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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 2023 (April 2023 through March 2024). During this period,
numerous research activities in various fields of nuclear physics have been conducted, producing a
wide range of fruitful results. This report provides a summary of these research activities. Below are
key highlights of the report.

The Center for Nuclear Study 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 2023, we focus on the analysis of the experimental data which were
obtained before. As a result, the parts of InPACT17-02-01 and -2, the transmutation of the long-lived
fission products with protons and detereons, and the surrogate reaction of the neutron capture reaction,
have been published. The data analysis of the other experiments are in progress. In addition, as a pilot
experiment of the fusion reaction measurement at OEDO in the future, we launched a new project to
evaluate the fusion reaction cross sections of the near symmetric system at HIMAC. Also the ASAGI
board for the readout of SR-PPAC is being developed. 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 continued the data analysis of the the double charge exchange “*Ca(!>C,1?Be) reaction taken in
2021 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. Since there is no experiment in 2023, we focus on the analysis
of the data and maintaining the beam line. The result of SHARAQI1, the search for a trineutron
state, has been submitted. The results of the mass-measurement of proton-drip line nuclei has been
summarized as a PhD thesis of the University of Tokyo. The experimental study of 0~ strength in
nuclei using the parity-transfer charge exchange (160, '°F) is in the final stage. We are also discussing
the future plan of OEDO/SHARAQ.

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special
nuclear structures, using the low-energy RI beam separator CRIB. The experiments at CRIB with the
presence of international collaborators on-site had been suspended since 2020, but restarted from the
4O(a, p) reaction measurement performed in March, 2023. We carried out an experiment separated
into two beamtimes in May 2023 and January 2024, using a °He beam at CRIB, for measuring He+p
elastic scattering and 5He( p, H)/(p, d) transfer reactions. To obtain an improved detection efficiency of



the ®He beam, multi-wire drift chambers (MWDC) were first introduced for the main measurements
at CRIB.

Main goal of the quark physics group is to understand the properties of many-body QCD system
such as quark-gluon plasma at extremely high-temperatures and color-glass condensate at extremely
high-energies. The group has been involved in the PHENIX experiment at Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory, the ALICE experiment at Large Hadron Col-
lider (LHC) at CERN, and the ePIC experiment at the Electron-Ion Collider (EIC) at BNL, where the
EIC is the future collider project at BNL and will start its operation from 2030. 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 up-
grade 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 R&D for the MAPS silicon
pixel detector for the ALICE ITS3 and ALICE3 upgrade. The group newly joined in the ePIC ex-
periment for the EIC and started some activities for the development of streaming data acqusition
system.

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 2023, HyperECR ion source was operated for 1,888 hours. A novel stability control system for
the ion source is currently under development using machine learning technology. For the first step,
a beam current prediction model was developed using plasma images and control parameters. It was
tested on several operation data and performed adequately in some cases. For the development of
the pepper-pot emittance monitor, the experiment was planned and performed in the MALT (Micro
Analysis Laboratory, Tandem accelerator, The University of Tokyo) to search the measurement error.
The prototype of the beam shutter system to devoid heating the monitor while exposing ion beam was
tested. The shutter speed was achieved within 0.27 second.

The development of a quantum sensor to search for a permanent electric dipole moment (EDM) with
an optical lattice interferometer is in progress at RIKEN RIBF. In this fiscal year, we have developed
a thermal 2! Fr atom source for its magneto-optical trapping. This new device allows to continuously
supply thermal 2>!'Fr atoms into a magneto optical trap system, as a consequence realizing a large
amount of laser-cooled 2*'Fr atoms used for the EDM measurement. As the measurement precision
strongly depends on the number of trapped 22! Fr, the newly developed apparatus is essential towards
searching the EDM with high precision.

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 FY2023 is investigation of triaxiality based on our calculations repro-
ducing rotational bands of nuclei around '%°Er. 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. In FY2023, we have accepted two graduate students from the
University of Oslo, and instructed them on skills of large-scale shell-model calculations for analyzing
experimental data concerning the Oslo method.

The 22nd CNS International Summer School (A3F-CNSSS23) took place from August 4 to 10,
2023. The school was organized by CNS and co-hosted by the Super Heavy Element Center (RCSHE)
and the Center for Accelerator and Beam Applied Science (CABAS) at Kyushu University, with
support provide by the JSPS A3F program. The shool was held in cooperation with the RIKEN
Nishina Center and the Asian Nuclear Physics Association (ANPhA). This year, the school returned
to an in-person format for the first time since 2019. The school, held in Nishina Hall at RIKEN,
featured 7 lecturers and welcomed a total of 87 attendees, including five from Korea, five from India,



and one from Vietnam.
Finally, I would like to thank Mr. Hoso and the other administrative staff members for their contri-
butions throughout the year.

Yasuhiro Sakemi
Director of CNS
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Studying the impact of deuteron non-elastic breakup on *>Zr + d reaction cross
sections measured at 28 MeV/nucleon

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

T. Sumikama®, N. Chiga®, S. Otad, s. Nakayama®
Jor the InPACT Collaboration

Center for Nuclear Study, Graduate School of Science, University of Tokyo
a Center for Exotic Nuclear Studies, Institute for Basic Science (IBS), Daejeon 34126, Rep. of Korea
b Graduate School of Science, Kyoto University, Sakyo, Kyoto 606-8501, Japan
€ RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan
d Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan
€ Nuclear Data Center, Japan Atomic Energy Agency, Ibaraki, Japan

Owing to the deuteron’s low binding energy it is eas-
ily broken apart by the Coulomb and nuclear fields of
a target nucleus. This non-elastic breakup enhances
deuteron-induced reaction cross sections at energies above
50 MeV/nucleon [, 2], where comparisons between mea-
sured data and statistical model outputs (i.e. DEURACS
and TALYS) help improve our understanding of the un-
derlying breakup mechanisms. However, there remains a
lack of data at energies below 30 MeV/nucleon for long-
lived fission product (LLFP) 937r. To address this, in 2017
the optimized energy degrading optics [B] (OEDO) system
was used to measure 3Zr + d reaction cross sections at
27.7 MeV/nucleon, which is the lowest energy to date. This
result may also assist transmutation facilities with treatment
of %7r (T s2 = 1.61 Myr) which remains a challenging
LLFP in the treatment of nuclear waste. This report sum-
marises the recently published letter [4] presenting the final
results.

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 was transported
through the OEDO beamline with intensity 1.2 kpps, where
it was used to bombard a cryogenically-cooled (~ 40 K)
16.9 mg/cm? thick, 55 mm long deuterium gas target [5]
installed at focal-plane SO. The gas target included Havar
windows of approximately 10 pm thickness. The beamspot
at SO was focused using the OEDO radio-frequency deflec-
tor (RFD) and superconducting triplet quadrupole magnets,
installed upstream of FE12. Details of the RFD’s function
are provided in Ref. [B]. The beamspot size at SO in FWHM
was 40 mm (12 mm) in X (Y). Fig. [ shows a diagram of
the OEDO-SHARAQ beamline around the SO target.

Reaction products from the D, target were collected and
momentum-analyzed by the SHARAQ spectrometer oper-
ating in QQD mode [A]. For each run, the SHARAQ D1
dipole magnet was set to one of five magnetic rigidity (Bp)
settings ABp /Bpo = —9.5%, —5.5%, —1.5%, +2.5%, and
+6.0% where 0% is the central beam trajectory (Bpy =
1.6210 Tm). Tracking and timing information from par-
allel plate avalanche counters were used to calculate the
products’ mass-to-charge (A/Q). Towards the back of SO
a 30 pad ionization chamber (IC) with 750 mm active depth

ITonization Chamber
Tracking Detectors

Target: D, Gas

16.9 mg/cm?
Beam: %Zr Tracking  Length 55 mm
~32MeV/u Detectors Temp. 40 K
12 kpps FE12 S0
BigRIPS [ |
& OEDO Pl Reaction Spectrometer

Products SHARAQ (QQD)

ABp/Bp =+ 3%

Figure 1: Diagram of experimental setup around the SO tar-
get, see text for details.

filled with 130 Torr CF4 gas was used to stop the beam
and products, thus measuring their Bragg peaks for particle
identification (PID). The Bragg curves were fitted event-by-
event to extract mass (A) and atomic numbers (Z). The Z vs
IC depth of ions is plotted in Fig. D. Clear beam contamina-
tion is present in the Z = 41 region around range 755 mm,
and this was resolved by applying two-dimensional cuts on
the Z vs range to separate each fragment: Nb, Zr, and Y.

42— .
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g 0§
3 -
£ + Nb:
= -
Z 40—
L -
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e C e i e L S AT e
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Range (8= 0.212) [mm]

Figure 2: Atomic number (Z) vs range of ion (f = 0.212) in
IC at SHARAQ setting ABp /Bpy = —1.5%. Dashed lines
represent the two-dimensional cuts used to select each Z.

The final PID was achieved by plotting A vs A/Q gated
on each Z locus, shown in Fig. B. Several loci are observed
for the same isotope owing to the wide charge-state distribu-



tions encountered at this low energy, ~ 23.2 MeV/nucleon
at S1. The total counts for all charge states were extracted
from a dominant charge-state based on the deduced distri-
bution in the present data. Consequently, the production
cross-sections for individual fragments were calculated.
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Figure 3: Mass number (A) vs mass-to-charge (A/Q) par-
ticle identification plot for SHARAQ setting ABp /Bpy =
—1.5%, gated on Z-loci in Fig. O. Dashed lines are to guide
the eye.

