
the NON-SMOKER cross section and fitting was performed
using the selected data points. Due to the low statistics, sig-
nificant yield could not be obtained, therefore an upper limit
(99%) was also calculated for conservative evaluation, and
the result was 0.134 times the value of the NON-SMOKER
cross section (Figure H).

25

—— NONSMOKER

estimated CS

upper limit (36:99.9%)

—&— experiment

total cross section [barn]

1072

T gl R A S N L L R VIR IV B0 R W R P T A
5 5.5 6 6.5 7 7.5 8 8.5 9

center of mass energy [MeV]
Figure 4: Calculated cross section with NON-SMOKER
cross section. The middle line represents the upper limit
of the measured cross section, assuming the energy depen-
dence is the same as NON-SMOKER cross section.

4. Summary and outlook

The present study focused on the direct measurement of
the 26Si(ct, p)*°P reaction. We obtained proton events with
up to 7.5 MeV center-of-mass reaction energy, correspond-
ing to a Gamow peak energy of T =9 GK. However, due
to the low statistics and the large number of background
events, it was difficult to extract significant proton events,
so an upper limit on the reaction cross section was calcu-
lated. The result was an order of magnitude smaller than
the value from the statistical model currently used in mod-
els of XRBs, and we point out that this result can constrain
the light curve models of XRBs.

For a more accurate evaluation, it is considered neces-
sary to change the window foil causing the background
to a hydrogen-free material and perform the measurement
again. Also, a comparison with the ongoing analysis of
26Si(or, 0r)*0Si resonance scattering [8] will provide more
complemental results.
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We are interested in studying nuclear reaction mechanisms
using halo nuclei [I]. We started a research program to
study the elastic scattering, transfer reactions, and breakup
effect using the lightest halo nucleus, °He. Halo nuclei
have a low separation energy on the last nucleon(s): ®He
is considered to have a three-body structure o+n+n with
a radius of 2.4-2.5 fm [J]. The goal of our experiments
is to study the elastic scattering, the two-neutron and one-
neutron transfer reactions using ®He beam with light tar-
gets. The study of transfer reactions — (p, d) and (p, ¢) -
and breakup effects is anticipated to provide insight into the
halo structure and reaction mechanisms [B—5]. For that pur-
pose, we have developed a ®He beam at CRIB.

The machine study (MS) with a ®He beam was performed
in Oct. 2022 at the CNS Radio-isotope Beam Separator
(CRIB) to improve the beam intensity and purity [B]. The
"Li3* beam at 8.3 MeV with the intensity of 4.4 ey A was
extracted through the AVF cyclotron to bombard the cryo-
genic gas cell filled with deuteron gas. The ®He particles
were produced via the TLi(d, 3He)6He reaction in inverse
kinematics. The ®He beam energy at the F3 Chamber was
7.86 MeV/u, and the intensity reached to 6x10° cps with
purity of 90% in the optimal experimental conditions. We
used two multi-wire drift chamber (MWDC) [[Z] to track the
beam particles event by event as shown in Fig. . The track-
ing efficiency of both MWDCs was better than 96% when
the supplied voltages to MWDCa and MWDCb were -900V
and -790 V, respectively. The data acquisition (DAQ) trig-
ger made by the MWDCb cathode together with the silicon
detectors was compared with the trigger made by the plastic
scintillator and silicon detectors [R].

292 mm 133 mm 288 mm
®He beam 0=17°
CH, ¥
target e E
MWDCa MWDCb Plastic scinti.

Figure 1: Schematic diagram of the detector setup in the F3
chamber.

In addition to optimizing the beam conditions, we also
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performed a short physics run in the MS. The optimal
®He beam hit a polyethylene (CH,) target with the thick-
ness of 50 um. A silicon telescope composed of four
layers was installed at a detection angle of 17 degrees
to detect the scattered particles. The active size of each
layer was 50x50 mm? with a spacing of 10 mm. The
distance between target center and telescope center was
138 mm. A double-side silicon detector (DSSD, 300 um
thick, 16x 16 strips) was used as the first layer to measure
the hit position (X and Y) and energy loss (AE) of the pro-
duced particles. The silicon detectors of the remaining three
layers were 1500 um thick and measured the residual ener-
gies of the particles. The particles were identified as proton
(p), deuteron (d), triton (¢), alpha (o), and %He particles us-
ing the AE-E method, as shown in Fig. D.
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Figure 2: E-AFE plot of the elastic and transfer reaction.

Fig. B shows a correlation between total kinetic en-
ergy (E) and the scattering angle in the laboratory frame,
as data were collected in only 52 minutes using an in-
tense ®He beam of 1.5x10° cps. Kinematical curves of the
®He(p, po/p1)®He, ®He(p, r)*He, and *H(p, po)*H reactions
were depicted in the figure, the p; corresponds to the pro-
ton from the inelastic scattering to the first excited state of
SHe (1.797 MeV, 271). It is obvious that the po from the
elastic scattering (solid curve in Fig. B(a)) and ¢ from the
transfer reaction (solid curve in Fig. B(b)) can be clearly
separated from other events. Because of the breakup ef-
fect of the ®°He+p reaction and the subsequent decay of "He
produced by the ®He(p, d)’He reaction, and the o + d + n
3-body exit channel, & and d from the ®He(p, /)*He and
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Figure 3: Correlation between kinematic energy (E) and
scattering angle in the laboratory fram. Fig. B(a) and Fig.
B(b) are obtained with selections of produced protons and
tritons, respectively. The dashed and dash-dotted kinematic
curves of the 6He(p, p1)6He and 3H(p, p0)3H reactions are
also plotted, respectively. The p; is corresponds to the first
excited state of °He (1.797 MeV, 27).

®He(p, d)’He reactions are not identified yet in the present
status. The data analysis of MS will help optimizing the
detector setup for the upcoming main experiment in May,
2023.

In summary, the MS was successfully done, where the
beam intensity and purity of ®He-p were improved to be
6x10° cps and 91% respectively. Additionally, the per-
formance of the 4-layer silicon telescope was examined
with the ®He-p reaction for the coming physics experi-
ment. Based on the present analysis, we confirmed the
®He(p, po)He and ®He(p, r)*He reactions were identified
with the present setup.
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Multiplicity dependence of direct photon production in pp collisions at /s = 13
TeV
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1. Introduction

Thermal direct photon is one of the key signatures of
creation of strongly-interacting hot Quark Gluon Plasma
(QGP) in ultra-relativistic heavy-ion collisions. In recent
years, collective phenomena in high-multiplicity proton-
proton and proton-ion collisions [IIl, 2] have been found and
attracted great interest of the heavy-ion community as they
exhibit surprising similarities observed in heavy-ion colli-
sions. If these phenomena indicate formation of QGP or
creation of a thermalised system, it should give rise to ther-
mal radiation of (virtual) direct photons as well. How-
ever, such measurement has not been conducted yet so far.
Furthermore, experimentally direct photon measurement is
a big challenge, as it swallowed by a huge background,
i.e. photons from hadron decays such as 7° and 1 me-
son. Therefore, the study of direct photon production in
small systems is very important, and hence we perform di-
rect photon measurement in minimum-bias (MB) and high-
multiplicity (HM) pp collisions, with internal conversion
technique [B], The choice of this technique is based on the
necessity to get better signal to background ratio. In this re-
port, the first measurement of direct photon as a function of
pr and charge particle multiplicity dN./dn are presented.

2. Analysis

The fraction of virtual photon r is defined as the ra-
tio direct over inclusive photon, which is the same as for
real as well as virtual photon at massless limit is given by

r = Yair/ Yinel = Yair/ Vil o It is extracted by a fit to the
measured dielectron invariant mass spectra as reported in
Ref. [@]. The results were preliminary but since then, the
n° and N meson were finalized. According to this up-
date, systematic uncertainties of r was also re-evaluated
and reduced for both MB and HM events. Based on r,
the direct photon excess ratio Ry, which is defined as the
ratio between inclusive photon and decay photon spectra
Ry = %ncl/Ydecay = 1/(1 —r) is calculated. By definition,
Ry > 1 indicates existence of direct photon signal.

In this analysis, measured Ry is 1 - 2 % and show sig-
nificant excess of 3.20 and 1.90 of direct photons in the
low-momentum range of 1 < pr < 6 GeV/c in MB and HM
event classes, respectively. This is for the first time to mea-
sure direct photon in pp collisions at 13 TeV down to very
low pt ~ 1 GeV/c, where theoretical uncertainty of pQCD
is large.

The direct photon yield is calculated as Ygir = Ydecay X
r/(1—r). To this purpose, the decay photon spectra called
decay photon cocktail, are obtained by employing fast
Monte Carlo simulation of light-flavor hadrons decaying
into photon. For each of these sources, the input parame-
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terizations of the corresponding pt spectra are identical to
those used in the dielectron cocktail simulated for the di-
electron spectral analysis.

3. Results

Figure. M shows obtained direct photon cross section
(left) and invariant yield (right) as a function transverse
momentum. Data compared with theoretical calculations:
the next-to-leading order (NLO) pQCD calculations by Vo-
gelsang [§], the model of Shen which consists of pQCD
(prompt photon) plus thermal photon contribution [G], and
prompt photon contribution using Pythia 8 event gener-
ator [7]. The pQCD photons are produced via quark-
gluon Compton scattering, quark-antiquark annihilation.
In addition, higher order processes, like fragmentation or
bremsstrahlung, are considered. Note that at LHC energy,
fragmentation photon dominates pQCD photon. Shen’s
thermal contribution considers viscous hydrodynamic evo-
lution which is necessary to discuss creation of QGP in
small systems. In Pythia § calculation, we selected top 0.1%
multiplicity class for the inelastic events.

The result in MB event class is found to be consistent
with both pQCD-based calculation and prompt plus ther-
mal contribution, while Pyhtia 8 underestimates data be-
low 3 GeV/c. The result in high-multiplicity event class
is also compared with calculations by Shen and Pythia 8.
Since pQCD photon production at high-multiplicity events
can not be calculated in the context of the ordinary NLO
calculation [K], one from Vogelsang is not shown. For the
prompt contribution by Shen, it is assumed that invariant
yield is same as MB events. It was found that the HM re-
sult is consistent with Shen’s calculation, while prompt only
contribution and Pythia 8 calculation underestimate data be-
low 3 GeV/c.

Finally, Fig.2 presents the integrated direct photon yield
as a function of charged-particle multiplicity at mid-rapidity
measured in pp collisions. For this Figure, direct photon
yields in MB and HM event classes presented in Fig. 1 are
integrated over the 1 < pr < 3 GeV/c range. The results
show the clear multiplicity dependence, which is not ex-
pected a priori. Also, it is found that the result in MB event
class is compatible with both prompt photon calculation and
hydrodynamical model. Furthermore, the HM result favors
photon from prompt plus thermal photons which is hint for
QGP in small systems.

4. Discussions

In this report, we presented direct photon measurement in
MB and HM pp collisions at y/s = 13 TeV. With increased
statistics and significantly reduced systematic uncertainties
of hadronic cocktail compared to previous publication [9],
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Figure 2: Direct photon yield at mid-rapidity as a function
of charged-particle multiplicity dN/dn.

we see for the first time in pp collisions a significant yield
of direct photons at low transverse momentum in both event
classes. In addition, direct photon yield at mid-rapidity as
a function of charged-particle multiplicity dN.,/dn is stud-
ied. The results show clear multiplicity dependence, and
furthermore, it was found that the results favors prompt plus
thermal contribution instead of one from prompt only. The
statistics which will be collected in the ongoing and future
Run 3 and Run 4 periods of LHC operation will allow one
to study the direct photon yield with higher statistical pre-
cision and in a more differential way.
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Measurement of long-range two-particle correlation and pseudorapidity
dependence of v, with ALICE
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1. Introduction

The measurements of long-range two-particle correlation
are a useful tool to study the properties of Quark Gluon
Plasma (QGP). Striking correlations over a long range in
An on the near side (A @ ~ 0), the so-called “ridge”, have
been observed in heavy ion collisions at RHIC and the
LHC [, 2]. They are well understood as derived from the
collective expansion of the initial collision geometry and
its fluctuations in heavy-ion collisions. The “ridge” struc-
ture was also observed in small collision systems such as
pp and p—Pb collisions [3]. Extending these measurements
over a wider range in pseudorapidity and final-state parti-
cle multiplicity is important to understand better the origin
of these long-range correlations in small-collision systems.
We present results on long-range two-particle correlations
with pseudorapidity gap |An| ~ 8 and the second-order az-
imuthal anisotropy as a function of pseudorapidity in and
p-Pb at \/sxn=5.02 TeV. These measurements utilize the
Forward Multiplicity Detector (FMD) to extract vo(1) over
the unprecedented range of about 8 units of pseudorapidity
(—=3.1 <n <4.8). The results are compared with a hydro-
dynamical calculation.

2. Experimental setup

The main sub-detectors in this analysis are the Time Pro-
jection Chamber (TPC) and the Forward Multiplicity De-
tector (FMD). The TPC is used for charged particle track-
ing. It covers a pseudorapidity of |n| < 0.8, where a
21 coverage in azimuthal angle is ensured. The FMD
is located at —3.4< n < —1.7 (FMD3) and 1.7< 1 <5.1
(FMD1,2) with 27 acceptance in azimuthal angle. The
FMD counts the charged-particle multiplicities with a gran-
ularity of A¢ = 1/207 and An = 0.05. For event trigger
and centrality determination, the VO detectors, which are lo-
catedat —3.7<n < —1.7(VOC) and 2.8 <N < 5.1 (VOA),
are used. Minimum-bias events are triggered by using a co-
incidence signal between VOA and VOC. The positive pseu-
dorapidity is in the Pb-going direction.

3. Analysis

The two-particle correlations between trigger and asso-
ciated particles are measured as a function of the pseudora-
pidity difference An and the azimuthal angle difference A ¢
for a given event. The associated yield to a trigger particle
as a function of A7 and A ¢ between two charged particles
is defined as

I &Nasso _ 5(An,A9)
Nuig dAJdA” ~ B(An, Ag)’

where Ny;e is the total number of triggered particles in the

(D
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T Nuig dAdA’

is the associated yield per trigger particle in the same event,
and the background function B(An,A@) = aﬂ% is the
pair yield between trigger in one event and associated par-
ticles from other events with the same multiplicity and
primary-vertex position along the beam direction. The o
factor is chosen so that B(An, A @) is unity at the maximum
bin. By dividing S(An,A¢@) by B(An,A¢), pair accep-
tance and pair efficiency are corrected. Figure [ shows the
associated yield per unidentified hadron trigger particles for
TPC-FMD1,2 (left), TPC-FMD3 (center), and FMD1,2—
FMD3 correlations (right) in the 0-5% (top) and 60—100%
(bottom) p—Pb collisions. For all three combinations, a
long-range correlation on the near side (—7/2 < A@ <
7/2), the so-called “ridge”, is observed in the 0-5% event
class, while no significant “ridge” is observed in 60—100%.

event class, the signal distribution S(An,A@)

02<p"<3GeVic
PP (5= 5.02 TeV o eove
TPC-FMD1 2 &

200 <3

0-5% (VOA)

TPC-FMD3

31<n™ <29

Figure 1: Correlation functions between TPC-FMDI1,2
(left), TPC-FMD3 (center), and FMD1,2-FMD3 (right) in
0-5% (top) and 60—100% (bottom) p—Pb collisions.
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Figure 2: Projection of the correlation function of
TPC-FMD1,2 (left), TPC-FMD3 (central), and FMD1,2—
FMD3 (right) correlations in 0-5% p—Pb collisions with the
template fit.

The template fitting procedure [4] is employed to esti-
mate and subtract the non-flow contamination due to recoil
jets and resonance decay. The correlation function Y (A @)
is assumed to be a superposition of a non-flow contribution,
which is estimated by scaling the correlation function from



peripheral events, and the flow contribution. The template
fit function is defined as

3
Y(AQ) = FYperi(AQ) + G{14+2 ) Vyucos(nAg)} (2)
n=2

where Y (A@) and Yeri(A@) are the correlation functions
in central and peripheral events, respectively. F,G,V,, , are
free parameters. Assuming that the relative modulation of
the two-particle correlation function is solely due to the
modulation of the single-particle distribution, the modula-
tion of the two-particle correlation measured in two differ-
ent pseudorapidity ranges for particles A and B can be fac-
torized as: V22(Na,NB) = v2(Na)v2(ng). If this factoriza-
tion holds, for example, the second azimuthal anisotropy
at the TPC acceptance is obtained by three relative modu-
lations of TPC-FMD1,2, TPC-FMD?3, and FMD1,2-FMD3
as

TPC nFMD1.2 TPC nFMD3
Vz(T,TPC) _ \/VZ,Z(n 1 )VZ,Z(TI 1 ) . 3)

\/2,2(1-'1’MD1,27 nFMDS)

Figure B shows the pr-integrated v, as a function of 1 for
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Figure 3: pr-integrated v, as a function of 7 in various
centrality classes.

the 0-5%, 5-10%, 10-20%, and 20-40% centrality classe.
Non-zero v; is observed at -3.1< 1) <4.8 in up to 0-40% p-
Pb collisions. Figure B shows v, as a function of charged-
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Figure 4: v, as a function of charged-particle pseudorapid-
ity density for five different pseudorapidity regions.

particle multiplicity density for five different pseudorapidity
regions and for different centrality classes: 0-5%, 5-10%,
10-20%, and 20-40%. It is found that the pseudorapidity
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Figure 5: v»2(n) compared to the hydro calculation in p—Pb
collisions

dependence of v; is not just simply driven by the local mul-
tiplicity, v, independently depends on both 1) and dN,;,/dn.
Figure B shows v,(1) compared to the 3+1 hydrodynami-
cal model [5] which employs 3D Glauber initial conditions,
viscous hydrodynamics based on MUSIC, and the UrQMD
model to simulate the dynamics in the hadronic phase in
four different centrality classes. The hydrodynamical model
qualitatively describes data for all centrality classes over the
entire pseudorapidity region. It suggests that strong final-
state interactions are possibly the origin of a significant v,
over a wide pseudorapidity range even in small collisions.

4. Summary

The long-range two-particle correlations are measured
using TPC and FMD in p-Pb collisions. The long-range
correlations are observed up to An ~ 8. Non-zero v, is
observed over a wide pseudorapidity range, which is ex-
tracted using the three-sub event method. The pseudorapid-
ity dependence as well as its asymmetric shape of v, could
be well explained by charged-particle multiplicity distribu-
tions. The hydrodynamical model describes the data over
the entire rapidity region in up to 0—40%. It suggests that
the collectivity exists over a wide rapidity region in small
collision system.
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Production of direct photons via internal conversions in Pb—Pb collisions at
V/SNN = 5.02 TeV with ALICE at the LHC

D. Sekihata and T. Gunji
Center for Nuclear Study, Graduate School of Science, University of Tokyo

1. Introduction

The goal of performing high-energy heavy-ion collisions
is to understand the properties of the quark-gluon plasma
(QGP), which is a phase of matter composed of deconfined
quarks and gluons under extreme conditions at high temper-
ature and high energy density [, 2]. Photons and dileptons
are one of the tools to investigate the space-time evolution
of the high-energy heavy-ion collisions. These electromag-
netic probes are produced by various sources during the en-
tire evolution and traverse the medium without strong inter-
action. Thus, they carry undistorted information at the time
of their production [3].

Thermal Photons emitted from partonic and hadronic
phases, and prompt photons produced by the initial hard
scattering are called direct photons. Thermal photons carry
information on the thermodynamics of the system and
prompt photons are suitable for testing perturbative QCD
(pQCD) calculations. Since experimental photon yields are
dominated by background due to photons from hadronic de-
cays, the decay photons are simulated and subtracted. The
simulated decay photons, so called “hadronic cocktail”, are
based on their measured yields with realistic detector reso-
lution. For the non-measured hadrons, their transverse mo-
mentum (pr) spectra are scaled from the measured pions
called mr-scaling technique.

The measurement of real direct photons at low pr is chal-
lenging due to the large background from #° decays which
amounts ~ 85% of total backgrounds, followed by 1 ~
12%, @ ~ 2% and N’ ~ 1%. An alternative approach to
measure the direct photons is to measure direct virtual pho-
tons via dielectron channels [4]. One of the advantages of
dielectrons compared to real photons is that the dominant
background of 7¥ decays is significantly reduced by mea-
suring virtual direct photons in the dielectron invariant mass
(mee) region above the 7° mass of 135 MeV/c?. The frac-
tion of direct virtual photons over inclusive virtual photons
in the kinematic range of quasi-real photons (pr.ce > Miee)
is expected to be equivalent to that of real photons in the
mass-less limit mq. — 0 [8]. Therefore, the measurement of
direct virtual photons decaying into dielectrons is indepen-
dent and complementary to that of direct real photons.

2. Analysis

In November and December of 2018, ALICE took data
in Pb—Pb collisions at /syy = 5.02 TeV with enhanced
triggers for central semi-central collisions. The number of
events for physics analyses is 65 M in the 0-10% and 55 M
in the 30-50% centrality classes respectively. In this anal-
ysis, charged particles with pr > 0.2 GeV/c and pseudo-
rapidity |1| < 0.8 are selected. The tracking detectors at the
central barrel of ALICE are Inner Tracking System (ITS)
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consisting of 6 silicon layers and Time Projection Chamber
(TPC). For the electron identification, the specific ionizing
energy loss in unit length dE/dx measured in ITS, TPC and
the time of flight with the TOF detector are used.

In the pair analysis, there are huge combinatorial back-
grounds in unlike-sign pairs (ULS: e*e™). The combinato-
rial background is estimated by the like-sign technique (LS:
ete™ oree). Signal S is defined as

S:N+,—2R N++N,,,

where R is a correction factor for different detection effi-
ciencies between electrons and positrons obtained from the
event mixing technique by

mix
N™iX

2, /N'Pix NmiX

The reconstruction efficiency for dielectron pairs is evalu-
ated in the Monte-Carlo simulation together with detector
response.

R=

3. Results and discussions

The efficiency-corrected dielectron invariant mass (1)
spectrum is shown in Figure [
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Figure 1: The me. spectrum in 0—10% central Pb—Pb colli-
sions at /snN = 5.02 TeV. The vertical bar shows statistical
error, while the box shows the systematic error.

Then, the direct virtual photon signal is extracted from
the mee spectrum with the template fit consisting of 3 com-
ponents. The fitting function is defined as

dN
dme,

= rfar+ (1 —r) fur + fur,



where fip is the light-flavor cocktail, fpr is the heavy-
flavor cocktail and fj;; is the direct photon template given
by Kroll-Wada formula [8] which describes the relation be-
tween real photon production and dielectron production.
The r is the only free parameter and is interpreted as di-
rect photon fraction (4t /y"®) In order to avoid the
n° — e*e”y (Dalitz) decays, The fitting is performed in the
mass range of 0.12 < mee < 0.34 GeV/c2. Both fair and fLF
are separately normalized to the data at mee < 30 MeV/c?,
because a process dependent factor of the 7° Dalitz decay
is close to unity in this mass region. Thus, the functional
forms of fy;; and fir are identical. fyr is in absolute yield.
An example of the template fit is shown by Figure O.
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Figure 2: The template fit for direct photon extraction in
0-10% central Pb—Pb collisions at /syy = 5.02 TeV for
1.2 < pr < 1.6 GeV/e.

Finally, the direct photon yields are constructed by Y4 =
ry". The inclusive photon Y is measured with photon
conversion method at the same energy in the same cen-
trality class. Figure B shows the pr spectrum of the di-
rect photon in 0-10% central Pb—Pb collisions at \/sNN =
5.02 TeV compared with theoretical models. The domi-
nant systematic uncertainty is due to the fit range variation
and the light-flavor cocktail. The new ALICE data points
are slightly higher than the pQCD calculation (i.e. photons
from hard scatterings at the initial stage). On the other hand,
the state-of-the-art model [6] including photons from pre-
equilibrium, thermal radiations and hard photons tends to
overpredict the direct photon yields at low pr.

4. Summary

The measurement of dielectron production is performed
in 0-10% central Pb—Pb collisions at /sy = 5.02 TeV
recorded in 2018. The virtual photon signal is extracted
from the mass range of 0.12 < mee < 0.34 GeV/c2. The
direct photon yields are higher than the pQCD calculation,
which can be interpreted as thermal contributions. On the
other hand, the state-of-the-art model including photons
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Figure 3: The direct photon spectrum in 0—10% central Pb—
Pb collisions at ,/snn =5.02 TeV compared with theoretical
models.

from pre-equilibrium, thermal radiations and hard photons
tends to overpredict the direct photon yields at low pr.
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Space-charge distortion correction for the ALICE-TPC using machine
learning methods

H. Baba, D. Sekihata and T. Gunji
Center for Nuclear Study, Graduate School of Science, University of Tokyo

1. Introduction

A Large Ion Collider Experiment (ALICE) [[] is an ex-
periment at the Large Hadron Collider (LHC) dedicated to
the study of high-energy heavy-ion physics. It aims to un-
cover the physical properties of strongly interacting matter
known as the quark-gluon plasma (QGP) at the highest en-
ergy density that could be reached with currently existing
accelerators. All matter in our universe is thought to have
been in the QGP state at 107® ~ 107> seconds after the Big
Bang.

The Time Projection Chamber (TPC) in ALICE [[] is a
gaseous tracking detector designed to detect charged par-
ticles with mid-rapidity. There, the trajectories of charged
particles are reconstructed and particle identification is car-
ried out. The momentum of charged particles is measured
by the curvature of the trajectories in the solenoid magnet
at 0.5 T, and particle identification is performed by com-
bining this information with each particle’s energy loss in
the gas. A 400 V/cm electric field with very high homo-
geneity is achieved inside the drift volume of TPC by the
fine-segmented field cage on the inner and outer wall and a
high voltage of -100 kV applied to the central electrode.

The readout chamber at the end cap (z = £250 cm) is
divided into 18 sectors in azimuthal angle ¢. Installed in
each sector are the inner and outer readout chambers, re-
spectively called IROC and OROC. The active areas for
the readout chambers are between 85 and 132 cm for the
IROC, and 135 and 247 cm for the OROC in radial direc-
tion. Multi-Wire Proportional Chambers (MWPC) with gat-
ing grids were used as the signal amplification technology
during LHC Runs 1 (2009-2013) and 2 (2015-2018).

In Runs 3 (started in 2022) and 4 (planned in 2030), LHC
experiments will take data in Pb—Pb collisions at a maxi-
mum of /sy =35.5 TeV and a collision rate of 50 kHz. In
order to accumulate the unprecedented amount of statistics,
upgrade of the TPC [B] has been carried out during the LHC
Long Shutdown 2 (LS2).