The ?*Zr + d cross sections as a function of incident
deuteron energy are shown in Fig. B. Measured data from
this study are plotted at 55.8 MeV, where the hatched band
represents the energy range covered in the D, target. The
data of previous studies [[Z, 8] are plotted at higher energies.
The solid lines represent the DEURACS calculations, and
dotted/dashed lines represent the TALY's calculations con-
sidering different deuteron breakup models. Our data was
in quantitative agreement with the output of DEURACS
and, in the case of Nb and Zr isotopes, TALYS. At our
low energy the alpha emission channels dominate Y pro-
duction, and thus the TALYS alpha optical model potential
was adjusted to the Nolte model to best match the experi-
mental data. However, the calculations still underestimate
Y-production cross sections up to a factor 3 (11) using the
Avrigeanu (Kalbach) breakup model. Future efforts are re-
quired for theory to better describe our new results and im-
prove deuteron breakup models across the widest possible
energy range.

Regarding our results impact on transmutation of nu-
clear waste, the increased Nb production may limit the ef-
fectiveness of low-energy deuteron-based treatments, sim-
ply because the half-lives of some products can be exceed-
ingly long, importantly °>Nb with T s2 = 347 Myr. The
situation may be more complicated during transmutation

107 93Nb 3
;

® O Measured

—— DEURACS Total

TALYS breakup model
1: Kalbach

- - - 2: Avrigeanu

Cross Section [mb]

b s (I S0 - SO
50 100 150 200 50 100 150 200 50 100 150 200
Lab Energy (Normal Kinematics) [MeV]

Figure 4: Cross sections for 3Zr + d reactions as a
function of lab energy (normal kinematics). Total error
bars are smaller than the marker sizes. Black lines are
from DEURACS calculations, and dashed (dotted) lines are
from TALYS v1.96 calculations using Avrigeanu (Kalbach)
breakup model.

at accelerator-based facilities, where nuclei produced from
93Zr + d reactions may react with the deuteron beam them-
selves. Additionally, light nuclei produced in the beam-
target interactions may continue to transmute the surround-
ing target material and improve transmutation yields. In
future, detailed transmutation simulations should be per-
formed using an extensive reaction network around the *3Zr
region.

In summary, the present data helps constrain models of
deuteron-breakup on reaction cross sections and may assist
accelerator-driven transmutation systems in their efforts to
treat 23Zr in nuclear waste. In future, coincidence measure-
ments detecting evaporated light particles and y-ray emis-
sions alongside the heavy residual particles would be help-
ful.
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Data analysis of the 13°Sn(d,p)!3'Sn transfer reaction study performed at
OEDO-SHARAQ
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The rapid (r) neutron-capture process is the prevailing
theory to explain the origin of about half the heavy elements
beyond iron [[]. The theory relies on inputs from S-decay
rates, nuclear masses, and neutron-capture reaction rates.
Focusing on the reaction rates, there remains a lack of data
for neutron-rich nuclei and the model must therefore rely
on theoretical inputs. In particular, the neutron-capture rate
on tin isotopes around the N = 82 shell gap are unmeasured,
and different models show disagreement up to several or-
ders of magnitude []. There is a lack of knowledge on
both the unbound states in the compound nuclei and their
gamma-decay emission probabilities. These uncertainties
make it challenging to definitively identify nucleosynthesis
sites where the r-process occurs. To help in bridging this
gap, a recent experimental campaign [B] was performed at
the Radioactive Ion Beam Facility (RIBF) using the Opti-
mised Energy Degrading Optics (OEDO) beamline [4,5] to
study the 3°Sn(n,y)'3' Sn reaction using the surrogate ratio
technique via (d,p) transfer reactions. This report details the
experimental setup and the preliminary data analysis per-
formed during 2023.

The experiment was performed at the RIBF facility
using the BigRIPS-OEDO beamline combined with the
SHARAQ spectrometer. A cocktail beam including the ra-
dioactive ion (RI) 13Sn was produced by in-flight fission of
238U on a ?Be target. The '*°Sn ions were identified event-
by-event using 2D information of their time-of-flight and
x-position near the start of OEDO, as shown in Fig. [a, and
hereinafter “beam" refers to '*°Sn only. The beam energy
was degraded from 170 MeV/nucleon to 23.6 MeV/nucleon
using a 5 mm thick angle-tuneable (6 mrad) wedge-shaped
aluminium degrader.

A schematic of the setup around the target is provided
in Fig. D. Using superconducting triplet quadrupole mag-
nets and the radio-frequency deflector (details in [S]) the
beam was focused through OEDO onto a 287 ug/cm? CD,
solid target mounted at SO. As shown in Fig. [Ob the
achieved beam spread in X (Y) had a FWHM of 16.5 mm
(23 mm), within the targets 50 mm diameter. Installed
at backward angles to the target, the charged-particle de-
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Figure 1: Beam properties measured at OEDO. a) Beam
PID using X-position at wedge degrader (FE9) vs time-of-
flight through BigRIPS-OEDO. ~ 50% purity achieved for
130Sn. b) Beamspot at secondary target (SO) position in
TiNA. Red circle represents the target diameter of 50 mm.

tection array “TiNA” consists of dE — E telescopes con-
structed of (double-sided) silicon strip detectors ((D)SSD)
and Csl scintillators. These detected light particles from
beam-target interactions, in particular the protons of interest
from '3°Sn(d,p). Downstream from the target the SHARAQ
spectrometer was operated in QQD mode to separate and
identify heavy ions. Tracking detectors installed before and
after SHARAQ were used to measure the ions position and
time-of-flight. At the end of S1 reaction products and any
unreacted beam were deposited in a 30 pad ionisation cham-
ber (IC) of 750 mm active depth filled with 130 Torr CF4
gas, thus allowing to measure their Bragg curves and extract



mass (A) and atomic numbers (Z) for particle identification.
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Figure 2: Schematic diagram of the experimental setup
around the secondary target at SO. More details in the text.

The magnetic rigidity (Bp) and flight-path-length (FPL)
of the ions were determined via a multidimensional fit of the
SR-PPAC tracking and timing information, using the beam
events as reference and the SHARAQ dipole setting as cen-
tral Bp. The mass to charge (A/Q) was then determined via
the equation

A Bp e

Q PBrem,’
where 7 is the Lorentz factor, 8 is velocity (FPL/TOF)
scaled to the speed of light ¢, and C_fnu is a constant
(0.3214 C-s’kg~'-m~"). The A/Q using velocity informa-
tion either upstream or downstream of SHARAQ is shown

in Fig. B, where a resolution of 0.27% is achieved for
130G 47+

The TiNA detectors were energy calibrated using a stan-
dard triple alpha source and separately collected data of
130Sn(Al,p). The dE — E plot from TTT silicon detectors
and CslI scintillators is provided in Fig. B, where Z of light
ions is proportional to \/dE * Eioy.

In summary the BigRIPS-OEDO beamline successfully
produced low energy '3°Sn beam in spring 2022. Beam
was focused onto a CD; solid target, with the heavy reac-
tion products collected by the SHARAQ spectrometer and
the light ions measured at backward angles using the TiNA
array. A/Q information was extracted from the tracking in-
formation, and the protons of interest were identified us-
ing the dE — E detectors. Work is now ongoing to ex-
tract the excitation energy spectrum using these proton en-
ergies combined with A/Q information from SHARAQ, and
also to analyse the IC data for A and Z information of the
heavy ions. Once the correspondence between TiNA and
SHARAQ data is confirmed, the missing mass and angular
distribution information will be extracted.
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The neutron capture reaction cross-sections are important
for understanding the origin of the elements in the universe
as well as for the nuclear engineering. In some cases, the
target nuclei are radioactive so that the measurement of the
cross section is not feasible.

Though the halflife of 7Se is as long as 3.2 x 10 years,
it is still difficult to make an enriched target, which hinders
measuring the direct neutron capture cross sections. This
nucleus is located on the path of s-process nucleosynthe-
sis. Because the first excited state has a § decay branch,
the ratio of the daughter nucleus "?Br to 8’Se can determine
the temperature when the s-process took [[]. However, al-
though the main path of the s-process is the neutron capture
to proceed to 39Se, because 7°Se is radioactive, the neu-
tron capture cross section on ’’Se has not been measured
directly.

The nucleus is also known as one of the long-lived fission
products (LLFPs) of the nuclear wastes. It is supposed to
be stored for millions of years in the deep geological repos-
itory, which has not been determined yet in Japan []. The
transmutation of such LLFPs would be a possible way to
avoid the inheriting of the nuclear waste to the future. To
design the facility for the transmutation, cross sections of
any neutron induced reactions must be evaluated precisely.

In the past, the neutron capture cross section was eval-
uated by measuring the photon strength function [B]. The
neutron capture was deduced from the strength function
assuming the level density, which are strongly model-
dependent. As a result the evaluated cross section have a
large uncertainty of a factor 7.