One significant issue in the TPC that needs to be over-
come is the space-charge effect. Positive ions produced in
the electron multiplication process at the readout chambers
are known to flow back into the TPC field cage, becom-
ing a major source of distortion to the homogeneity of the
electric field (space-charge effect). During Runs 1 and 2
the gating grid prevented these positive ions from entering
the TPC field cage, but this architecture could only handle
collision rates of up to 3 kHz, which is significantly below
the expected 50 kHz collision rate during the LHC Run 3.
As part of the TPC upgrade, the MWPC and gating grid in
the readout chambers were removed and were replaced with
stacks of four Gas Electron Multiplier (GEM) foils in order
to address this problem.
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The four GEM foils are relatively effective on their own
in keeping the space-charge effect to a tolerable level, but a
mechanism to correct the distortions created by the space-
charge is still necessary. As the gain of the GEMs will be
operated at ~ 2000 and the proportion of backflowing posi-
tive ions (Ion Backflow, IBF) is designed to be 1%, 20 ions
per one single primary electron are expected to go back to
the drift volume. With the positive ion drift time of 160 ms
and the collision rate of 50 kHz, space-charge from 8,000
collision events are expected to pile up inside the TPC field
cage, resulting in a distortion of ¢'(10 cm) (see figures [
and [). The strategies used to correct this distortion are dis-
cussed in the following sections.
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Figure 1: The simulated space-charge density psc at 50

kHz of Pb-Pb collisions in r-z plane. The striped pattern
in z originating from the fluctuation of the charged-particle
multiplicity corresponds to timing structure of collisions.

2. Calibration strategy

The space-charge distortion calibration will be performed
in two steps: online synchronous calibration and offline
asynchronous calibration.

The online synchronous calibration will be performed
with the goal of reducing the distortion to an amount that
would allow for the cluster to track association (£'(mm)).
To accomplish this the TPC clusters are corrected by a 3D
correction map obtained by tracklets from the Inner Track-
ing System (ITS), Transition Radiation Detector (TRD) and
Time-Of-Flight detector (TOF) as a reference for the true
track position. The map is updated to the current average
charged particles density in the time interval of &'(min)
scaled by the digital currents from the readout chambers
integrated over the drifting time of ions.

The offline asynchronous calibration will be performed
with the goal of reducing the space-charge distortion to the
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Figure 2: The expected electron track distortion in radial
direction dr at 50 kHz of Pb-Pb collisions in r-z plane ob-
tained by solving the Poisson and Langevin equations. It
can be seen that the electrons are diverted towards larger
radii at inner points and vice versa. The discontinuity at
z =0 arises from the muon chamber absorbers installed in
the negative z direction.

intrinsic resolution of the TPC (£(200 um)). The short-
time distortion fluctuations must be addressed in order to
accomplish this level of precision. This would require that
the distortion correction be applied every ~ 5 ms, which
makes it impossible to collect the amount of statistics nec-
essary for generating corrections with enough precision us-
ing traditional methods such as the ITS-TRD-TOF extrap-
olation method. Therefore, an alternative approach which
would allow a relatively fast, efficient distortion prediction
is desired.

3. Machine learning approach

As one possibly effective solution to the tasks discussed
above, the authors have been studying ways to implement a
machine learning approach. The machine learning scheme
currently under discussion is as follows: First, input data
from the TPC is integrated over ~1 ms and stored as the
Integrated Digital Current (IDC) in the Conditions and Cal-
ibration Database (CCDB). Then the IDCs are integrated
over r and ¢ (1D IDC), and the 1D IDC, together with its
Fourier coefficients with respect to time are fed to the ma-
chine learning as input data to predict the amount of distor-
tion at each TPC space point (1D—3D correction).

So far, three machine learning models, namely the
boosted decision tree (XGBoost [@]), Random Forest [8]
and dense neural network, have been implemented. The
distortion fluctuations for 400 maps were predicted, and
the mean / standard deviation of the difference between the
model predictions and the expected distortion fluctuation
(calculated using Monte-Carlo simulation) were observed
(see, for example, figure B). Several parameters in each of
the models were scanned, and a comparison of the overall
predictive performance was made. All three models proved
to be efficient enough in terms of calculation speed, and
some models (one example being the XGBoost model in
figure B) succeeded in lowering the residual space-point dis-
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Figure 3: Difference between the distortion fluctuation in
the radial direction dr (at ¢ = 0) predicted by the XGBoost
and by Monte-Carlo simulation at 50 kHz Pb-Pb collisions.
The XGBoost model was trained with 200,000 maps and
10 points per map. Mean and standard deviation over 400
maps.

tortion below the TPC intrinsic spatial resolution of 200 yum
at a very wide range inside the TPC volume.

4. Summary and outlook

Machine learning techniques seems to be a promising
solution to the ALICE-TPC space-charge distortion cali-
bration. Further studies on model parameters, calculation
resource management, additional corrections, etc., will be
carried out to achieve the optimal performance.
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Development and commissioning of a mosaic type array formed by Si
photodiodes
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Heavy-ion fusion-evaporation reactions have been ex-
ploited in expanding the chart of nuclides and exploring
high excited states in heavy nuclear region []. To iden-
tify Evaporation Residues (ERs) produced in fusion reac-
tions, the measurement of characteristic o¢-decay energies
has been proven to be effective [Z]. Various types of Si de-
tectors are often applied in the measurement owing to good
energy resolutions and fast response time. However, there
are some long-standing limitations such as the high cost and
radiation damage. If the position sensitivity is required ex-
perimentally, (Double-sided) Silicon Strip Detector (SSD or
DSSD) are used in general while the costs are rather high
compared to other detectors like solid scintillators. In ad-
dition, the deterioration of the detector performance due to
radiation damage has been reported [B] and limits the appli-
cation of Si detectors in certain nuclear physics experiments
such as the synthesis of Very Heavy and Super Heavy Nu-
clei (VHN, SHN) in which high-intensity beams are neces-
sary to increase the statistics.

To achieve a low-cost (easily replaceable) charged-
particle detection with the position sensitivity, we have de-
veloped a mosaic-type detection unit by aligning multiple
Si photodiodes (Hamamatsu S13955-01) side by side on a
Printed Circuit Board (PCB) [4], as shown in Fig. [Il.
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>
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Figure 1: A single row of PCB with 8§ pixels mounted on
top.

More characteristics of the photodiode have been further
investigated. In the previous tests where Mesytec STM16
was used as the shaping amplifier, the resolution of a sin-
gle photodiode was larger than 100 keV in o for 5.5-MeV
a particles. It was then found that the deteriorated resolu-
tion was caused by the short shaping time of STM16 (max-
imum 2 7s). Resolutions of the photodiode were measured
with different shaping times of the amplifier, as shown in
Fig. D. Since the rising time of the preamplifier output is
rather slow (~8 7s), good resolutions were achieved with
longer shaping time (6, 10 7s).

The intrinsic position uncertainty of a single photodiode
was investigated by placing a collimator between the pho-
todiode and ¢ source (**Am and 2**Cm). Several mea-
surements were performed with five different positions of
a source, as shown in Fig. B(a). The inset (7.05 mm is the
size of photosensitive area) denotes the geometry for each
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source position, the effective area of the photodiode, which
is determined by the size of the collimator and the distance
between the photodiode and « source, is 1.214 mm in ra-
dius. It can be seen in Fig. B(b) that for both ¢ particles,
maximum shifts of peak centres are about 5 ch correspond-



ing to ~15 keV, which is acceptable since 15 keV is less
than the intrinsic resolution of 30 keV as shown in Fig. B(a).
Cross-talk is an important characteristics that affects the
performance of an array and was studied using one row of
PCB with 8 photodiodes mounted as shown in Fig. [, the
a source (**' Am and 2**Cm) was placed right in front of
the photodiodes. The ratio of cross-talk events was esti-
mated by measuring o spectra for all pixels (ID=1-7) while
the trigger was only generated by the central pixel (ID=4).
It was found that the ratio between maximum cross-talk
events among neighboring pixels and events in the central
pixel was affected by the threshold of the trigger output as
shown in Fig. B(a), higher threshold hinders the cross-talk
events sufficiently. Figure Bl(b) presents the 2-dimensional
spectrum for 7 pixels with the trigger threshold of 141 mV,
roughly corresponding to an energy threshold of 4.8 MeV.
Here the ratio of maximum cross-talk events was 0.08%.

100 3— T T T T T T T T T T T T T

(a)

01+ ! ! P
20 30 40 50 60 70 80 S0 100 110 120 130/440 150
Trigger threshold (mV)

7
¥ s
(b) 10

ratio of maximum crosstalk events (%)

E (MeV)

|

H|

) P N I BTN (VIS Ny IV
1 2 3 4 5 6 7

Pixel ID

Figure 4: (a) Ratios of maximum cross-talk events with dif-

ferent trigger threshold, the error bars are simply systematic

errors; (b) Measured spectrum with the trigger threshold of

141 mV, the y axis is the energy and the x axis is the pixel

ID.

1

By aligning multiple PCBs in Fig. [, a box-type array
called Mosaic was constructed, as shown schematically in
Fig. B. The array was composed of two sides of 8 x 8 matrix
of Si photodiodes. The dead space of the array, originating
from the finite size of PCBs and the intrinsic dead space of
the photodiode, is of 26% in total.

In July 2022, the setup was commissioned in an experi-
ment performed at HIMAC, during which o decays of par-
tial ERs including Po and Bi isotopes produced in the fusion

38

Figure 5: The constructed box-type detector array: Mosaic.

reactions '3°Xe + "Zn were measured. Figure B shows the
angular dependence of the & emission, where the x axis is
the distance between the hit position and the target along
the beam axis (z direction), the bin size corresponds to the
actual size of a photodiode.
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Figure 6: The angular dependence of o particles measured
by the Mosaic array.

In conclusion, characteristics of Hamamatsu S13955-
01 were studied thoroughly, a box-type Mosaic array was
formed using 16 readout PCBs and 128 Si photodiodes in
total. During the commissioning experiment, Both prompt
and delayed o particles produced in fusion reactions were
successfully measured and the array were operated with the
beam intensity up to 4x10% ppp. The most important fea-
ture of the array is the high modularity, which allows one
to modify the geometric configuration according to specific
experimental requirements. Therefore, the application of Si
photodiode Hamamatsu S13955-01 merits further investi-
gation and it shall be a preferred choice to employ such Si
photodiodes for budget-limited projects.
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S. Otaa’b M. Dozono®, F. Endod, S. Hanaib, S. Hayakawab, N. Imaib, K. Kawatab, R. Kojimab,
J.LiP, S. Michimasa®, A. SakaueP, R. YokoyamaP, Y. Hijikata®®, T. Isobe®, D. Suzuki®,
T. Uesaka®, S. Fracassettil, M. Latiff, R. Raabef, N Zhang®, T. Haradal, J. Zenihiro®, E. Takadal,

4Research Center for Nuclear Physics, Osaka University
b Center for Nuclear Study, Graduate School of Science, University of Tokyo
€Department of Physics, Kyoto University
dDepartment of Physics, Tohoku University
€RIKEN Nishina Center
) Department of Physics and Astronomy, KU Leuven
8 Institute for Modern Physics, Chinese Academy of Science
hDepartment of Physics, Toho University
INational Institute for Quantum and Radiological Science and Technology

Incompressibility of macroscopic nucleonic system or so-
called nuclear matter is a basic property of the matter relat-
ing to the equation of state of nucleonic system. Its isospin
dependency becomes very important when the property of
matter in neutron stars is discussed but its current precision
and/or accuracy is not enough to determine the equation of
state. The isospin dependent term K is deduced from the
systematic trend of the measured nuclear incompressibil-
ity by considering the effect of the surface term and mass-
dependent terms. So far the systematic measurements of
isoscalar giant monopole resonances (ISGMRs) were per-
formed along the isotopic chains of such as tin and cadmium
isotopes using alpha or deuteron inelastic scattering. How-
ever, the isobar chain or isologos (a coined word meaning
the series of nuclei having the same asymmetric parame-
ter or isospin) chain is very important for the accurate de-
termination of isospin independent and dependent terms of
nuclear-matter incompressibility with evaluating the isospin
dependent and independent surface term in nuclear incom-
pressibility. Since the mass is constant in the isobar chain
and the asymmetric parameter is constant in the isologos
chain, then one can evaluate each term in the expansion
of the nuclear incompressibility based on the liquid drop
model [[I] using the several systematic measurements along
the isobar and isologos chains. In such nuclide chains, the
measurements for not only the stable nuclei but also the un-
stable nuclei are required. A technique using an gaseous
active target system based on a time-projection chamber is
one solution. For this purpose (and other general use) ,
an active target system called CAT-M [] has been devel-
oped aiming at the measurement with heavy high-intensity
beams and with a large active volume. The operation of
the CAT-M with high-intensity beams, for instance, of 500-
kppp Xe isotopes, was successful but the signal-to-noise ra-
tio of the trigger and the measured hits was poor since the
huge amount of background signals was produced by the
delta electrons escaped from the beam path into the recoil
region. In this report, the recent development for the im-
provement of the signal-to-noise ratio and the relating mea-
surement is overviewed.

The delta electrons has the various kinetic energy de-

pending on its scattering angle. The maximum kinetic en-
ergy is approximated to be 2m,c?B2y* [B], using the elec-
tron mass m,, light speed c, the ratio of the beam velocity
to the light speed 8 and Lorentz factor y. For the ISGMR
measurement, an incident energy around 100 MeV is suit-
able from the view points of the simple reaction mechanism
and the reaction cross section. Then the maximum magnetic
rigidity of the delta electrons is 1.8 x 10~3 Tm. When the
magnetic field with a strength of 0.3 T, the curvature of tra-
jectory is 6 mm. A typical way to form a magnetic field for
a box-type TPC is to use a large-gap dipole magnet. When
whole the active area is in the magnetic field, the cost may
be high in general and whole the trajectory is bent and the
track fitting becomes complicated (of course it’s method is
generally established). If the narrow magnetic field can be
formed in the field cage and along the beam path, the trajec-
tory outside the magnetic field will be straight and the ex-
isting track fitting method can be applied. Then we decided
to realize a dipole field formed by a set of permanent mag-
nets. Neodymium magnet with a typical surface strength
of 0.6 T is chosen for a easier treatment but this type of
magnet is weak against hydrogen embrittlement, which is
severe in a deuteron-scattering measurement. To avoid this,
the magnets are confined in a gas-tight chassis. In addition,
to form the strong field in a gap of 30 mm, return yoke made
of iron is attached. Typical magnetic field at the center of
the dipole magnet is measured to be 0.3 T. In order to keep
the uniform electric field with this dipole permanent magnet
system, additional strip electrodes PCB plate surrounds the
system and an appropriate HV bias is supplied. An offline
test with alpha source was performed. The alpha particles
are injected from the side of the magnet. The trajectory of
alpha particle from the source was successfully measured
with a bending angle.

A compact TPC is designed to measure the beam trajec-
tory with a similar drift velocity to the main TPC and to
measure recoil trajectory in order to combine the beam pro-
file measured by an external system, such as timing counter
of diamond detector and position detectors. The detail of
the compact TPC is described in Ref. [4].

Measurement of deuteron inelastic scattering off 30Xe
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was performed for a commissioning of the dipole magnet
system and a physics measurement in 2021. The CAT-M
was operated with ~40-kPa deuterium gas and a primary
beam of '3°Xe was impinged into the CAT-M. In order to
evaluate the improvement of the signal-to-noise ratio with
the dipole magnet, the number of hits is compared. The typ-
ical number of hits without the magnet system was 630 out
of 4048 readout pads, while the one with the magnet sys-
tem was 1.4. The signal-to-noise ratio becomes 450 times
better.

The other measurements of deuteron inelastic scattering
with 8Kr and 86Kr were also performed in 2021 and with
84Kr in 2022. For the physics measurement, two strip-
readout parallel plate avalanche counter (SR-PPAC) was in-
stalled most upstream of the setup to measure the beam pro-
file. The beam-like particles after the active volume of the
CAT-M was measured with Xe-gas scintillator and diamond
detector. Data analysis is ongoing.
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New implantation detectors for decay spectroscopy at fragmentation facilities
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The study of 8 decays far from stability is essential for un-
derstanding the evolution of nuclear structure and nucle-
osynthesis processes. f-decay experiments with such ex-
otic nuclei involve intense cocktail beams from fragmenta-
tion facilities. The role of an implantation detector in these
experiments is to measure the energy and the positions of
both heavy ion implantation and -ray emission to correlate
the identified ion with -decay events. Historically, Silicon
strip detectors have been widely used as implantation de-
tectors for B-y spectroscopy. As the focus of the -decay
study moves further away from the line of stability towards
the neutron drip line, the rising Qg value and falling neutron
separation energy result in the growing significance of f3-
delayed neutron spectroscopy. A new implantation detector,
which uses a segmented YSO (Yttrium Orthosilicate) scin-
tillator array for neutron time-of-flight spectroscopy, was
developed [0] to meet the requirement of sub-nanosecond
time resolution for the B events that mark the start of the
neutron time of flight. The new detector was implemented
in B-delayed neutron measurement experiments at RIKEN
RI Beam Factory. It was confirmed that the YSO detec-
tor correlates B and implant events more efficiently owing
to its higher effective atomic number, Z ~ 35, and den-
sity, p ~ 4.5 g/cm?. The correlation efficiency of the YSO
detector was more than 80% with a 3 mm correlation ra-
dius [I]. The success of the YSO detector motivated us to
develop a new detector using heavier scintillator material.

We focused on (Gd, La),Si,07:Ce (La-GPS) crystal
[?-4] as a candidate material for the new implantation de-
tector. It has a much higher effective atomic number (Z ~
51) and density (p ~ 5.2 cm®). It is expected to enable us to
narrow down the correlation radius to ~ 1.5 mm to achieve
80% efficiency, which, in principle, reduces the random co-
incidences to a quarter of YSO. There are two concerns in
using La-GPS crystal as an implantation detector. One is ra-
diation from one of the natural La isotopes, 1381 4. It could
increase the background 8 events. The other is the longer
decay component (71, ~ 310 ns) in the light output of La-
GPS []. Since an implantation detector has to deal with a
wide dynamic energy range, the long tail component causes
B-detection dead time after heavy-ion implantation.

To address these concerns, we conducted waveform and
self-activity measurements on two La-GPS crystal samples.
Sample #1 had a lower amount of Ce doping, while sample
#2 had a higher amount. Both samples are 5-mm cubes and
connected to Hamamatsu H11934 PMT. The waveform data
were taken by CAEN V1730, a 14-bit 500 MS/s digitizer,
and fitted with a function with two decay components:

F() =A(1 +erf(t /o)) (e + (1 —r))e ™), (1)
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Figure 1: Energy spectrum of La-GPS in room background
(a) and example waveforms of sample #1 (b) and #2 (c).

where erf is the error function, ¢ corresponds to rise time,
71 and 1, are the lifetimes of two decay components, and r;
is the ratio of the fast component. 7| and 7, are fixed to the
values in the paper [B], 42ns and 311 ns in 7 /,, respectively.

Figure [ (a) is the amplitude (A) spectrum of the back-
ground run, roughly calibrated to energy by using '37Cs
source data. The 7 ray of 1436 keV from '33La decay was
observed. The total count of the peak was 118 in an ~90-
minute run. The total radioactivity of the 5-mm cube was
estimated to be 5.8 Bq by assuming 0.5% photo peak ef-
ficiency from Geant4 simulation and the branching ratio of
the y ray, which is 0.655. The waveforms of samples #1 and
#2 in Fig. [ shows that increasing the Ce doping diminishes
the long tail component. The amplitude of the waveform for
1436-keV y-rays from sample #2 is ~ 30% less than that of
#1 under the same detector conditions. This means the sam-
ple #2 meets our minimum light-yield requirement, which is
equivalent to that of YSO (=10 photons/keV) or less than
a third of the La-GPS sample #1 (=36 photons/keV) [2].
Our current focus is on developing a stable enriched '3°La-
GPS to minimize the self-activity, thereby reducing the
background.

References

[1] R. Yokoyama et al., Phys. Rev. C 95 034313 (2017)
[2] A. Suzuki et al., Applied Phys. Exp. 5, 102601 (2012)
[3] S. Kurosawa et al., NIM A 744, 30-34 (2014)

[4] S. Kurosawa et al., IEEE TNS 65, 2136-2139 (2018)
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We have been developing ®He beam at Center-for-
Nuclear-Study Radioisotope beam separator (CRIB) [I]
since 2021. The radioactive beam ®He will be used to in-
vestigate elastic scattering, transfer reactions and break-up
effects using a variety of light targets elucidating, more-
over, the properties of the halo structure of the nucleus. As
the result of the first °He production test at CRIB in 2021,
we successfully obtained °He beams at two different en-
ergies of 8.0 and 5.7 MeV/nucleon and with an intensity
of the order of 103-10° pps. However, the practical beam
intensity was limited to ~ 2 x 10° pps due to the low de-
tection efficiency of the Parallel Plate Avalanche Counters
(PPACs [2]) for such a light-ion beam. We expected that
introducing Low-Pressure Multi-Wire Drift Chamber (LP-
MWDC) [B] instead of PPAC would improve the detection
efficiency thanks to its higher gas pressure, higher electric
field and multi-layer structure, as it has been successfully
used even for lower-mass and higher-energy beam such as
triton at 200 MeV/nucleon.

MWDC:s are usually operated with an external time refer-
ence defined by a fast-response detector placed in the beam
line such as a plastic scintillator or a diamond detector.
A potential problem in low-energy nuclear experiments is,
however, that such an extra material may be too thick and
degrade the beam energy too much. We thus decided to de-
velop a readout system to pick up the beam-hit timing from
the cathode planes of an MWDC to provide the self trigger-
ing function. The conceptual diagram of the readout pro-
cess is illustrated in Fig. . An MWDC has several cathode
planes (for the present case, 5 cathode planes sandwiching
the X, X/, Y and Y’ anode wire layers, respectively) and
potential wires between every other anode wire which are
commonly biased with a single high-voltage (HV) channel.
It is considered that a fast detectable pulse is induced to
these cathodes by ionization around an anode wire where a
beam particle hits, while ions are much slower and defused
up to the cathodes surrounding the anode, thus less signif-
icant to observe. Installing a high-pass filter (HPF) section
with a cutoff frequency of 160 kHz between the cathodes
and the readout enables extraction of the induced pulse. We
also put a low-pass filter (LPF) section with a cutoff fre-
quency of 333 Hz between the cathodes and the HV, in or-
der to prevent ringing and to suppress high-frequency noise
coming from the HV power supply line. We tested the cath-
ode readout system with an 2*! Am alpha source with a gas
pressure of 10 kPa and the cathodes biased at 750 V. Fig-
ure D (a) shows a typical preamplifier (Kaizuworks 3356
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Figure 2: Oscilloscope views of the cathode readout signal
(Ch1) without (a) and with (b) the low-pass filter.

5CH AC Pre AMP) output of the cathode signal (Chl) trig-
gered by one of the anode channels (Ch2) without the LPF,
which has a ringing trail caused by reflection in the HV line.
One can recognize in Fig. I (b) that the ringing is much im-
proved with the LPF, so the pulse width gets also narrower
and the height is enhanced, and the baseline is slightly less
noisy. This cathode signal is then processed by a timing
filter amplifier (ORTEC 474) and a constant fraction dis-
criminator (ORTEC 935) to be used as the data acquisition
(DAQ) trigger.

We evaluated the performance of the self-triggering
MWDC in the second ®He beam production test in Oc-
tober 2022. The primary beam ’Li** was provided at
8.3 MeV/nucleon by the AVF cyclotron, and the sec-
ondary beam SHe* was separated by a magnetic rigidity of
1.2272 Tm (8.0 MeV/nucleon). We installed two MWDCs
(DCa at upstream side and DCb at downstream side) of
XX'-YY’ anode configurations with cell sizes of 5 mm and
3 mm for DCa and DCb, respectively. The cathode readout
function was provided only at DCb for the test. We also
installed a plastic scintillator (PS) at the most downstream
position as a time reference for comparison to the cathode
readout of the DCb. DCa and DCb were both operated with



Table 1: Position resolution of each anode layer with dif-
ferent trigger conditions.

DCa position DCb position
resolution (mm) resolution (mm)

X X Y Y X X Y Y
Plastic

@430 keps 0.50 0.49 0.49 0.49 0.30 0.30 0.29 0.29

DCb
@585 keps 0.54 0.53 0.50 0.50 0.34 0.35 0.35 0.35

Trigger

Table 2: Tracking efficiencies of different trigger condi-
tions.

Trigger DCaeff. DCbeff. DCa&b eff.
Plastic @430 keps  0.926 0.963 0.936
DCb @585 keps  0.924 0.959 0.900

isobutane gas at 10 kPa, and biased at —890 V and —780 V,
respectively for the full intensity beam around 550 kcps.
The observed timing peak of DCb cathode had a full
width at half maximum (FWHM) of 3.87 ns with respect
to the PS trigger. Since the PS typically has a much faster
time resolution, and beam passes through the MWDC struc-
ture fast enough (typically within ~0.3 ns), this FWHM can
be considered as the intrinsic time resolution of the cathode
readout. Note that the present MWDC cathode consists of
5 plane layers and 4 potential wire layers, and the pulse
timing from each layer may deviates from the actual beam-
passing timing depending on the drift time from the beam
track to the closest anode wire. Nevertheless, we observed
a reasonable time resolution as mentioned above probably
because superposing the signals of all the cathode layers
may smooth out the random drift-time deviations, forming
into a well-shaped single pulse as observed in Fig. I (b).
At each anode layer (e.g., DCa X), residual can be de-
fined as the deviation from the best tracked position by all
the other layers (e.g., DCa X, DCb X and X'). The position
resolution of each anode layer is then defined as the FWHM
of the residual distribution. Table [ lists the position reso-
lution of each anode layer with different trigger conditions.
The resolutions with the PS trigger tend to be better proba-
bly due to its better time resolution, but we emphasize that
those with the DCb trigger are still of practicable level.
The tracking efficiency is defined as the ratio of the num-
ber of events within 3¢ of the residual distribution to the
number of triggers counted either by the PS or the DCb
cathode. The tracking efficiencies of DCa, DCb and both
DCa and DCb are listed in Table D. The ones with the DCb
trigger achieved a tracking efficiency of 90% for the condi-
tion which succeeds both the DCa and DCb tracking. Note
that the efficiencies with the PS trigger shown here are cor-
rected by considering the ratio of the DCb counts to the PS
counts which is about 90%.
In the test experiment, we also set up a CH; target and
a position sensitive AE-E silicon telescope to evaluate the
proton scattering and the two-neutron transfer reaction mea-
surement. The DAQ trigger was a sum of the down scaled
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Figure 3: Two dimensional beam profile at the target po-
sition extrapolated from the both MWDCs with the coinci-
dence (DCb cathode ® Y Silicon) trigger. The dashed-line
circle indicates the target size.

single DCb cathode events (BEAM/N) and the coincidence
events (BEAM ® Y Silicon). The secondary beam profile
extrapolated on target from the two MWDCs with the co-
incidence trigger is shown in Fig. B. Since the events dis-
played here are only those which passed the target frame,
reaching to the telescope through reactions or scatterings,
it confirms that the beam tracking by the MWDCs success-
fully represents the target frame geometry with a reasonable
position resolution even with the MWDC self trigger [.