!Condenced report of Physics Letters B 850, 138470 (2024).
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To evaluate the cross section of 7°Se(, 7) independently,
a surrogate ratio technique [4] was employed. In general,
the compound neutron capture reaction is considered to be
composed of two factors: the formation cross section of the
compound states and the y decay probability from the un-
bound states. The energy-dependent formation cross sec-
tion can be obtained by using the global optical potential.
On the other hand, the ¥ emission probability strongly de-
pends on the nuclear structure of the nucleus. Once the y
emission probability is obtained experimentally, the neu-
tron capture cross sections can be determined. In the sur-
rogate method, the same unbound states as those populated
by the compound reaction are assumed to be excited by an
alternative nuclear reaction such as (d, p) reaction. In the
case of (d, p) reaction, the excitation energy can be deter-
mined by measuring the recoiled protons. Therefore, when
¥ emission channel at each excitation energy is identified,
the neutron capture cross section can be determined.

So far, for the surrogate ratio method, the y emission
probability was determined by measuring deexcitation Y
rays which requires the decay scheme from the unbound
state. On the other hand, in our new method, the probability
was determined by measuring reaction residues in coinci-
dence with the recoiled proton, instead of measuring 7 ray.
The transfer reaction in the inverse kinematics made feasi-
ble the measurement. In this study, we also measured the
77Se(d, p)"8Se reaction as well as 7°Se(d, p)®°Se. Since the
77Se(n,y)’8Se reactions were already measured at 550 keV,
we can verify the method by 7’Se(n, y)’8Se reaction cross
section by using the surrogate method.

The secondary 77:7°Se beams were produced at RIBF by
the in-flight fission of 23%U beams with a rotating Be tar-
get of 3 mm thickness. By tuning the thicknesses of the



degraders at F1 and F2 the beam energy was adjusted to
120 MeV/nucleon at F5. The beam energy was degraded
with a thick Al degrader at F5 to 23 MeV/nucleon.

The energy was further degraded to 20 MeV/nucleon at
the secondary target by passing through the beam line de-
tectors of parallel plate avalanche counte (PPAC)s. Dia-
mond detectors of 3 x 3 cm? and 300 um thickness were
placed at F3 and F5 to measure the timing when the beam
passed through. The small active area of the diamond lim-
ited the momentum slit at F1 £1%. The narrow momentum
slit and good time resolution enabled us to identify the beam
only with the time-of-flight (TOF) between F3 and F5.

Two PPACs were installed upstream of the secondary
target, FE12, to register the timing and the trajectory of
the beams on the target. TOF between F5 and FE12 was
measured to measure the respective beam energy. The RF
deflector at OEDO decreased the beam spot in a diame-
ter of 2 cm (o) at a deuterated polyethylene CD; target of
4 mg/cm? thickness. The target size was 3 cm in diameter.
The recoiled particles of (d, p) reactions were detected by
six telescopes, each of which consisted of SSD at the first
layer and two CsI(Tl)s detectors at the second layer. The
telescope covered the scattering angles from 100 to 150 de-
grees in the laboratory frame. The SSD was divided to 16
channels in polar angle. The momenta of the outgoing nu-
clei were analyzed by the first part of the SHARAQ spec-
trometer. At the exit of the D1 magnet of the spectrometer,
two PPACs and an ionization chamber were installed as the
focal plane detectors. PPACs gave us the TOF of ions. The
trajectory obtained from PPACs also gave the Bp values of
the residual nuclei. The ionization chamber yielded the en-
ergy loss (dE) and the range in the gas. The TOF-dE-range
and Bp information enables us to identify the ions.

In the surrogate ratio method, the spin distribution of the
reference nucleus is required to be the same as that of the
reaction of the interest. In the present case the ground state
spin parity of 7’Se is 1/2~, while that of 7Se is 7/27.
On the other hand, both nuclei have the long-lived isomeric
states. The spin parity of the isomers for 77*Se are 7/2*
and 1/27, respectively.

The isomer ratio was measured to be 87 4 7% in 7'Se
beams. On the other hand, for 7Se the ratio was measured
to be 29 4= 7% in the past experiment at RIBF with the same
primary beam of 2*3U and the Be target [5]. Considering
that the fission reaction produces the high excited states,
the isomer ratio can be considered as a result of the number
of the magnetic substates of 7/2% and 1/27. Namely, the
7/27 state was around 80% in both the beams.

The spin distributions of the neutron capture reactions
are compared to those of the transfer reaction in Fig. D.
The panel (a) shows spin distributions for the neutron cap-
ture reactions on "°Se(7 /2%) (solid) and the isomeric state
of Se(*1 /27) (dashed) with 0.2 MeV. The spin distribu-
tion on the isomeric state centers around J = 2. The panel
(b) compares the spin distributions on ”’Se ground state of
1/27 (solid) and the isomeric state of 7/2" (dashed). These
two figures clearly demonstrate that the spin of the target
nuclei are important to determine the cross sections by the
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Figure 1: Experimental Py for (a) 80Se and (b) 3Se, respec-
tively, as a function of the excitation energy above Sy,,. The
solid and dashed lines are the ¥ emission probabilities us-
ing different models of the level density [B,7]. The insets of
both panels present the y? distributions as a function of c.

surrogate ratio method. The panel (c) presents the spin dis-
tributions of the transfer reactions on the ground states of
71.79Se by dashed and solid lines, respectively. The spin
distribution are found to be the same, indicating that the
contamination of the isomeric states in ’7-7°Se beams won’t
affect the final result.

The experimental Pys for ®Se and ¥Se obtained by the
(d, p) reaction are shown in Figs. [i(a) and (b). Although
the statistical error is large, the Py for 80Se was observed to
be larger than that for ’8Se at around 1 MeV. The Py val-
ues from the excited states after the binary reaction were
calculated using TALYS-1.9, where the spin distribution
in each excitation energy, and the ¥ emission probabilities
from a given excitation energy and spin were accounted for.
In the calculation, the spin-distributions assuming the pre-
equilibrium reaction of Fig.l(a) were adopted. P, curves
for 7880Se which include the excitation-energy dependence
of the energy resolution are presented in Figs. [i(a) and (b).
The solid (dashed) curves are the results with the Constant
Temperature + Fermi Gas model [A] (Back-shifted Fermi-
gas model [7]) for the level density. The theoretical P,
curves for both nuclei are reasonably in agreement with the
experimental Py values.

The (n,y) cross-sections were also evaluated from E, =
0.8 to 4 MeV in 1 MeV steps by employing the surrogate
ratio method. Because the ground state spins of 77*Se are
different, the cross-sections of 77Se£,,,,s_(n, ) cannot be used
as the first term in Eq. (1) to determine the cross-sections of
the 7Se, 5 (n, ) reaction. In Figs. B (c) and (d), calculations
of the neutron capture reaction at E,, = 0.2 MeV with both
the ground state (solid line) and the isomeric state (dashed
line) of 7/7"Se are presented. The total spin distribution
depends on the initial spin of the target nucleus. In (c), the
results with E, = 0.2,3 MeV are presented, indicating as the
neutron energy increases, spin-populations with the ground
and the isomeric state gets closer to each other, but they are
not identical, as in the case of the transfer reactions in (a).
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Figure 2: The spin distribution of nuclear reactions. (a)
those for neutron capture reactions on ’°Se(g.s.) (solid) and
the isomeric state (dashed). (b) those for neutron capture re-
actions on 77Se(g.s.) (solid) and the isomeric state (dashed).
(c) those for neutron transfer reactions on 77Se(g.s) (dashed)
and 79Se(g.s.) (solid). See the text for details.

The cross-sections using the surrogate-ratio method
support TENDL2019 rather than TENDL2017 and
TENDL2021 which are lower than the presented results
of the surrogate-ratio method.

In summary, we studied the one-neutron transfer reac-
tion on the long-lived radioactive isotope of 7Se in the in-
verse kinematics at approximately 20 MeV/nucleon. The
gamma emission probabilities of the unbound states were
directly determined by identifying the reaction residues in-
stead of measuring 7y rays. Although the total spin dis-
tribution populated by the transfer reaction was calculated
to be different from those of the neutron capture reactions
around E, ~ 1 MeV, the normalization factor of I; deter-
mined by the transfer reaction was able to evaluate the neu-
tron capture cross-sections with the theoretical spin distri-
bution. The presented result of the surrogate-ratio method
is consistent with TENDL2019, JENDL-5.0 and ENDF/B-
VIIL
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using SHARAQ spectrometer
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Some nuclei near the proton dripline are known to undergo
decay through proton emission rather than 1 or o de-
cays. The phenomenon of two-proton radioactivity (2p de-
cay), where two protons are simultaneously emitted dur-
ing nuclear decay, was theoretically predicted over 60 years
ago [I] and was eventually discovered in proton-rich nuclei
such as ¥Fe [2,8] and **Ni [2] in the early 2000s. Under-
standing the energy level structure and one- and two-proton
separation energies is crucial to evaluating the two-proton
emission probability while tunneling through the Coulomb
and centrifugal potentials of those nuclei. The separation
energies can be directly determined from the mass differ-
ences with one- and two-proton-deficient nuclei. Therefore,
systematic mass measurements around the 2p radioactive
nuclei significantly contribute to comprehending the emis-
sion mechanism of two protons from a nucleus.

We conducted direct mass measurements of proton-rich
fp-shell isotopes near the proton dripline, including “Fe,
using the TOF-Bp technique [@] at the OEDO-SHARAQ.
The isotopes were produced by fragmenting the "8Kr pri-
mary beam at 345 MeV/nucleon in a *Be target with a thick-
ness of 2.2 g/lcm?. They were separated by the BigRIPS
separator and transported to the OEDO beam line followed
by the SHARAQ spectrometer. The detailed detector setup
was reported in the previous report [§]. High-resolution
tracking detectors [H] and precise timing detectors for TOF
were installed in the achromatic and momentum-dispersive
foci along the beamline. The measurements were per-
formed using a combination of these state-of-the-art de-
tectors and the high-resolution performance of the OEDO-
SHARAQ dispersion-matching mode, which has a momen-
tum resolution of 1/15000 [Z].