In conclusion, the MWDC self triggering system is use-
ful for low-energy light nuclear beams such as *He even at
much higher beam intensity (~ 600 kcps) than the PPAC
limit (~ 200 kcps) with reasonable position resolution and
tracking efficiency, satisfying the condition required by the
approved experiment (NP2021-AVF70) to be performed in
2023. We expect that the performance of the self-triggering
MWDC such as position resolution or tracking efficiency
can be improved with further optimizations of the readout
setup or operation conditions for future experiments.

This test experiment was performed at RI Beam Factory
operated by RIKEN Nishina Center and CNS, University
of Tokyo. This work was supported by JSPS KAKENHI
(grant Nos. 15K17631, 18K13556, and 19K03883) and by
the Fonds de la Recherche Scientifique - FNRS under grants
numbers J.0174.22.
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Improved ®He beam production at CRIB with MWDC and degraders
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The first production test of *He beam at CRIB was per-
formed in 2021 [0], in which ®He beams at two different
energies (8.0 and 5.7 MeV/u) were successfully produced
with an intensity around 10°—10° pps. However, the prac-
tical beam intensity was limited to ~ 2 x10° pps due to
the low detection efficiency of the PPAC for such a light-
ion beam. The *He beam purity was 73% for the 8 MeV/u
beam, where the main contaminant was H'*, having an
almost identical charge-to-mass ratio as SHe?*.

The second test was carried out in Oct. 2022 as a two-
day Machine Study (MS-EXP22-05), to improve the effec-
tive intensity and purity of the *He beam by introducing
wire chambers (MWDC []) and degraders. The primary
beam was "Li** accelerated with the AVF cyclotron to an
energy of 8.3 MeV/u, and the RI beam was produced with
the 7Li(d,>He)He reaction in inverse kinematics. The ma-
jor differences from the first test were the maximum ’Li
beam current of 1.5 puA (= 4.4 ey A) at the entrance of
CRIB and the pressure of the production target (around 410
Torr), both lower than the previous values (3 puA and 730
Torr, respectively).

To purify the °He beam, we installed degraders with two
different thicknesses (10-pm-thick aluminized and 20-pm-
thick normal Mylar films) at the F1 (momentum dispersive)
focal plane. We confirmed a position offset between ®He
and *H was produced at F2 with each degrader, as shown in
Figure [. Using the 20-um-thick degrader, the beam purity
at F3 measured with a plastic scintillator was 91%, much
improved from the previous value, 73%.

The MWDC had already been developed and used at
CNS for SHARAQ/OEDO experiments [], and introduced
for the first time at CRIB. In the present test, we em-
ployed two MWDCs operated at 10 kPa (76 Torr), having
an XX-YY anode configuration and cell sizes of 3 mm and
5 mm for the upstream and downstream ones, respectively.
Even with a high-rate secondary beam at 6.0 x 10° pps, the
MWDCs maintained a timing-detection efficiency € > 90%
with high voltages of up to 900 V, and no significant reduc-
tion of the efficiency was observed. This is in contrast to
the previous test, where we had to limit the primary beam
current to 0.3 pu A in order to keep the stable PPAC oper-
ation with an acceptable efficiency (¢ = 70%). The basic
beam parameters are summarized in Table [l and compared
with those of the optimum case in the previous test. The
new °He rate (x 2.6 improvement) is roughly consistent
with the previous value, considering the higher ’Li beam
current (x5) and nearly half FO pressure (x0.56). How-
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Figure 1: The beam profiles of ®He (solid line) and *H
(dashed line), with different degrader settings. The counts
are scaled to show the profiles as similar heights.

Table 1: Summary of the basic beam parameters. € is the
efficiency of the beam-monitoring detector.

Test 'Li  FOPres. ¢ ®He °He rate
year (puA)  (Torr) purity  (kcps)
2021 0.3 730 70%  73% 200
2022 1.5 410 94%  91% 520

ever, the previous rate (200 kcps) was severely limited with
the capability of the PPAC, while in the present work we
successfully obtained a higher ®He rate (520 kcps) with a
better beam purity (91%), even though the FO pressure was
lower. The new condition well satisfies the requirements by
the approved experiments [B], to be performed in the near
future.
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Our research group aims to measure the permanent elec-
tric dipole moment (EDM) using the heavy element fran-
cium (Fr). EDM is a physical quantity that breaks the
time-reversal (T) symmetry. Assuming the CPT theorem,
the T symmetry breaking is equivalent to the CP symmetry
breaking, so it is said that EDM denotes the CP symmetry
breaking. CP symmetry breaking is one of Sakharov’s three
conditions necessary to explain the matter-dominated uni-
verse [[I]. Therefore, the search for EDMs is an important
means to solve the mystery of the preponderance of matter
over antimatter in our universe. In particular, it is known
that the effect of the electron EDM is amplified in heavy
elements with large atomic numbers and it manifests as the
atomic EDMs. It is theoretically suggested that the ampli-
fication rate is proportional to the cube of the atomic num-
ber [J]. Based on the above, our group aims to measure
electron EDM by precision spectroscopy using Fr, which
has the largest atomic number among alkali metal atoms
that can be easily controlled by laser.

Beam purity is an important factor in such precise mea-
surements of heavy elements using heavy element ion
beams. For example, our plan is as follows. Since Fr is
rarely available in nature, our plan is to produce it by the nu-
clear fusion reaction '°7 Au('30,xn)?!3~*Fr. The produced
Fr moves through the gold target by thermal diffusion, is
drawn from the gold surface as a Fr ion beam by surface
ionization, and is irradiated to the yttrium (Y) foil target by
an electrostatic lens system. Also, other alkali metal ions,
which are lighter than Fr, are extracted from the gold sur-
face in large quantities as impurities. Since the electrostatic
lens system does not have the ability to perform mass sepa-
ration, these impurities are also irradiated to the Y foil tar-
get. The irradiated Y foil target is mechanically transported
to the chamber for laser spectroscopy, where it is heated.
Fr and impurities irradiated to the Y foil are thermally des-
orbed as neutral atoms and they are cooled and captured by
the laser. However, the presence of impurities causes the
loss in reproducibility of Fr desorption from the Y foil and
in the efficiency of Fr capture by laser. Thus, we need to
increase the purity of the Fr ion beam. Therefore, a radio
frequency dipole mass filter (RFDMF) to remove impurities
lighter than Fr and a beam diagnostic system to evaluate the
performance of the filter were developed.

!Present Address: Department of Physics, Kyoto University
ZPresent Address: PwC Consulting LLC
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Figure 1: Examples of trajectories of K and Fr ions and an
overview of the experimental setup. Trajectory calculation
is based on SIMION.
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Figure 2: Simulation result. Dependence of the transmit-
tance for each ion on the amplitude of the alternating volt-
age at the frequency f = 120 kHz, due to the operation of
the RFDMF.

The RFDMF is a mass filter that removes impurities by
shaking the ion beam by adding an oscillating electric field
to the electrostatic field created by the electrostatic lens sys-
tem [3]. Heavy ions such as Fr ions are not easily affected
by the oscillating electric field and proceed straight to the
Y foil target, while impurity ions, which are lighter than
Fr ions, are bent by the oscillating electric field and are
removed by colliding with the inner walls of the chamber
(Fig. M). The oscillating electric field is created by applying
an alternating voltage V (; f,V,,) =V,,,/2-sin(27 ft) in the
opposite phase to a pair of extraction electrodes associated
with a gold target, the beam extraction source. Fig. @ shows
an example of the calculated transmission to the Y foil tar-
get for several alkali metal ions using the SIMION [&] sim-
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Figure 3: Developed beam diagnostic system. Stray light
from the infrared heater is shielded by the gold foil elec-
trode and the stainless plate electrode of Faraday cup, but
the alpha particles penetrate the gold foil electrodes

ulation code for ion trajectories. The transmittance was cal-
culated with the beam intensity at the Y foil target as 1 when
no alternating voltage was applied. The advantages of this
mass filter are that it can be realized by applying an alternat-
ing voltage to existing electrodes, making it inexpensive to
develop, and that it can function in a beam transport system
as short as several tens of centimeters.

The alternating voltage applied to the extraction electrode
was generated by amplifying the signal from a function gen-
erator using a resonant circuit made with transformers and
capacitors.

The beam diagnostic system must be able to simulta-
neously measure the beam current and the alpha particles
from the alpha emitters contained in the beam to measure
the beam purity. In addition, a silicon solid state detector
(SSD) is used to detect the alpha particles, but it is neces-
sary to prevent stray light from the infrared heater used to
heat the gold target from entering the SSD. To meet these
requirements, a beam diagnostic system using a gold foil as
a Faraday cup electrode was developed (Fig. B). By placing
the SSD on the opposite side of the gold foil from the beam
irradiation surface, the alpha particles emitted by the beam
particles on the gold foil can penetrate the gold foil and en-
ter the SSD. In addition, stray light from the infrared heater
is shielded by Faraday cup electrodes. However, since the
Faraday cup has a flat plate structure, the contribution of
secondary electron emission due to beam irradiation may
be included in the observed beam current. By using this
structure, the beam current and the alpha particles from the
alpha emitters contained in the beam were measured simul-
taneously.

In September 2022, an evaluation experiment of the
RFDMF was performed with an '80%* beam accelerated
to 6.96 MeV /nucleon using the AVF cyclotron at RIKEN.
During the evaluation experiment, the voltage in the elec-
trostatic lens system was fixed and the alternating voltage
applied to the extraction electrode was varied every 180 to
190 s, and the change in beam intensity was measured by
the beam diagnostic system. The frequency of the alternat-
ing voltage was fixed at f =120 kHz and only the ampli-
tude V), was varied. From the obtained data with the SSD,
events in the channels that were thought to correspond to
Fr were extracted. Then, the Fr beam intensity was derived
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Figure 4: Dependence of the transmittance for each ion on
the amplitude of the alternating voltage at the frequency f =
120 kHz, due to the operation of the RFDMF. The plot for
Fr shows the lowest possible value when errors are taken
into account. The dashed line shows time series of data
points. The solid line shows results from simulation.

from the time variation of the count rate under the following
two simplifications. First, among the Fr isotopes produced
in the fusion reaction, the lifetimes of 2°8Fr and 2°°Fr, which
are short-lived, were set to 79.1 s, and the lifetimes of 2!9Fr
and 2!"Fr, which are long-lived, were set to 272 s. Second,
the abundance ratios of these isotopes in the beam were as-
sumed to be constant at all times. Also, the total beam inten-
sity was obtained from the current measured in the Faraday
cup. Transmittance was then obtained by comparing those
intensities when the RFDMF was not operating (V,,, = 0),
and when V,,, # 0 (Fig. B). Fig. @ shows that the beam pu-
rity was improved by at least a factor of 2.9 by the RFDMF
atVp,, =79 V.

The RFDMF improved the beam purity. This is a mile-
stone in developing RFDMF for short beam transport sys-
tems such as our group’s. On the other hand, the improve-
ment in beam purity may not be sufficient for EDM mea-
surements, and new methods may need to be developed in
the future.
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The permanent electric dipole moment (EDM) of ele-
mentary particles is a source of charge-conjugation and
parity (CP) violation if it exists, and although the Stan-
dard Model of elementary particle physics (SM) predicts
an undetectably small magnitude of it, unknown sources
of CP symmetry predicted in BSM models could enhance
the effect [[I]. It is theoretically predicted that the fran-
cium (*'9Fr) atom enhances the electron EDM by a fac-
tor of ~ 8 x 107 [2]. Using an optical lattice, the Fr atoms
can be confined in the measurement region for ~ 1 s while
suppressing interatomic collisions, improving the statisti-
cal sensitivity for the measurement. The optical lattice is
formed by a standing wave of linearly polarized continuous
wave laser beam [B]. The wavelength of the beam must be
red-detuned with respect to atomic resonance. For Fr and
other alkalis, this can be satisfied by using the wavelength
A = 1064 nm, which is easily producible by commercial
Nd:YAG lasers. The trap potential depth is proportional to
the intensity of the light at the atom position, so the standing
wave must be focused at the position of the atoms.

We have developed an optical system capable of produc-
ing an optical lattice of approximately 0.2 mK depth in the
case of Fr. As an initial step, we build a system to di-
rectly load stable Rb or Cs atoms from a magneto-optical
trap (MOT) into a one-dimensional optical lattice. Fig. 0
shows the setup of the developed system. The laser light is
emitted from a Nd: YAG laser (Coherent Mephisto SO0NE),
and coupled to a single-mode polarization-maintaining fiber
(SM/PMF). The beam is divided into three paths, so that
light can be used simultaneously for, e.g., other optical
trapping experiments, or inspection of alignment quality.
The SM/PMF is fed to an ytterbium-doped fiber amplifier
(YDFA; Nufern NuAMP), which amplifies the beam power
from ~ 0.1 W to over 30 W at maximum. It is typically
operated at below 10 W for safety reasons. The ampli-
fied light is emitted into air via a fiber-pigtail collimator,
and sent through an acousto-optic modulator (AOM) for
power stabilization, and a Faraday rotator (FR) for circu-
lation. The beam is then coupled to another SM/PMF using
a fused-silica objective lens (Thorlabs, LMH-10X-1064) in
order to minimize thermal lensing effect, and sent to the
experimental area, where the vacuum chamber is placed.
The beam is emitted into air with a fiber collimator (Thor-
labs, ZC618APC-C), focused at the center of the vacuum
chamber with a pair of achromatic doublet lenses (Thor-
labs, AC254-300-C), and finally reflected with a plane mir-
ror (Autex, HYD-10). A vacuum system containing dis-
pensers of Rb and Cs is used to prepare a MOT. In order
to check whether the beam axis is properly aligned to the
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atoms trapped in the MOT, which could be displaced from
the center of the vacuum chamber due to misalignment,
a dichroic mirror (Thorlabs, DMLP900) superimposes a
probe beam onto the lattice axis. When the probe beam has
enough intensity and is properly aligned onto the atoms, it
will blast the atoms away from the MOT, which could be di-
rectly observed by monitoring the fluorescence. After con-
firming that the probe beam is aligned, the lattice beam axis
is tuned by a pair of mirrors so that it is aligned onto the
probe beam axis. Note that this is a rough alignment, and
further fine-tuning using spectroscopic methods are neces-
sary to achieve maximal loading.