Figure [ presents the preliminary mass spectrum ob-
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Figure 1: Mass spectrum of the current measurements. The

nuclei with underscore represent unknown mass nuclei.

tained from the current measurements. The horizontal and
vertical axes represent mass-to-charge ratio and yields, re-
spectively. The obtained spectrum includes proton-rich Ti,
Cr, Fe, and Ni isotopes in the vicinity of the proton dripline.
The known masses of isotopes measured simultaneously, la-
beled by A =2Z—1,27Z—2,27Z —3,2Z — 4, were utilized
for calibrations of the atomic masses.

A detailed analysis is currently in progress, and the
masses of underlined nuclei will be determined for the first
time. The new insights into the proton dripline from Ca



to Ni isotopes from this experiment will impact our under-
standing of nuclear structural evolution towards two-proton
radioactivity.
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Analysis status of the measurement of the double charge exchange
(12¢, 12Be(Ozr )) reaction aiming for the observation of double Gamow-Teller
giant resonance
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Double Gamow-Teller (DGT) transition is a nuclear pro-
cess such that both of the spin and the isospin are flipped
twice without change in the orbital angular momentum.
The existence of the giant resonance in DGT transition
(DGTGR) was predicted in 1989 [0], but it still remains
unobserved experimentally. The experimental information
of the DGTGR will provide insights about two-phonon ex-
citations. Moreover, it is suggested that the observables of
the DGTGR such as the strength or the centroid energy give
a constraint to the nuclear matrix element of neutrino-less
double f3 decay (0vf3) [].

We are aiming at the observation of the DGTGR of the
double charge exchange (DCX) reaction of (12C, ?Be(0)).
The first measurement using this reaction at RIBF was per-
formed in 2021 [3]. The DCX reaction was measured on
a *Ca target with the primary beam with the energy of
250 MeV/nucleon. The '?Be was momentum analyzed by
BigRIPS spectrometer with a sufficient resolution of 1.6
MeV(FWHM). The isomeric state of '?Be(05) was iden-
tified by measuring the de-excitation y-ray by DALI2.

A preliminary result of excitation energy spectra for the
48Ca(IZC,lzBe(O;)) reaction is shown in Fig. 1. The con-
tributions from accidental coincidence events with room-
background y-rays are evaluated from the inclusive spectra
which is not gated by DALI2. Such events are subtracted
in Fig. M. Here we focus on the excitation energy region of
E.x < 34 MeV. It is because there seems to be contamina-
tion of the 2C(12C, 12Be(O;))IZO events coming from the
graphene sheet attached to the *8Ca target for the region of
Eex > 34 MeV. In addition, the expected DGT strength lies
below 35 MeV for following reasons. As the central energy
of the single GT resonance is ~ 12 MeV from the ground
state of *8Ca with the width of 5 MeV [d], we expect that the
DGTGR lies around 12x2~ 24 MeV, which corresponds to
Eex =20 MeV in *8Ti, with the width of 5xv/2 ~7 MeV.
The shell model calculation also predicts that most of the
DGT strength lies below 35 MeV [2]. In the preliminary
spectrum, there is an enhancement around 20 MeV espe-
cially at the forward angle.

To evaluate the DGT component contained in the ob-
served structure, the angular distributions were compared
with the calculated ones. The angular distribution of DCX
reaction was estimated by performing coupled channel cal-
culations using ECIS97 [8]. The reaction was divided
into two steps of ¥Ca+?C — *8Sc+!?B and “8Sc+!’B —
48Ti+!2Be transitions. The angular distribution is character-
ized by the combination of the transfer of the orbital angular
momentum AL in each step. The following three types of
AL combinations are considered. The first type is AL=0
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Figure 1: Excitation energy distribution of differential

cross section of *Ca(12C, 12Be(02+ )) reaction at each an-
gular region of 0-0.33, 0.33-0.53, and 0.53-0.73°.

in both of the transitions from the initial state to the inter-
mediate state and from the intermediate state to the final
state (we named it “ALpcx = 0”), which corresponds to the
DGT transition. The other two types are AL=1 or AL=2
for the transition from the initial state to the intermediate
state, and AL =0 for from the intermediate state to the final
state (“ALpcx = 17 or “ALpcx = 27).

The experimentally obtained angular distributions at each
energy bin, 6°*P(O.y,, Ecx ), were decomposed by the com-
bination of ALpcx =0, 1, and 2. We performed the fit to-
gether with the background due to the accidental coinci-
dence as

cP ( Ocm ) Eex)

calc
aa LDCX ’ GA LDCX

{

ALpcx=0,1,2
+ GBG(ecmyEex)v

(8um, Eer) |

()
where GX‘ZICDCX(Gcm,EeX) are the calculated angular dis-
tributions, aar,., are the fitting coefficients for them.
0BG (6cm, Eex) s the cross section of the accidental coin-
cidence background evaluated from the inclusive spectra.
We performed the decomposition by 4 MeV width of the
excitation energy. The fitting coefficients are determined



by the maximum likelihood method. The excitation energy
distribution of the decomposed results are shown in Fig. @
with the observed cross sections. The stacking histograms
show the background (cyan), the ALpcx = 0 (red), 1 (blue),
and 2 (black) components, respectively. There is noticeable
strength of ALpcx = 0 around 20 MeV. The integrated cross
section from 0 to 34 MeV for the ALpcx = 0 component is
O.ngf ub/sr for the most forward angular region. Here the
error only gives the statistical error.
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Figure 2: Measured cross section distribution by 4 MeV
bin of excitation energy and the decomposed results.

The DGT transition strength B(DGT) is deduced from the
extracted cross section of ALpcx = 0 by comparing with
the calculated cross section. Figure B shows the excita-
tion energy distribution of B(DGT) deduced from the data
(black points). The sum of the B(DGT) over 0 to 34 MeV
is approximately 24. The central energy is 20 MeV and
the width is 10 MeV. The evaluation of the uncertainties of
these values is now in progress. Magenta curve shows the
shell model calculation [?] scaled by 0.2. The trend of the
energy distribution of the data is found to match to the shell
model calculation.

We are now dedicated to the finalization of the results.
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B-delayed multi-neutron emission is expected to be the
dominant decay mode for the nuclides far from stability,
patticularly along the astrophysical r-process path. The
number of neutrons emitted in decays of neutron-rich nu-
clei is an important input for the abundance calculations as
it affects the final isobaric abundance pattern by providing
neutrons for the late-time capture process and altering the
decay path back to stability [[I]. Until recently, the neutron
emission probabilities (Py,) for the r-process abundance cal-
culations relied on predictions [] based on the simplified
assumption that only x-neutron emissions will occur when
B-decay feeds a state above the x-neutron separation energy
(Sxn), and the effect of less-than-x-neutron channels are neg-
ligible.

As we measured the 8 decays of #*~87Ga at RIBF using
a high-efficiency array of *He neutron counters (BRIKEN),
we have found large one-neutron emission probability (P,)
values and unexpectedly small Py, values, even for those
Ga isotopes where the major part of the B(GT) is expected
to be concentrated above S»,. This was interpreted as a
signature of one-neutron emission from two-neutron un-
bound states. By assuming sequential emissions of neu-
trons from a state above S,, in the daughter nucleus, the
final number of neutrons emitted in the the sequence de-
pends on whether or not the first neutron took more energy
than S, — S1,. If the first emission populated a state below
S1n, tWo-neutron emission is no longer possible. This result
underscores the importance of modeling the competition
between multi-neutron emission channels as reported in a
Rapid Communication paper [B]. The Hauser—Feshbach
statistical model [@] was then applied to the global calcu-
lation by Moller et al. [8], which provided P, predictions
based on more realistic model.

In this paper, we have performed an updated analy-
sis of the decay of gallium isotopes. As we calculated
the branching ratios using the statistical model, we found
that the decay patterns were sensitive to the level densi-
ties of the daughter nuclei. In the statistical model code
by Kawano et al. [8], shell and pairing energies from the
mass formula by Koura et al., KTUYO0S, were applied to
the Gilbert—-Cameron formula [f] to generate phenomeno-
logical nuclear level densities [[Z].

We performed shell-model calculations using the
NuShellX code with the jj45pna interaction to estimate
level densities of the Ge isotopes. Owing to our compu-
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Figure 1: Py, /Py, ratio in the decay of Ga isotopes. The red
circle shows the experimental value, while the dashed and
solid lines show the statistical model predictions obtained
by using default and shell-model-based parameters for the
level densities, respectively.

tational limit, levels up to =7 MeV were calculated for all
the spins and parities. The shell-model level densities were
fitted by the constant temperature level density formula,

o (57)

where the shell correction (8w), pairing correction (A), and
scaling factor (fiyeqr) in Eg were free parameters. The shell-
model level densities were consistently lower than the de-
fault ones in the statistical model code. (See original pa-
per [8] for details.)