(a) Seed optical system

(d) Rb MOT setup
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{iaser lab)
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Figure 1: Entire system of the optical lattice setup. The
beam is prepared in the systems (a) and (b), and irradiated
onto atoms trapped in the chamber at (c). Dispensers of
rubidium and cesium are installed in region (d). Abbrevia-
tions are PBS: polarization beam splitter, FC: fiber coupler,
PS: power sensor, and BB: beam block.

The beam width at the focal point (commonly referred to
as the “beam waist”) determines the depth of the potential.
For the current setup, it is determined by the focal lengths
of the fiber collimator fzrc and the achromatic doublet lens
fL- Assuming an ideal Gaussian beam, the radius at which
the beam intensity drops to 1/e? of the peak is given by

(MFD)  fi
2 fzrc’

where (MFD) is the mode-field diameter of the SM/PMF,
which is 6.6 um for our fiber (Thorlabs P3-1064PM-FC)
operating at 1064 nm. Since f; is fixed to 300 mm and
fzrc is adjustable in the range from 6 mm to 18 mm, the
beam radius should lie within the range

woy =

ey

55 um < wy < 165 um . 2)



Species UjpoL/ks 27/IipoL

(mK) (s)
Rb 00202 430
Cs 00404  2-10
Fr 00202 440

Table 1: Calculated ranges of lattice potential depth Ujpor
and photon scattering rate I'ipor expected with our choice
of optical components. Values of & are calculated using the
approximate formula for ground state alkali atoms [&].

The maximum potential depth resulting from this system

is given by

40Py - 3)
TTEYCW(
where « is the polarizability of the atom, P, is the power
of the laser beam, & is the vacuum permittivity, and c is
the speed of light. The photon scattering rate I1por, which
limits the trap lifetime, is proportional to Ujpor by a factor
independent of P, and wy. Assuming a value of B, =2 W,
the ranges of UipoL/ks, where kg is the Boltzmann con-
stant, and 27 /IipoL. are given in Tab. 0. The depth cov-
ers the range of the Doppler temperature of the species on
the order of 0.1 mK, while the timescale of photon scatter-
ing is at least on the order of seconds, which is a reason-
able level for our purpose. In particular, the beam radius
of wg ~ 60 um is preferred so that the potential depth is
maximized and the atom loading efficiency as well.

In order to check the performance of the system, the
width of the lattice beam is evaluated. The beam width im-
mediately before the reflection mirror is measured using the
so-called double knife edge method. Similar to the conven-
tional knife edge method, the beam is partially blocked with
a mechanical slit (Thorlabs VA100CP/M), and the transmit-
ted power is measured for various slit widths. Assuming
again that the beam has an ideal Gaussian spatial profile,
the transmitted power Pr as a function of slit width a can be
described by

UipoL =

Pr = Pyerf ( @

Vo)

where Py is the total power before the slit, and w, is the
beam radius at the slit. A fit of Pr to the data with w, as a
fit parameter yields the beam radius.

Figure [ shows the result of such a measurement, where
the laser beam from the seed optical system is used in order
to avoid exposure to high powers. Two extreme values of
fzrc are examined, each in the horizontal and vertical axes.
An additional parameter d is included in the model to ac-
count for the displacement of the slit center from the beam
propagation axis.

The beam radius at the slit position w, is observed to lie
in the range from 0.98 mm to 1.82 mm, which can be easily
converted to the beam waist wg as

A
wo = 2L )
w,
and thus yields the measured range
56 um < wp <103 um . (6)
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Figure 2: Results of the double knife edge measurement.
Lines are fits to Eqgs. B with an additional offset parameter
d. Red and blue correspond to the two focal lengths of the
ZFC fzrc, and solid and dotted correspond to the axis be-
ing measured. The displayed values of w are the measured
beam radii at the slit position.

This shows that the optical system is properly configured
to focus the beam, and the planned waist wy ~ 60 um is
accessible. The wider end of the range seems to be thinner
than the planned range (Eq. [), which may be due to the
shift of the beam axis when fi is changed.

In conclusion, we have constructed an optical system that
enables the generation of an optical lattice trap of depth
0.2 mK for the 2!°Fr atom. This system is applicable for
stable alkali atoms such as Rb and Cs, which will be used
to study laser cooling and trapping techniques that would
play an essential role in the high-sensitivity electron EDM
search.
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1. Introduction

In collaboration with the CRIB spectrometer group, we
have been developing a magnesium beam that can be pro-
vided for long-term experiments.

CNS 14 GHz HyperECR ion source provides various
metal ion beams to the RIKEN AVF cyclotron [0]. The
magnesium beam was already been put to practical use,
however, its intensity and sustainability had not met the
requirements of the experiment group. Therefore, devel-
opments in beam production have been put forward. This
report discusses two methods for 2*Mg®* beam production.

2. Required Beam

The beam current required by the experiment group was
400 pnA on target and the duration of the experiment was
10.5 days. Considering the beam transmission from the
ion source to the target, the estimated minimum require-
ment of 2*Mg® beam current was 32 epA at HyperECR
Ion Source.

3. Off-axis Double Crucible

Firstly, the off-axis double crucible method was devel-
oped to maximize beam production. Powdered metal mag-
nesium is stored in a couple of two-milliliter crucibles.
Each has a single ¢ 1.6 mm opening. They are placed off-
centered against the optical axis as shown in Figure 0. This

Figure 1: Off-axis double crucible method: In this picture,
the plasma chamber is not attached and a couple of off-axis
crucibles are exposed. When the whole apparatus is assem-
bled, the RF wall makes the bottom of the plasma chamber.
The longitudinal position of the crucibles is adjustable.

unique positioning of the crucibles avoids interfering with
the ECR plasma that forms along the optical axis.
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Using this method together with the strong-convergence
extraction system [2], maximum 2*Mg®" beam current of
65 eptA was achieved.

The duration of consecutive beam production is esti-
mated to be around 12 days. However, the consumption
rate of the magnesium sample can vary depending on ion
source conditions, and it could be just short of 10.5 days of
beam time and an additional one day of beam production
that is necessary for tuning the ion source and the acceler-
ator prior to the experiment. To replenish the sample, the
vacuum inside the plasma chamber and extraction chamber
should be broken, and the ion source has to be disassem-
bled. It takes one whole day to reassemble, evacuate, and
bake the plasma chamber to restore the beam production.

4. Axially Inserted Crucible

The axially inserted crucible method is developed to re-
duce the downtime for sample replenishment. A single sam-
ple crucible is inserted along the optical axis as shown in
Figure D. Unlike the double crucible method, it is pos-
sible to withdraw the crucible through an airlock behind
the gas chamber without breaking the vacuum inside the
plasma chamber. It allows us to refill the sample crucible
with magnesium powder and resume beam production in
approximately 3 hours. Moreover, it is easier to deal with
troubles with the crucible during the experiments than with
the off-axis crucible method. The maximum >*Mg®* beam

Figure 2: Axially inserted crucible method: A single cru-
cible can be seen placed on the optical axis. RF wall is
removed so that the crucible can be withdrawn from the air-
lock.

current was 40 eptA and 4 days of the consecutive beam was
provided by single replenishment.



5. Summary

Two methods for 2*Mg®* beam production have been de-
veloped. One can provide 65 epA for 12 days, the other can
provide 40 eptA virtually endlessly with 3 hours break every
4 days. In the experiment scheduled in January 2022, the
latter method was chosen for sustainability and maintainan-
cablity. The **Mg®* beam was successfully produced for
18 days with four breaks to refill the sample crucible.
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1. Introduction

There are 3 experimental courses in the E7 room of
RIKEN Nishina Center. On these courses, the experimental
equipments of CNS are installed. When the beam intensity
is less than 10 ey A, the overall average beam transport ef-
ficiency of those courses is 73 %. However, when the beam
intensity is larger than 10 ey A, the overall average beam
transport efficiency drops to be 66 %. It is found that the
stronger beam intensity tends to lower beam transport effi-
ciency. For improving the beam transport efficiency, the op-
timization of the beam transport system is necessary. The
decrease of the transport efficiency may be caused by the
emittance growth. However, high intensity beam emittances
cannot be measured by the existing emittance monitor be-
cause of the insufficiency of cooling power [II, 7].

We are developing the pepper-pot emittance monitor
(PEM) [B,4] for the high intensity beam. In this fiscal year,
the analysis for the beam test, upgrade of optical system of
digital camera, and the preparation of next beam test were
reported.

2. Analysis of the performance test

The performance test of the prototype PEM was done
with ion beam. We set the low performance camera at about
L=500 mm distance from the window of the PEM. As the
condition that entire region of fluorescent plate fitted in a
camera view was not found, we decided to take the beam
image on a part of fluorescent plate.

The exposed ion beam was >*Mg8+ 7.5 MeV/u and the
beam power was 23 W which was correspond to 1020 enA.
The vector of average beam angles through the holes of
pepper-pot mask is shown in Fig. [l. The captured area is
from -10 to 20 mm in horizontal and from -17 to 6 mm
in vertical because the camera optics cannot be regulated
sufficiently. Nevertheless, we tried to analyze the measure-
ments for the performance evaluation. Figure D shows the
beam trajectory from every hole on the pepper-pot mask
and Fig. B shows the reconstructed beam profiles at 4500
mm from PEM. Figure @ and Fig. B are calculated by using
the vector shown in Fig. . It is found that these beam tra-
jectories have nodes at 2500 mm from PEM. But the nodes
should be at around 4500 mm from PEM because the stan-
dard deviation (SD) of beam position distribution in the x
and y directions are respectively 1.9 mm and 1.4 mm, which
are calculated from beam profiles shown in Fig. B measured
by profile monitor set 4500 mm behind the PEM. This may
be caused by the measurement accuracy of beam angle. To
see this assumption, we supposed the beam trajectory and
beam emittance close to the real beam by use of the mea-
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sured beam profile at 4500 mm from PEM and calculated
the beam trajectory including the assumed beam angle accu-
racy so as to be close to the beam profile shown in Fig. B. If
the angle accuracy is 2 mrad and the other errors do not ex-
ist, Fig. @ and Fig. B are accountable. Next time, we should
have beam test after making the camera optics system to
cover the entire area of the fluorescent plate.
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Figure 1: The aﬁgular vector at eachbposi-tion of beam
through each hole of the pepper-pot mask.

Figure 2: Thé béafﬁ“trajéétdry to a poitit at 4500 ‘mm from
PEM. The left view is x direction and the right view is y
direction.

x-distribution around target y-distribution around target

vvvvv

Figure 3: The reconstructed beam profile after transporting
4500 mm from PEM. The left image is x(mm) direction and
the right image is y(mm) direction.

3. Optical system of digital camera

The study of the optical system with a tele lens to keep
away from the deterioration by radiation is continued [5].

The required conditions for the optical system are to take
an entire image of fluorescent plate and to suppress the dis-
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Figure 4: The measured beam profile by beam profile mon-
itor at 4500 mm downstream PEM. The left image is for x
(mm) direction and the right image is for y (mm) direction.

tortion of the image caused by lens aberration. This time,
we arranged to use another PEM which has the 48 mm di-
ameter of window to see the fluorescent plate. The diam-
eter is namely extended 8 mm compared with the previous
PEM. The focal length of tele lens used for study is 100
mm. An achromatizing lens was adopted for the intermedi-
ate lens of which focal length is 200 mm because it has an
ability to expand the region of the image of fluorescent plate
and suppress the distortion of image. The distance between
the intermediate lens and window and the distance between
digital camera and window are defined as d (m) and L (m),
respectively.

The achieved L is 2200 mm, which is longer than last
time. At this time, d is 410 mm, which is shorter than last
time [8]. The image of fluorescent plate under this condition
is shown in Fig. B. We think L has possibility to expand if a
tele lens with longer focal length can be introduced because
Fig. B indicated the area of fluorescent plate is somewhat
smaller than the area of image.

Figure 5: The image is fluorescent plate on condition that L
is 2200 mm and d is 410 mm.

The distortion is indicated as the relationship between the
fiducial (designed) positions and the difference from the po-
sitions on the image against fiducial (designed) positions
shown in Fig. B. The differences are caused by not only dis-
tortion, but the error made from drawing lines on the copper
plate. The standard deviations of the difference on the hor-
izontal and vertical directions are 0.16 mm and 0.14 mm,
respectively.

4. The preparation of the next performance test

The performance test of the prototype PEM with the ac-
celerated beam is planned. We have two required conditions
for an accelerator and beam line. The first is that the beam
energy is as low as beam can be stopped by a copper plate
of which thickness is 0.1 mm. We want to see the difference
of angle accuracy in terms of the different hole diameter of
pepper-pot mask. The 0.1 mm and 0.3 mm hole diameter
of pepper-pot masks are prepared. However, the pepper-pot
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Figure 6: The left and right are the correlation between fidu-
cial positions and the difference from the positions on the
image against fiducial positions in the horizontal and verti-
cal directions, respectively.

mask with 0.1 mm hole diameter is made by copper and the
thickness is 0.1 mm. Therefore, we need low energy beam.
The second is that at least two profile monitors are set in
the same straight beam line as the PEM. The ¢ matrix of
transverse beam component (x or y) are calculated statisti-
cally by use of 3 profile monitors. As the beam image of
the PEM is regarded as profile monitor, two other profile
monitors are required to estimate the ¢ matrix of transverse
beam component. The estimated ¢ matrix is used as the
reference which is thought to be correct. The performance
of PEM is evaluated by comparing with the estimated ¢
matrix. One of accelerator facilities to meet our requires is
Micro Analysis Laboratory, Tandem accelerator (MALT),
The University of Tokyo [A] and we are preparing beam test
there.
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Most of the elements heavier than iron are produced
through the rapid neutron capture process(r-process). The r-
process path passes through the neutron-rich side of '3%Sn.
We compute the low-energy nuclear properties contributing
to the fB-decay half lives by using the Monte-Carlo shell
model (MCSM). In this paper, we focus on the southwest
region of 132Sn. We employ the same model space with the
large-scale shell model calculation in Ref. [0], which con-
sists of the five neutron orbitals between N = 50 and 82 and
the nine proton orbitals between Z = 28 and 82. The effec-
tive interaction is taken from the SNV interaction and the
remaining part is given by the phenomenological VMU in-
teraction. Moreover, the monopole interaction strengths are
decreased by 10% to reproduce the low-energy spectra as
shown in Fig. .

The upper panel of Fig. @ shows the Gamow-Teller tran-
sition strength of '3°Cd. In the MCSM calculation, we
adopt several tens of basis vectors optimized for low-energy
eigenstates. This prescription is not enough to reproduce
the Gamow-Teller transition. We utilize an unitary trans-
formation for the many-body bases to describe the states
strongly connected to the ground state of the parent nucleus
through the Gamow-Teller transition operator.

—A- N=82(2)
—A- N =82(4)
W~ N =80(2)
W~ N =80 (4)

Ex (MeV)

| T

40 42 44 46 48 50
Z

Figure 1: The energy spectra of N = 80 and 82 nuclei. The
results of MCSM calculations are shown with filled sym-
bols.

The Gamow-Teller transition operator is defined by

A
Gip=Y t:(a)oy(a), (1)

=1

where o0y (a) and 7. (a) denote the spin and isospin opera-
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tors, and Gl’ u = G- u. Using the commutation relations

3 A
Y [G1i,G_j] =Y 2igiyok(a)T: (a)T(a)
=1 a=1

A
+) oi(a)oj(a)t(a), )
a=1
the sum rule is given as
Z <WJ,M| I:G+v“’G_7V:| ’W‘]7M>
u,v=0,%1
3
=Y (Wrm| Gy il v ) (wa| G i| W)
i=1
3
=Y (Wrm|Gi| W) (W |G i wran)
i=1
=3(N-2), 3

where |1//17M> is the ground state and ‘l//n> is the intermedi-
ate states of the daughter nucleus. Our goal is to construct
a set of basis vectors {|y;,)} that almost exhausts the sum
rule.

In the MCSM calculation, the ground state is expressed
with deformed Slater determinants, one of which is given
by

Nr
|0) =TTal-), @
k=1
N\'p
aj =Y Dacl, )
a=1
where |—) denotes the inert core occupied by a definite
number of nucleons. The number of nucleons within the
model space is Ny and the number of the single-particle
states iS Ngp.
The deformed Slater determinant is decomposed into the
proton and neutron parts as

19)=[o™)@|pM)), ©)
where
Nz
00y =TTal -, %)
k=1
N
al, =Y DY, ®)
: a=1

for T = &, v. Using the QR decomposition algorithm, we

7) (1)

can construct the NS(; ) X Ns<p unitary matrix D'’ extended



from D(%). The creation operator can then be extended for

k=12, N as
N (7)
T
ag, =Y Doich ©
a=1
The Gamow-Teller operator can be expressed as
G- =Y (a|toulB)caes
af
NG NG )
— Y Y (miloulv.i)agans, (10

i=1 j=1

where the one-body matrix elements for the new basis vec-
tors are defined by

v.j) = L (m aloy

ap

v,ﬁ>5g§)*5§3‘?. (11

(m,i|op

Considering a basis vector ‘¢>,

Ny
G_ul9) = Zl |9uj), (12)
J=
where
Nﬂ N ']‘ NV
10u;) = [Tagubh i TT absl-), (13)
=1 K(£))
N
bl=Y BU el (14)
o=1
N
BY . =(-1y"" Y Di(miloy|v.j). (5
i=Nz+1

To completely satisfy the sum rule, we need the 3N, basis
vectors for each |¢> The total dimension 3Ny X Ng . be-
comes large as the number of basis vectors used to describe
the ground state denoted by N, 5. We should economize the
computational costs by selecting a small number of basis
vectors that almost satisfy the sum rule.

When the ground state is expressed with only one basis
vector, the sum rule is given by

Ny

(9|6 uG-u|®) =Y (Puildu))-

=1

(16)

This is conserved with the unitary transformation of the
neutron single-particle levels

Ny Ny
Zl |$j) = det(U) Zl | B
J= Jj=

Ny
=2 907)-
j=1

We utilize the unitary matrix U to diagonalize the ma-
trix (), and adopt 50 bases from the largest eigenvalue.
The lower panel of Fig. @ shows the Gamow-Teller transi-
tion strengths obtained by this prescription, where the sum
rule is almost satisfied.

a7
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Figure 2: The Gamow-Teller transition strength of 3°Cd.
The blue lines are the folded strength functions by a
Lorentzian function with 1 MeV width.

References

[1] N. Shimizu, T. Togashi, and Y. Utsuno, PTEP 2021
(2021) 033DO01.



Other Activities






The 21th CNS International Summer School CNSSS22

N. Aoi?, T. Gunji, N. Imai, H. Liangb’c, S. Michimasa, H. Nagahama, T. Otsukab, H. SakaiP,

Y. Sakemi, H. Sakuraib’c, N. Shimizu, S. Shimoura, H. Uenob, T. Uesakab, Y. Utsunod, T. Wakasa®,
K. Yako, H. Yamaguchi, K. Yoneda

Center for Nuclear Study, Graduate School of Science, University of Tokyo
ARCNP. Osaka University
bRIKEN Nishina Center
€Department of Physics, Univ. of Tokyo
dAdvanced Science Research Center, Japan Atomic Energy Agency
€Super Heavy Element Center, Kyushu University

The 21st CNS International Summer School (CNSSS22)
was hosted by the Center for Nuclear Study (CNS) from
August 20th to 24th, 2022. The school was co-organized
by the JSPS A3-Foresight program and the Super Heavy
Element Center at Kyushu University. It received support
from the RIKEN Nishina Center and the Research Coun-
cil of Norway, and was cooperated by the Asian Nuclear
Physics Association (ANPhA). The school aimed at fos-
tering graduate students and postdocs by providing basic
knowledge and perspectives of nuclear physics.

It is noteworthy that Oslo University joined the organi-
zation for the first time. Eleven people participated in the
school in-person from Oslo University.

However, due to the Japanese government’s anti-COVID
measures, we were unable to invite participants from cer-
tain Asian countries. Consequently, we opted for a hybrid-
style event following two online schools in 2020 and 2021.
Additionally, because the University required special anti-
measures for in-person meetings on campus, we held the
school at Shinrin-koen Heritage Resort. This marked the
first time the school was conducted outside the University
and RIKEN campus.

As part of our own anti-COVID measures, participants
were required to report their body temperatures starting
from one week before the school and continuing until its
conclusion. Additionally, prior to attending the school, par-
ticipants had to provide evidence of a negative result from a
COVID antibody test. CNS provided the participants with
antibody test kits before the start of the school.

The school commenced with a welcome address from
Prof. Masahiro Hoshino, the Dean of the School of Sci-
ence at the University of Tokyo. The program featured lec-
tures delivered by prominent scientists specializing in both
experimental and theoretical nuclear physics. Each lecture
commenced with a foundational overview and concluded
with discussions on the latest developments in the respec-
tive field.

The list of the lecturers and the title of lectures are fol-
lowing:

¢ Prof. Stefan Frauendorf (Nortre Dome USA), (on-
line) , " Quantal Rotation"

e Prof. Shunsuke Kurosawa (Tohoku Univ, Japan),
"Scintillation counter”

 Prof. Satoshi N. Nakamura (Univ. of Tokyo, Japan),
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Figure 1: A group photos of the participants of CNSSS22
with the lecturers.

"Hypernuclei"

Prof. Sunniva Siem (Univ. of Oslo), (on-line), "Ex-
perimental Level densities and Photon strength func-
tions, and medical application of nuclear physics"

Dr. Vetle Ingeberg (Univ of Oslo), "Oslo method"

Prof. Angela Bracco (Univ. of Milano), (on-line),
"Physics with AGATA"

Dr. Shintaro Go (RIKEN, Japan), “Overview of
RIBF/Spectroscopy of exotic nuclei ”

Prof. Yutaka Utsuno (JAEA/CNS, Japan), "Large-
scale shell-model calculations: from low-lying spec-
tra to compound states"

Eight lecturers and ninety-nine participants registered at
the school. Fifty-one participants attended the school in per-
son, while, similar to the past two years, there were online
participants from Malaysia, Vietnam, Korea, China, and In-
dia. Each class lasted for 50 minutes, with 10-minute breaks
between sessions. The actual average number of partici-
pants, including online attendees, was around 70. Figure [
is a group photo of the in-person participants with the lec-
turers.

As is tradition, there were three "Young Scientist Ses-
sions" during which graduate students and postdocs deliv-
ered oral presentations. In total, there were fourteen oral
presentations. Since 2017, the CNSSS Young Scientist
Awards (CNSSSYS Awards) have been introduced to rec-
ognize outstanding presentations. A few winners were se-
lected from each Young Scientist Session by the members
of the organizing committee and the lecturers. The recipi-
ents of the third CNSSSYS Awards were:



* Ms. Azusa Inoue (RCNP, Osaka University) “Study
of the contribution of the 7Be(d, p) reaction to the 7Li
problem in the Big-Bang Nucleosynthesis

¢ Mr. George Hadson-Chang (RIKEN/Univ. of Surrey)
“A position sensitive Schottky cavity doublet for use
in the Rare RI Ring”

The certificate of the awards were presented to them from
the school master, Prof. Sakemi.

The best presenter among them, Ms. Azusa Inoue, was
also honored with the APPS-DNP/ANPhA Prize for Young
Physicists, sponsored by AAPPS-DNP/ANPhA. She re-
ceived a certificate as well as the prize money, presented
by Prof. W. Liu, the chair of ANPhA.

We are grateful for the support from ANPhA. We extend
our thanks to the administrative staff of CNS for their valu-
able assistance. We also appreciate the dedication of the
graduate students and postdocs at CNS for their hard work.
Finally, we acknowledge the contributions of all the lectur-
ers and participants to the success of CNSSS22.
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Nuclear scattering experiments were performed as a labo-
ratory exercise for undergraduate students of the University
of Tokyo. This program was aiming at providing under-
graduate students with an opportunity to learn how to study
subatomic physics by using an ion beam from an accelera-
tor. In 2022, 32 students attended this program.

Four beam times were scheduled in the second semester
for third-year students, and 8 students participated in each
beam time. The experiments were performed at the RIBF
using a 26-MeV alpha beam accelerated by the AVF cy-
clotron. The alpha beam extracted from the AVF cyclotron
was transported to the E7B beam line in the E7 experi-
mental hall. The scattering chamber has two separate tar-
get ports which enable us to perform two independent ex-
periments without opening the chamber during the beam
time. In each beam time, the students were divided into two
groups and took one of the following two subjects:

1. Measurement of elastic scattering of incident alpha
particle with 1°7 Au, to learn how to determine nuclear
size.

Measurement of gamma rays emitted from the cas-
cade decay of highly excited >*Gd and !840s, to
learn the nuclear deformation.

Before the experiment, the students took a course on the
basic handling of the semiconductor detectors and elec-
tronic circuits at the Hongo campus, and attended a radi-
ation safety lecture at RIKEN. CNS conducted tours to the
RI beam factory for the students.

In the a+'%7 Au measurement, o particles scattered with
the Au target with a thickness of 1 um were detected using
a silicon PIN-diode located 15-cm away from the target. A
collimator with a diameter of 6 mm was attached on the
silicon detector. The energy spectrum of the scattered o
particles was recorded by a multi-channel analyzer (MCA)
system. The beam was stopped by a Faraday cup located
downstream of the scattering chamber. The cross section
for the alpha elastic scattering was measured in the angular
range of Oj,, = 20—150°.

The measured cross section was compared with the cal-
culated cross section of the Rutherford scattering. The cross
section was also analyzed by the potential model calcula-
tion, and the radius of the 97 Au nucleus was discussed.
Some students obtained the radius of ~10 fm by using a
classical model where the trajectory of the o particle in the
nuclear potential is obtained using the Runge-Kutta method.
Others tried to understand the scattering process by calcu-
lating the angular distribution using the distorted wave Born
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approximation method with a Coulomb wave function and
a realistic nuclear potential.