Figure 0 shows the P5,/Pj, ratios in the decays of
84-87Ga and the statistical model calculations obtained by
using different level densities. The default level densities
consistently predicted larger P, ratios for all four Ga iso-
topes. This is because a higher level density above Si,
in the 1n daughter nucleus can result in a higher proba-
bility of emitting a second neutron. The experimental ra-
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tios agree better when shell-model level densities are used,
which could mean the level densities of those Ge isotopes
were lower than when default parameters were used. This
result reveales the need for a detailed understanding of the
level densities and decay scheme, which could be studied
by neutron spectroscopy.

References

[1] R. Surman, M. Mumpower, and A. Aprahamian, JPS
Conf. Proc. 6, 010010 (2015)

[2] P. Moller et al., Phys. Rev. C 67, 055802 (2003)

[3] R. Yokoyama et al., Phys. Rev. C 100, 031302 (2019)

[4] T. Kawano et al., Phys. Rev. C 78, 054601 (2008)

[5] P. Moller et al., Phys. Rev. C 100, 031302 (2019)

[6] A. Gilbert et al., Can. J. Phys. 43, 1446 (1965)

[7] T. Kawano et al., J. Nucl. Sci. Technol. 43, 1 (2006)

[8] R. Yokoyama et al., Phys. Rev. C 108, 064307 (2023)

13
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Heavy-ion fusion reactions are powerful in expanding the
chart of nuclides as well as exploring the nuclear structure,
especially for high excited states. The dynamical evolu-
tion of the di-nuclear system is rather complicated, as in-
dicated in Fig. M. To form the evaporation residues (ERs),
two colliding nuclei need to overcome the potential barrier
to form a compound state, and then the compound nuclei
(CN) need to survive against the fission. For heavy systems,
another barrier above the potential barrier occurs due to the
increasing surface energy, thus extra energies are required
to form CN. The pre-equilibrium fission-like process is re-
ferred to as quasi-fission (QF). QF prevents the formation
of CN and thus hinders the fusion-evaporation cross sec-
tion significantly. QF may be induced by various degrees
of freedoms of the entrance channel [[], including charge
product, mass asymmetry, static deformation, etc. The dy-
namics of QF has not been established due to the lack of
experimental data.

Evaporation Residues (ER)

J

Figure 1: Schematics of the heavy-ion collision.
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To understand QF quantitatively, a project to study
heavy-ion fusion reactions of near-symmetric system is now
ongoing at CNS. As the first step, the measurement of 130Xe
+ "4'7Zn was performed as the commissioning experiment in
2022 at HIMAC [], but there was a difficulty in identifying
a decays of ERs due to the geometry of the detectors. In
2023, the same system was studied again with a modified
geometry. The schematics of the updated setup is shown
in Fig. 0. '3Xe beam with the energy of 6 MeV/u was

8x8 mosaic array
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*a
i 3035cm 62.85 cm (PR B
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1-um Zn,
—t

/i
1
Micro Channel Plate: 9
Pad Si PIN A .
Photodiode X8 mosaic array

'
Time of Flight
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-

6 MeV/u
136Xe

Plastic Scintillator:
Time of Flight

Angle-tunable
Al degrader

Figure 2: Schematics of the experimental setup.

delivered by the LINAC, to obtain the desired beam energy,
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angle-tunable Al degraders were used []. The beam energy
was then determined by the time-of-flight measured using a
microchannel plate and a plastic scintillator. The natural
zinc target with a thickness of 1 um was backed with an 18-
pum-thick graphene sheet. The thickness was chosen so that
after the fusion reaction, beam would pass through while the
ERs would stop and a-decay in the graphene sheet. The tar-
get and the backing material were tilted by 45° with respect
to the beam axis. Two mosaic-type Si array [B,4] along with
a Pad type Si PIN photodiode were placed around the target
to measure the decayed o particles from ERs. The arrays
were aligned parallel with the target to minimize the energy
loss of o particles inside the target and the backing material.
In addition, activation measurements were performed after
the beam time of each day. The setup is shown in Fig. B.
A HPGe detector was used for the activation measurement,
and it was surrounded by lead bricks. The count rate of
the natural background was reduced from 30 to 4 cps after
shielding.

Figure 3: Setup of the activation measurement.

To measure the ¢ decay of ERs, beam pulsing modes
with 6 spills on and off (1.65 s / spill) were applied in the
experiment. Figure 8 presents the ¢-energy spectrum mea-
sured by the upstream array during the beam-off period at
Erq, = 650 MeV. The x-axis is the scattering angle of the
detected o particles with respect to the beam direction. The
angular dependence of o energies is evident, resulting from
the different emission angles of « particles, which leads to
the variation in the travelling distance inside the target and



the backing material.
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Figure 4: Angular dependence of ¢ particles measured by
the upstream array during the beam-off period at Ey;, = 650
MeV.

Figure B illustrates the extracted excitation functions of
neutron-evaporation channel in 13¢Xe + %4Zn system, the y-
axis is the reduced cross sections. The black squares are
the data measured in this experiment, the horizontal error
bar represents the energy loss of the beam in the target. It
can be seen that the extracted excitation function aligned
with the previous data that measured the system producing
the same CN (purple, blue dots) [5, 6], and was reproduced
well by the calculation using statistical model HIVAP [[Z].
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Figure 5: Excitation function of neutron-evaporation chan-
nel in 136Xe + %4Zn system.

In the activation measurement, f3-delayed ¥ rays emitted
from '3%15'Dy and '>~15Ho, produced from the fusion re-
action between the beam and the Al degrader, have been
identified. The search for y rays produced by the fusion
reaction between the beam and the zinc target is ongoing.

In summary, a fusion experiment using low energy '*6Xe
beam and the zinc target was performed again. Evident
kinematic curves of o particles were observed. The ex-
tracted excitation functions agreed well with HIVAP calcu-
lations and previous experimental results. Analysis of the
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o-decay spectroscopy at other beam energies as well as the
off-line 7y spectroscopy are now in progress.
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The measurement of '°C 4 o elastic scattering was per-
formed at CRIB with two main goals: to investigate the
structure of the '*O nucleus (in the energy range of 13-18
MeV) and to explore the possibility of resonances with o
cluster structures, as observed in the mirror nucleus 4C [[I].
The '°C + o elastic scattering was studied using the thick-
target inverse kinematics method and a low-energy '°C ra-
dioactive beam. The detail experimental setup and primary
data analysis work had been described in the previous an-
nual report [2].

Primary data analysis provides the '°C + & elastic scat-
tering yield, combined with the number of incident '°C par-
ticles, the effective target thickness and the solid angle of
the detector obtained from Geant4 simulation, the differen-
tial cross section (d6/dQ)cm (DCS) was calculated. The
10C 4 o elastic scattering excitation function over a wide
angular range of 6., = 110 ~ 180° and a wide energy
range of Eex=12.5 ~ 20.0 MeV were obtained, as shown in
Fig. M. The peak structure at several fixed energies are visi-
ble, which validates the correctness of the kinematics calcu-
lation. In particular, resonant scattering peaks near E; . =
33,4.2,54,63 and 7.9 MeV (E=13.4, 143,154, 16.4
and 18.0 MeV) are observed. The angular dependence of
the DCS may reflect the spin value for the resonances: the
peaks near E. . = 3.3 and 5.4 MeV (Eex= 13.4 and 154
MeV) are retained to the lower 6., suggesting that they
are from low-spin resonances. On the other hand, the peaks
near E. i, =4.2,6.3,and 7.9 MeV (Eex= 14.3,16.4 and 18.0
MeV) attenuate rapidly with decreasing of 6. r,, suggesting
that the spins of the resonances around these energies are
higher (J > 3).

We have performed an R-matrix analysis [B] for the ex-
perimental data with the AZURE2 code [4] in order to de-
termine the resonance parameters: energy E.x spin J, par-
ity @ and width I'y,. The error analysis of all parameters
was also completed by MINOS Error Analysis function of
AZURE2. A typical channel radius of 5.0 fm was used,
and small variations around this value provide similar re-
sults. The calculated spectrum was broadened with the ex-
perimental resolution stated above.

We started the analysis by considering the previous in-
formation available in literature in the energy region of our
experiment. Only a few resonances are known in the en-
ergy region E¢x=13—-18 MeV; for two resonances, spins and
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Figure 1: Energy (E.m.) vs the angular (6, p,. ) distribution
of the '°C+a scattering measured by the telescope #1.

parities have been proposed (see the discussion below). Pre-
vious work reported the resonances at 12.84, 13.01 14.15,
14.64 and 17.4 MeV using the *N(*He, 1)!4O reaction with
no spins assigned [S§]. With two-proton stripping reaction
2¢('2¢,'%Be)!*0, four resonances were reported in '*O:
6.27, 9.9, 14.1 and 15.7 MeV, with tentative spin assign-
ments of (47) and (57) for the resonances at 14.1 and 15.7
MeV respectively. The authors indicate the uncertainty of
these spin assignments since the shape of the angular distri-
butions of the cross-section for these levels do not show an
expected spin dependence [B]. The differential cross section
for '*O was also measured in the reaction 3C(p, 77)*0O
using a proton beam at 100 MeV, and one strong level has
been observed at 14.15 MeV for which a possible spin of
(57) was suggested [[Z] [B]. Other levels were also reported
at 14.6 and 17.4 MeV [Z] [R].

The present experiment, however, indicates the presence
of more resonances than the ones reported in literature in
this energy range. In order to constrain the parameters, we
have fitted the three angular ranges simultaneously. The
best fit is shown for the three segments in Fig. @ and the
resonance parameters are reported in Table. .