In the measurement of gamma rays, excited states in
154Gd and '3*Os nuclei were populated by the 32Sm(a,2n)
and '"82W(a,2n) reactions, respectively. The gamma rays
emitted from the cascade decay of the rotational bands were
measured by a high-purity germanium detector located 30-
cm away from the target. The energy of the gamma ray were
recorded by the MCA system. The gain and the efficiency
of the detector system had been calibrated using standard
gamma-ray sources of ®°Co, 13*Ba, and '*’Cs. The gamma
rays from the 107 and 87 states in 13*Gd and '3*Os, respec-
tively, were successfully identified. Based on the energies
of the gamma rays, the moment of inertia and the defor-
mation parameters of the excited states were discussed by
using a classical rigid rotor model and a irrotational fluid
model. The students found that the reality lies between the
two extreme models. The initial population among the lev-
els in the rotational band was also discussed by taking the
effect of the internal conversion into account.

It was the first time for most of the students to use large
experimental equipments. They learned basic things about
the experimental nuclear physics and how to extract physics
from the data. We believe this program was very impres-
sive for the students. The authors would like to thank
Dr. K. Tanaka, the CNS accelerator group, and the RIBF
cyclotron crew for their helpful effort in the present pro-
gram.
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Symposium, Workshop, Seminar, and PAC
A. Symposium and Workshop

1. OEDO/SHARAQ collaboration meeting 2022
online, August 30, 2022.

2. International Symposium on Nuclear Spectroscopy for Extreme Quantum Systems (NUSPEQ2023)
Plaza Verde, Shizuoka, March 3-7, 2022.

B. CNS Seminar

1. CNS seminar + NSS #570 (Dr. Javier Menéndez)
Date: December 22, 2022

C. Program Advisory Committee for Nuclear-Physics Experiments at RI Beam Factory

1. The 23rd NP-PAC meeting
Date: December 5-7, 2022
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S. Hanai (poster) “Direct mass measurement of neutron-deficient Fe isotopes” The International Symposium on
Nuclear Spectroscopy for Extreme Quantum Systems (NUSPEQ2023), Numazu, Sizuoka, Japan, Mar. 7-9, 2023.

J. Li (poster) “Study of heavy-ion fusion reactions in inverse kinematic systems using low-energy '3°Xe beam,” The
International Symposium on Nuclear Spectroscopy for Extreme Quantum Systems, Numazu, Sizuoka, Japan, Mar.
7-9, 2023.

S. Hanai (invited) “Direct measurement of the masses of Fe isotopes around the proton dripline,” RIBF users
meeting, Web meeting hosted by RIKEN Nishina Center, Wako, Saitama, Japan, Sep. 22, 2022.

T. Chillery (invited) “Recent Studies on Heavy-Isotope Nucleosynthesis Using (d,p) Transfer Reactions at OEDO-
SHARAQ),” RIBF users meeting, Web meeting hosted by RIKEN Nishina Center, Wako, Saitama, Japan, Sep. 22,
2022.

J.T. Li (oral), “Study of the fusion reaction in inverse kinematics with the low-energy 136Xe beams,” UT-Tsinghua
University Joint mini workshop, Tsinghua University, Beijing, China, Mar. 13, 2023.

S. Hanai (poster) “Development of a fast response PPAC for high-intensity heavy-ion beams,” The 19th International
Conference on Electromagnetic Isotope Separators and Related Topics (EMIS XIX), RISP/IBS, Daejeon, Korea,
Oct. 3-7, 2022.

K. Yako (oral), “Double and single charge exchange reactions on “8Ca by '>C beam at 2504 MeV,” YKIS2022b,
Kyoto, May 23-27, 2022.
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37

38.

39.

40.

41.

. A. Sakaue (poster), “The Search for double Gamow-Teller giant resonance at RIBF BigRIPS,” Annual meeting of
A3 Foresight Program, Nuclear Physics in the 21st century, Osaka, February 13—15, 2023.

A. Sakaue (poster), “The search for double Gamow-Teller giant resonance with the (12C,'?Be(05)) reaction,”
NUSPEQ2023, Numazu, March 7-9, 2023.

K. Kawata (poster), “The production of high-spin isomers around >Fe in fragmentation reaction of 3¥Ni and *°Co
beams at 350 MeV/u,” NUSPEQ2023, Numazu, March 7-9, 2023.

K. Nakamura (oral), “400-m-Long Polarization-Maintaining Fibers for Magneto-Optical Trapping of Francium
Atoms,” The 15th Pacific Rim Conference on Lasers and Electro-Optics (CLEO-PR 2022), Online, Aug 2, 2022.

H. Nagahama (invited), “Searching for the permanent electric dipole moment using laser cooled francium atoms,”
6th Workshop on the Physics of fundamental Symmetries and Interactions at low energies and the precision frontier
(PSI12022), Paul Scherrer Institute, Switzerland, October 19, 2022.

M. Fukase (invited), “Search for permanent EDM by using Fr atoms,” 14th International Workshop on Fundamental
Physics Using Atoms (FPUA2022), Kyushu University, Fukuoka, Japan, November 24, 2022.

B. Domestic Conference

10.

11.

12.

13.

CBEEEK (KRR X —%3K), 14 GHz Hyper ECR A # > {i% W7z ECR 7' X~ Of%% , 5 19 [\ H A3
MARIER, V74 Vi, 2022 4E 10 A 18-21 H

KINER (HEEFER), X A= PHOILRERBRICBT B 20Si(a,p)?°P KIGDEEIE |, HARYEY
2022 EME RS, FILFERIK, 2022 4£ 9 A 6-8 H.

. S. Hayakawa (oral), “Activity report of CRIB”, RIBF Users Meeting 2022, Session 3, & > 7 A > Bilfi, 2022 4F 9
H.

FIN#A (O¥EFER), “Measurement of the "Be + 1 reactions by Trojan Horse method updating primordial "Li
abundance”, FH Y D B UKAKUREN-RCNP Conference on AstroNuclear Physics (ANP2022), , KfRA
FF T TA Y NATY v NI 202247 7.

s (HEERER), BOWEFROEHY 7 2 X —REOEBRIIEL ), & > KV A TRFZZ 7 AKX —
YE O ER e BE ), HAYEY X 2023 FHEFAR, A 74,2023 43 H25H.

H. Murakami for the ALICE collaboration, “Direct photon production in proton-proton collisions at sgrts = 13 TeV
via interanl conversion technique with ALICE,” HZRYJHE2E2 2022 FERKE RS I LERRIRE (1L v > 2% %)

BEMKE, B/ Y7 o —7%E L7 QGP WHOAR ¥ B, 2023 /£ 3 A 22 H HAYF2E2 2023
FEZNRE (online) EBREYH - HEKYBEEER SFEY v EY Y A L KIEROE T I L F — [ FI4GEZE : [a]Hs
HfREX, [eHEETXEN?

FEI5{ 38 for the ALICE collaboration, 223 % F\w 7z, ALICE-TPC & H 2812 BT 2 22 BRI ZNE O
1B, BARYEZES 2022 RS WILERRZE (Wil v >3 R)

T. Gunji (invited), “Future Prospects of Quark Cluster Physics using ultra-relativistic heavy-ions,” 5 8 [A] 7 & X
& —FEfEREIEI s 2, 2023 /£ 2 H 9 H-2 A 11 H, KFRKRZFERHE F ¥ ¥ S RS RE e

T. Gunji (invited), LHC-ALICE FEBiO#H L\ 7 — XINEER |, RCNP 55 TIRFZFEER O XA 7 — XY
2 27 AFBBHFICET T, 2022 4E 5 H 16-17 H, KEEKRFRE F v > 282

T. Gunji (invited), TWG4 (F> 54 > 74 0&Y) 7 - HENES) #8058 BE ), RFEEBROSR T — X
DR 27 b RR—, 2023 53 A 17 H

T. Gunji (invited), TALICE %EBRIZ3HB1F 3 Vertex Trackers|, >V 2> 7 F v b 7 + — LHI%E5, KEK, 2022 4
8H9H

FHCEPRE (B, (ARSI E - EN R H TG 215 2120d ), 9 TFEESE O R,
KRERFFEAT CKBRA2E) L2022 4 7 A 19-21 H.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

THEERE, KRN, HFOE, §HE (DEFER), TREIBREAETE ¢ 3 #BARANC X % 40Ca DA
TEAREE D~ & D EO B P |, H AR 2022 AR, MIILRF LT (REILFERRE) | 2022 49 H
6-8 H.

MR (FAfFEED), (RGN X 5 ¥ & VIR FROITIIER OBERETR), “HEA— X FEEAT
FIEZRFRBER S FRITZE R, KRBT CREORAAZEE £ > % —) |, 2022 4 10 A 34 H.

W72 K, TE/KRIZE, MG, FEEE (OERER), T 7 H A oA & 3 N=82 DR — & grs
HREHOERETE Y, HAYEZE R 20203 EETKE, AV 74 >,2023 £ 3 A 22-25 H.

N. Kitamura (invited), TEPEREBE T 4 ¥ X A4 VY OFBEFAE » SR ORI, T EEBRO LN T — X IL
£ R T L —fZHEAL ¥ R R—, KBRS PRS2 > & —, Mar. 17, 2023

R. Yokoyama (invited), [JRFEZOEEHRFHHGERL ), SHBUEEFHEAR, =%V F v 7B OASK, B
F e BlEEE S 2 N — 2 UHEERE, Mar. 15-17, 2023

R. Yokoyama (invited), ZHEHE: « DR RISAANLZEMERMRICB T 5 B A NDTDDT v FL—ay
FiHi#% 1, Scintillator for Medical, Astroparticle and Environmental Radiation Technologies, Tokushima University,
Dec. 17-19, 2022.

N. Imai (invited), “Study of the neutron capture rate on the unstable nuclei via the surrogate reactions,” Workshop
for the nucleosynthesis in the universe from the neutron capture, University of Tokyo, Tokyo, Japan, Feb. 9 — 10,
2023.

i

T. Chillery (oral), “Measurement of '3°Sn(d,p) Reaction for Neutron-Capture Rate in r-process Nucleosynthesis,
JPS Autumn 2022 meeting, Okayama, Sept. 6-8, 2022.

B k% (TEEFER), [(12°C,12Be(07)) RIGE AW —EAE Y - 77 —ERAIRIREOHER |, HARYHY:
22022 EME RS, MILERKY, 2022 £ 9 A 6-8 H.
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C. Lectures

1. Y. Sakemi, H. Yamaguchi: “Nuclear Physics I, Summer, 2022.

2. K. Yako (with M. Ishino): “Experimental Techniques in Particle and Nuclear Physics”, Autumn, 2022.
3. H. Yamaguchi: “Hadron Physics” at Rikkyo University, Summer, 2022.

4. T. Gunji: “Physics Seminar”, Autumn, 2022.

5. K. Yako: “Classical Mechanics A for Undergraduate Students”, Summer, 2022.

6. H. Nagahamas, K. Yako: “Physics Experiment II”’, Autumn, 2022.

7. H. Yamaguchi, T. Gunji, S. Michimasa: “Experience Seminar for Freshmen and Sophomore”, Autumn, 2022.

D. Awards

1. S. Hanai, ANPha award in The International Symposium on Nuclear Spectroscopy for Extreme Quantum Systems
(NUSPEQ2023), Numazu, Sizuoka, Japan, Mar. 7-9, 2023.

2. A. Sakaue, Poster award for young scientists, Annual meeting of A3 Foresight Program, Nuclear Physics in the
21st century, Osaka, February 13-15, 2023.
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SAKEMI, Yasuhiro Professor, Graduate School of Science
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Scientific Staff
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YAMAGUCHI, Hidetoshi Lecturer
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NAGAHAMA, Hiroki Assistant Professor
KITAMURA, Noritaka Assistant Professor

Visiting Scientists

UTSUNO, Yutaka JAEA

NISHIMURA, Daiki Tokyo City University
KAJINO, Toshitaka NAOJ
HAMAMOTO, Ikuko Lund University
HWANG, Jongwon IBS

NAKAGAWA, Takahide RIKEN

SHIMOURA, Susumu RIKEN

SHIMIZU, Noritaka University of Tsukuba
OTA, Shinsuke RCNP

DOZONO, Masanori Kyoto University

Technical Specialist

KOTAKA, Yasuteru
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SEKIHATA, Daiki

Post Doctoral Associates

NAKAMURA, Keisuke YANASE, Kota
KAMAKURA, Keita CHILLERY, Thomas William
MA, Nanru SAITO, Takeshi

Academic Specialist

KOJIMA, Reiko

Assistant Teaching Staff
SEKIGUCHI, Yuko MASUOKA, Shoichiro
KAWATA, Keita MURAKAMI, Hikari
SAKAUE, Akane

Graduate Students

SHIMIZU, Hideki UEHARA, Daisuke
OZAWA, Naoya OKAWA, Kodai
HANAI, Shutaro BABA, Hitoshi
NAGASE, Shintaro FUKASE, Mirai
KOHARA, Ryotaro SINDO, Shujiro
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Administration Staff
SHIMANE, Noriko
YAMAMOTO, Ikuko KISHI, Yukino
KOTAKA, Aki
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Steering Committee

HOSHINO, Masahiro Department of Earth and Planetary Physics, Graduate School of Science, UT
YAMAMOTO, Satoshi Department of Physics, Graduate School of Science, UT
OGATA, Masao Department of Physics, Graduate School of Science, UT

NAKAMURA, Satoshi N.  Department of Physics, Graduate School of Science, UT
WAKASA, Tomotsugu Department of Physics, Graduate School of Science, Kyushu University

MORI, Toshinori International Center for Elementary Particle Physics, UT

TAKAHASHI, Hiroyuki Department of Nuclear Engineering and Management, Graduate School of Engineering, UT
SAKEMI, Yasuhiro Center for Nuclear Study, Graduate School of Science, UT

YAKO, Kentaro Center for Nuclear Study, Graduate School of Science, UT
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