The results reported in Table. [ indicate that two levels,
the 0" and the 27 at 13.43 and 14.88 MeV respectively,
with relatively large reduced widths 82 (36.4% and 23%).
As mentioned in the introduction, & cluster states have a
significant fraction of the Wigner limit (62 ~ 10 —50%), in
contrast to compact states that present smaller 63 values.

The excitation energies of the 7-bond linear-chain states



Table 1: Resonance parameters in 140 determined in the present work - E¢ ., Eex, J*, I.

Experimental results Literature
Ecn Eex J7 I 0; Ee JF
MeV  MeV keV MeV
282 1294 1~ 252 (44)  39.3% 12.84 (5)4
332 1343 0" 511(143) 36.4% 13.01 (5)*
418 1429 4t 6(2) 3.6% | 14.1°/14.154)° @HP 1 (57)
477 1488 2T 385(296) 23.0% 14.64 (6)*
521 1533 (0%) 295(191) 9.7%
556 1568 (17) 8 (7) 0.3% 15.74 57y
6.06 1617 (37) 13 (6) 0.7%
6.26 1638 (41) 712) 0.7%
741 1752 1~ 61 (33) 1.5% 17.40 (6)*
756 17.68 (57) 1(5)° 0.1%
793 18.05 4F 11 (3) 0.6%

4 See [0]

b Kraus et al. propose a resonance at 14.1 MeV with a possible spin (47) [A].
¢ Korkmaz et al. propose a spin (57) for a resonance at 14.15 MeV [E].
/ Alevel at 15.7 MeV is reported with a tentative spin of (5~) by Kraush et al [6].
¢ The error on Iy, for this resonance is very large in comparison also to the value: this suggests the important incertitude
on this level and the strong correlation with the doublet. However, this resonance is needed to reproduce the data.

E, (MeV)
13 14 15 16 17 18 19

Ocm.= 169.1-172.8°

E. (MeV)

c.m.

Figure 2: Experimental center-of-mass cross section of the
0C+q scattering (d6/dQ)cm. as a function of E.y, in
the bottom axis and as a function of the excitation en-
ergy Eex in the top axis. The DSC data are fitted with
the R-matrix calculation using AZURE?2 (lines are the fits,
x*/ndof =337/291). From top to bottom 6, = 169.1°—
172.8°,172.8°-176.4° and 176.4°—-180° respectively.

in 40 are plotted against J(J + 1) in Fig. B, together with
the experimental candidates of the linear-chain cluster states
in the present work (the 0" and the 27), as well as the clus-
ter band proposed in [[] for '*C. According to [9], the first
two 7-bond states in 4O emerge at 14.37 MeV (07) and
15.98 MeV (21), which may correspond with the two clus-
ter states observed in the present work at 13.42 MeV (0™)
and 14.88 MeV (27), with, however, energy offsets of about
1 MeV.

In the present R-matrix analysis of 14O, we identified in
a 4T resonance at 18.05 MeV forming a doublet with 57,
similarly to the previous results of '4C but with around four
times smaller Gé of 0.6%, indicating the non «a-cluster na-
ture for this state (the 62 for the 4T in '*C is 2.4(9)% [1]).
A notable feature of the theoretical calculation in [9] is that
the 7-bond state in 'O with J*=4" is fragmented into two
states at 17.36 and 18.13 MeV as shown in Fig. B, while the
4% state in '*C stays as a single state. This suggests a pos-
sibility that the predicted cluster states could be observed
as fragments having smaller widths. While the predicted
47 level at 18.13 MeV has similar energy of the observed
18.05 MeV resonance, another observed (47) level at 16.38
MeV of excitation energy with 82 of 0.7% could be a pos-
sible candidate for the other predicted fragmented 47, al-
though with an energy difference between the two 41 of
1.67 MeV, larger than the predicted 0.77 MeV. The possi-
ble fragmented 4™ resonance may qualitatively explain the
smaller I'y, in 140 however, we can not exclude a possibility
that the 4™ could be another resonance of different structure
than of the 47 in the mirror nucleus '*C. On the other hand,
the theory [U] appears to disagree with the experiments on
several points: 1) the theory predicts small energy shifts be-
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Figure 3: Excitation energies of the resonances in *O plot-
ted against J(J+ 1) for the predicted linear chain band [9]
(open square) and by the present work (solid circles). The
candidate of the linear-chain band in '“C proposed in [[I] is
also plotted for comparison (solid triangle). The lower 4"
state in the present work is with a tentative J* assignment
and plotted with parentheses.

tween 'O and '“C for the 7-bond states, but the experimen-
tal candidates for them have energy shifts of 0.8-1.6 MeV,
comparable to the difference in their o-threshold energies,
and 2) the calculated I, seem to be systematically larger
than the experimental observed resonances. These observa-
tion may suggest a different clustering picture of '*O com-
pared to '*C and necessities of further theoretical and ex-
perimental works for a more comprehensive understanding.

In summary, we studied the structure of the proton-rich
nucleus '#O with the resonant elastic scattering '°C 4 o« re-
action. A complex structure was observed with many new
resonances observed in the energy range of 13—18 MeV. The
R-matrix fit allows to determine the properties of the reso-
nances (energy, spin, parity and width). The results were
compared with published data, and some spin assignment
are proposed (for example we assign 47 for the 14.2 MeV
level). Possible a-cluster-like states are proposed for the
0" and 2% at 13.44 and 14.88 MeV, respectively, similarly
to what was found in the mirror symmetric '*C nucleus. A
further experimental work is needed for a better understand-
ing of the structure of this nucleus.
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1. Introduction Target gas chamber

Type I X-ray bursts (XRBs) are thermonuclear explo-
sions occurring in a binary system consisting of an accreting
neutron star and a main-sequence companion star. Some
of the important observables of these phenomena are the 28i
light curve and recurrence time, which are the time varia-
tion of the X-ray flux and intervals of repeating bursts, re-
spectively. The properties of the X-ray binary system can
be understood by comparing these observations of XRBs
with astrophysical models. XRBs are mainly powered by
the triple-« reaction, orp-process and rp-process, and these
models require accurate nuclear physics data to perform re-
alistic simulations. Cyburt et al. [[] investigated how sensi-
tive nuclear reactions are to the XRB light curve, and their Figure 1: Experimental setup of the target chamber.
research indicated that the 2°Si(ct, p)?°P reaction signifi-
cantly influences the light curve. To experimentally deter-
mine the reaction rate, Almaraz-Calderon et al. [] studied ©f the reaction energy. With this experimental setup, the
the energy level structure of 3°S through 23Si(3He, n)3S °Si(et, p)*’P reaction was measured up to a center-of-mass
and 32S(p, 1)*°S transfer reactions. However, their mea- energy of about 7.5 MeV (T ~ 9 GK). We also performed
surements were limited to energy levels up to 12.04 MeV, "“Ar gas target measurement at 53.5 Torr to observe the
and allowed only random spin assignments, lacking suffi- background events, in which the detected protons are pro-
cient data above the a-threshold (9.343 MeV), which is a duced by other material than the “He gas target.
critical region to estimate the 26Si(a, p)*’P reaction rate.
To obtain adequate data, we performed a direct measure-
ment of the 26Si(oc, p)29P reaction, and obtained the cross
section from the direct measurement for the first time.
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3. Analysis

We reported the first experimental cross section in Ref
[B], but it had several limitations: the method of estimat-
ing background events, the disregard of transitions to ex-
cited states of 2P, and the rough estimation of systematic
2. Experimental setup errors. Previously, we assumed that all reactions were tran-

The measurement was performed at the Center for Nu- sitions to the ground state. To estimate the effect of tran-
clear Study Radioisotope Beam Separator (CRIB) [B]. The sitions to the excited states, we performed calculations us-
primary >*Mg8t beam bombarded on the *He gas tar- ing the TALYS code []. As shown in Figure 2, we found
get and the secondary 2°Si'#* beam was produced by the that even the effect of the transition to the 10th excited state
YHe(**Mg, 26Si)n reaction. The averaged intensity of the (E, = 4.95 MeV) could not be ignored in the high energy
268i14+ beam was 2.8 x 10* pps, and its purity was 18.4%. region. If the reaction to the xth excited state occurs, we
In the target chamber filled with “He gas at 250 Torr, cannot assume that the proton events detected at low energy
five position-sensitive AE-E telescopes were installed as are of background origin; it is possible that they originate
shown in Figure . Beam tracking information was ob- from (&, py) reactions. Therefore, the background subtrac-
tained by two delay-line Parallel Plate Avalanche Counters tion was done based on the number of incident 2°Si beams,
(dI-PPACs) [@]. Mylar foil (C19HgO4) was used for the win-  although previously it was based on the number of low en-
dows to seal the “He gas. The thick target method in in- ergy proton events.
verse kinematics [8] was used to investigate a wide range Next, to investigate the effect of transitions to excited
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states, we compared the results using the kinematics as-
suming all events are transitions to the ground state with
those using the kinematics assuming all events are transi-
tions to the first excited state. As shown in Figure D, the
result changed by about 50% depending on the kinematics.
Although we only considered the effect of the first excited
states here, the effect on the results is significant, indicating
the necessity to include the effects of higher excited states,
as long as the reaction cross sections are non-negligible.
However, as shown in Figure B, it was not possible to es-
timate which reaction was responsible for each event, due
to the limitations of the timing resolution.

Simulations were performed to estimate systematic er-
rors, taking into account the energy spread of the beam, the
error in the detection position, and the energy resolution of
the detector, to obtain a more accurate estimate of system-
atic errors. The horizontal error bars in Figure [ are the sys-
tematic errors obtained in the simulation, while the vertical
error bars represent the statistical error with the background
subtracted.

—— NONSMOKER

2] ---- TALYS (@, po)

—— TALYS (a, p1) =SS
TALYS (@, p1o) ;

10 7 & present data (a, po)

& present data (a,p1)

Cross section (mb)
5

1 ‘ 2 3 4 5 6 7

Energy in CM system (MeV)

Figure 2: Present cross section and statistical model calcu-
lation. The solid line represents the NON-SMOKER cross
section [8] used in the X-ray burst model calculation. The
dashed lines represent the TALYS calculation [[] of the
(a, po), (a, p1) and (@, pjp) reactions, as examples. The
data points denoted as (o, po) / (¢, p1) are obtained by
analysis assuming the kinematics where the final state of
29P is always in the ground state / the first excited state, re-

spectively.

4. Summary and outlook

We analyzed the data taking into account transitions to
excited states of 2°P to obtain more accurate reaction cross-
sections and obtained new results. Due to the limitations
of the timing resolution, it was not possible to identify the
final state of 2P event-by-event. On the other hand, statisti-
cal model calculations indicate that transitions to higher ex-
cited states should also be considered. One possibile solu-
tion is to assign a random excited state to each (¢, p) event
with a probability based on the statistical model calculation.
The current analysis, assuming all the reaction are (o, po)
or (a, pp) showed that the data obtained are about an or-
der of magnitude smaller than the NON-SMOKER model
values [H], suggesting a significant impact on the X-ray
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Figure 3: Energy vs. Timing plot of proton events at tele-
scope 1. Only events within the grayed region were se-
lected, as events outside this region are considered beam-
like background events. The solid lines are the relationship
expected for the (o, po) reaction and elastic scattering at tar-
get chamber.

burst model. For a more accurate evaluation, it is necessary
to properly treat the events transitioning to higher excited
states, and we believe that a comparison with the ongoing
analysis of the 6Si(a, )?°Si resonance scattering [9] will
provide more complementary results.
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The nuclear reaction He+p was studied at a beam energy
8 MeV/u. SHe is the lightest halo nucleus and is well de-
scribed by a three-body model (o+n+n), two-neutron sys-
tem around an alpha particle [[I]. The nucleus is bound by
~1 MeV against the a+n+n breakup. By investigating nu-
clear reactions with halo nuclei, information on the nucle-
ons transfer process and on the halo structure itself can be
obtained [2-4].

The experiment was performed in May 2023 and Febru-
ary 2024 at the CNS Radio-isotope Beam Separator
(CRIB). A "Li** beam at energy 8.3 MeV/u with the in-
tensity of 4.4 et A was extracted from the AVF cyclotron
to bombard the cryogenic gas cell, filled with deuterium
gas. The ®He ions were produced via the "Li(d, *He)®He
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 a purity higher than 87% under the opti-
mal experimental conditions. Two multi-wire drift cham-
bers MWDC) [8] were used to monitor the beam inten-
sity [B] and track the beam particles event by event. Fig-
ure [l shows a schematic of the setup used: the MWDCa
(upstream), the MWDCb (downstream), and the six tele-
scopes, as well as the relevant distances. The tracking ef-
ficiencies of MWDCa and MWDCb were better than 90%
and 95%, respectively, when their supplied voltages were
-895 V and -796 V, respectively. The CH, target (50 um)
and carbon target (25 um) were used to study the nuclear
reactions mentioned above and background events, respec-
tively. Six silicon telescopes were used in the F3 chamber
to measure the elastic and transfer reactions. The active size
of each layer was 50 X 50 mm? and the distance between
each layer of the six telescopes was less than 10 mm. For
each telescope, a double-sided silicon detector (16 X 16
strips, 42-301 um) was used as the first layer to measure
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the hit position and the energy loss (AE) of the products.
The remaining silicon detectors of each telescope measured
the residual energies of the particles. The angular resolution
for each telescope was ~1 degree in the laboratory system.
Proton (p), deuteron (d), triton (¢), alpha (), and %He were
identified by the AE-E method, as shown in Figure D.

F3 Chamber Tel 6

\Tel 4
\\m 2

Tel 3

Tel 5

Figure 1: Schematic of the detector setup in the F3 chamber.
Six silicon telescope were located at different angles. The
figure shows also the MWDC and the distances.

The analysis is in progress. Figure B shows the prelim-
inary results of the kinematical loci of protons (proton en-
ergy versus angle in the laboratory frame). The locus of
the elastic proton (pg) scattering from °He is clearly visi-
ble (solid curve). We also observe the inelastic protons (p;)
scattering from the 6He(p p1)°He, where ®He is at the first
excited state (J* =21, E, = 1.8 MeV), as indicated by the
dashed curve. The differential cross section of the elastic
scattering and neutron transfer reactions will be deduced by
considering the geometry of the six telescopes and selecting
the corresponding kinematical region.



‘He

0 I L1l | I | | | ‘ L1l | 111 ‘ I | | 11
5 10 15 20 25 30
AE (MeV)
Figure 2: AE-E plot of the detected particles at the tele-

scope 1. In the figure the different reaction products are
indicated.
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Figure 3: Proton energy versus 6, of proton with
the kinematic curves of the ®He(p, po)°He (solid curve),
6He(p, p1)6He (dashed curve) and 3H(p, p0)3H (dashed-
dotted curve) reactions.
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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
Am 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 [B]. 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 p—Pb
collisions at \/snn = 5.02 TeV. These measurements utilize
the Forward Multiplicity Detector (FMD) to extract vo(1)
over the unprecedented range of about 8 units of pseudo-
rapidity (—3.1 < 1 < 4.8). This study greatly extends the
previous study by CMS (|n| < 2) [@]. To gain a compre-
hensive understanding of the source of anisotropic flow in
small collision systems, the results are compared with a hy-
drodynamic calculation.

2. Experimental condition

The main sub-detectors in this analysis are the FMD and
the Time Projection Chamber (TPC). The TPC is used for
charged particle tracking. It covers a pseudorapidity of
In| < 0.8, where a 27 coverage in azimuthal angle is en-
sured. The FMD is located at —3.4 < n < —1.7 (FMD3)
and 1.7 < n < 5.1 (FMD1,2) with 27 acceptance in az-
imuthal angle. The FMD counts the charged-particle multi-
plicities with a granularity of A@ = 1/20x and An = 0.05.
For event trigger and centrality determination, the VO de-
tectors, which are located at —3.7 < n < —1.7 (VOC) and
2.8 < n <5.1(VOA), are used. Minimum-bias events are
triggered by using a coincidence signal between VOA and
VOC. The positive pseudorapidity denotes the Pb-going di-
rection.

3. Analysis

The two-particle correlations between the trigger and as-
sociated particles are measured as a function of the pseudo-
rapidity difference An and the azimuthal angle difference
A@ for a given event. The associated yield (Nyss0) to a
trigger particle as a function of An and A¢@ between two
charged particles is defined as
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where Ny is the total number of triggered particles in the

. N 2
event class, the signal distribution S(An,A@) = N:, g AAT/'SS'X%
rig

is the associated yield per trigger particle in the same event,

and the background function B(An,A¢@) = chzlj"gze(‘; is
the pair yield between trigger in one event and associ-
ated particles from other events with the same multiplic-
ity and primary-vertex position along the beam direction.
The o factor is chosen so that B(A1n,A@) is unity at the
bin with the maximum value.. By dividing S(An,A¢) by
B(AN,A@), pair acceptance and pair efficiency are cor-
rected. Top three panels in Fig. [ show the associated yield
per unidentified hadron trigger particles for TPC-FMD1,2
(left), TPC-FMD3 (center), and FMD1,2-FMD3 correla-
tions (right) in 0-5% central events. On the other hand,
for the 60—100% peripheral collisions, three panels of three
conditions are shown in the down. For all three combina-
tions, the near-side ridge structure is observed in the 0-5%
event class, while no significant ridge is observed in 60—
100%.

p-Pb Gy = 5.02 TeV
TPG-FMD1 2
29<n™ <31
0-5% (VOA)

Correlation functions between TPC-FMD1,2
(left), TPC-FMD3 (center), and FMD1,2-FMD3 (right) in
0-5% (top) and 60-100% (bottom) p—Pb collisions.

Figure 1:

The template fitting procedure [5] is employed to esti-
mate and subtract the non-flow contamination due to dijet.
The correlation function Y (A ¢) is assumed to be a super-
position 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{1+2 ) Vyucos(nd@)} (2)
n=2
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Figure 2: Projection of the correlation function of
TPC-FMD1,2 (left), TPC-FMD?3 (central), and FMD1,2—
FMD3 (right) correlations in 0—5% p—Pb collisions with the
template fit.

where Y (A¢@) and Ypei(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 V2 2(Na, Np) = v2(Na)v2(ng). If this factorization
holds, for example, the second azimuthal anisotropy at the
TPC acceptance is obtained by three relative modulations
of TPC-FMD1,2, TPC-FMD3, and FMD1,2-FMD3 as

reey _ [ V22(nTPC nFMPL2)V, 5 (nTPC, nFMD3)
nn'tt) = Voo (nFMDL2 FMD3) )

3)

which is the so-called “3x2PC” method. Figure B shows
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Figure 3: pr-integrated v, as a function of 7 in various
centrality classes and comparisons with the (3+1)D hydro-
dynamic calculation.

the pr-integrated v, as a function of 1 for the 0-5%, 5—
10%, 10-20%, and 20-40% centrality classe. Non-zero
vy is observed at —3.1 < n < 4.8 in up to 0—40% p-Pb
collisions. It suggests the formation of collectivity across
the entire pseudorapidity region. Figure B also shows com-
parisons with the (3+1)D hydrodynamic model, which em-
ploys 3D Glauber-initial conditions, viscous hydrodynam-
ics based on MUSIC, and the UrQMD model to simulate
the dynamics in the hadronic phase [A]. The hydrodynamic
model qualitatively describes data for all centrality classes
over the entire pseudorapidity region. It suggests that the
collectivity exists over a wide rapidity region in small col-
lision systems and v, mainly originates from the 3D initial
geometry and develops over the course of the hydrodynamic
evolution.

Figure B shows v; as a function of charged-particle mul-
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Figure 4: v, as a function of charged-particle pseudorapid-
ity density for five different pseudorapidity regions in p—Pb
and Pb-Pb collisions.

tiplicity density for five different pseudorapidity regions in
p—Pb collisions at /sy = 5.02 TeV and Pb—Pb collisions
at \/sNxN = 2.76 TeV. The v, in Pb-Pb is obtained by the
standard Q-cumulant method with non-flow subtraction us-
ing pp collisions [7]. It is found that the pseudorapidity
dependence of v, is not just simply driven by the local mul-
tiplicity; v, independently depends on both 1 and dN,;,/dn
and the v, smoothly transitions from p—Pb to Pb—Pb within
the error range.

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 ob-
served over a wide pseudorapidity range, which is extracted
using the 3x2PC method. The hydrodynamic model de-
scribes the data over the entire rapidity region in up to 0—
40%. It suggests that the collectivity exists over a wide ra-
pidity region in small collision systems and v, mainly orig-
inates from the 3D initial geometry and develops over the
course of the hydrodynamic evolution. In the same rapidity
region, v, scales with the charged-particle multiplicity den-
sity, and the v, smoothly transitions from p—Pb to Pb—Pb
within the error range. It suggests that there is a common
underlying physics between small and large systems.
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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
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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 /sy = 5.02 TeV with enhanced trig-
gers for central and 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)

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+7 —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

24/ NP 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 (#1ee)
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,
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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. The
virtual photon signal is extracted from the mass range of
0.12 < mee < 0.34 GeV/c?. 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 from pre-equilibrium, ther-
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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.

mal radiations and hard photons tends to overpredict the di-
rect photon yields at low pr.
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1. Introduction

Strip Readout PPAC (SR-PPAC) has been developed in
CNS as a tracking detector for high intensity RI beams
[I-3]. The SR-PPAC is a parallel plate avalanche counter
with an anode plane sandwiched between two cathode
planes. One of the cathode is segmented as strips in hor-
izontal (X) direction while the other in vertical (Y) direc-
tion. When a beam penetrates the SR-PPAC perpendicular
to the plates (Z direction), filling gas in the SR-PPAC is
ionized and the ionized electrons make an avalanche while
they are traveling to the anode. The positive ions exposed
after the electron transit induces the mirror charges on the
cathode strips near the avalanche point. The mirror charge
on every cathode strip is recorded by the read-out system.
The Position Finding Algorithm (PFA) in our analysis uses
a response function between the observed signal strength
and the event number assuming an uniform distribution of
the beam injection over the strip [@]. This method is very
powerful because it needs only intrinsic properties of the
signals. However, with this method we can not predict the
systematic error of the PFA. It is very important to opti-
mize the detector configuration and improve the resolution.
For that purpose, we examine two PFAs using the induced
charge profile on the cathode and compare the predicted er-
rors with the experimental data.

2. Induced charge profile on cathode

The induced charge profile can be calculated by solving
the boundary problem of the potential between the anode
and the cathode and by using the reciprocity theorem [5, B].
The mirror charge density at (x,y) on the cathode is given
by

oxy)= — D im0 Si (06, X) sin (04,0 ) X
. . sinh [n (D—
sin (By) sin (Byo) S5l o)l (1)
nw mm nz2 m?
(xn:;7 ﬁm:77 Yom =T aﬁ"‘ﬁ (2)

where (xo,y0,z0) is the ion position with total charge Ny
between the anode and the cathode, a and b are the elec-
trode’s size in X and Y and D is the gap between the anode
and the cathode. zg is measured from the anode surface.
Because the number of avalanche ions increases exponen-
tially along Z direction, the charge density caused by the
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avalanche ions is obtained by integrating all the ions as

D exp(az
Oava = / p( )O'(X,y)dz,
0 D

3

where « is the number of produced secondary ion per unit
length. The integration of the charge density Oy, over the
strip widths w in X and b in Y gives the charge amount on
one X strip. When the avalanche point locates 0 < xp < %,
the mirror charge on the most and the second most signifi-
cant strips become

D) =[5 1 P oyt
20) = [ 17, 10 oD o y)drdyds, ®)
The total charge on the cathode is given as
T
exp{(@2) }sin (exo) sin (Buyo) 22 gz 6)

Figure [ shows the mirror charges Qg to Q4 on the strips as
a function of the distance from the strip center xg in a range
of half strip width. All charges are normalized to the total
charge Qcam- The gap D is 4.0 mm and the electrode size a
and b are both 150 mm, oD is 11.1 and the strip width w is
2.58 mm. The summentions of n and m are carried out up
to 100. In the calculation, the diffusion effect is not taken
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Figure 1: Mirror charges induced on the strips as a function
of the avalanche position x( from the center of strip in the
range 0 < xp < w/2.

into account. The systematic errors of PFAs are predicted
using this charge profile.



3. Charge information reconstruction

In our read-out system, charge information is converted
to time duration of the digital signal by Amplifier-Shaper-
Discriminator (ASD) board using the Time over Thresh-
old (ToT) method [7]. It enables us to take charge infor-
mation much faster than integrating the signal with a flash
ADC. On the other hand, ToT method causes a strong non-
linearity between the charge amount and the time duration.
To use the mirror charge profile for the PFAs, the charge
information should be reconstructed. It is done by simulat-
ing ASD circuit using the circuit simulator LTSpice. The
induced current of the cathode strip Iy is an input of the
circuit shown in Fig. D. Details of the circuit can be found
in Ref. [[]. In the limit of infinite size of the electrodes, the
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Figure 2: Block diagram of the ASD chip.

total charge on the cathode in Eq.B can be simplified to

Nini D—7
ni eXp{(aZ/)}TZdZI.

Qcath(Z) = o D

)

It is valid when the avalanche locates near the center of the
electrodes. Then the induced current can be expressed as

d Nini t t
Tiet < —— Qcath = 1-= D—
det dt QCdth f ( f ) exp{ <O¢ f > }a (8)

where t; is the transit time of avalanche electrons from the
gap D. Figure B shows Iy at the condition of D =4.0 mm ,
aD =11.1,t; =24 ns and the total charge is 1 pC. The elec-
tron transit time is simulated using Magboltz [8] applying
the bias 690V between the anode and the cathode and filling
i-C4Hjg gas at 10 Torr. These conditions are the same used
in the position resolution measurement, whose data will be
analyzed in Sec.B. Figure @ shows the simulated signal time
duration from the comparator out of the circuit with various
input currents, whose total charges are indicated in the Y-
axis. The multiplication by the avalanche (D) is kept con-
stant while the initial charge is changed. The solid line is
the exponential curve fitted by the first 4 points in low input
charge side. Using this curve, the charge amounts are recon-
structed from the time duration before applying the PFAs.
For each different setting of the gas type, the pressure of
gas, the bias and the gap D, the conversion curve should be
prepared.
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pC. The electron transient time is 24 ns.

1000

800 A

600

Input charge [fC]

200 A

0

0 10 20 30 40 50 60
Time duration [ns]

Figure 4: The simulated relation between the signal time

duration from the ASD and the charge from the cathode

strip.

4. Position finding algorithm

We test two PFAs commonly used for the segmented de-
tectors. Both PFAs use the charge information from three
strips. The first PFA is the ratio method [U, 0], which de-
fines the avalanche position X0 as

_w <Q1 - Q2>

2\Q0—02)°
As seen from Fig. [, Q1 — Q» defines the triangular area be-
tween Q1 and Q> lines and Qp — Q> defines the quadrilateral
area between Qg and Q> lines. When the avalanche locates
at the center of a strip (xo = 0), Xrai0 becomes 0 because
Q1 — 0> =0, while the avalanche occurs between the strip
(xo = w/2), Qp = Q1 resulting in x4, = 1. The systematic
error of the ratio algorithm is shown as a solid line in Fig. B.
The error is continuous along the avalanche position. The
second PFA is the generalized ratio method [I1], which de-
fines the angle k as

©))

Xratio

(01— )
K=tan ' [ =—=2 ). 10
(Qo - (10
and the avalanche position xrg as
w (tan~ ! (b(k — 7/4))
= _ . 11
R = ( an 1 (b /4) an

b is the parameter chosen to minimize the systematic er-
ror. The systematic error of the generalized ratio method is
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Figure 5: The predicted systematic error of the ratio method
(solid line) and the generalized ratio method (broken line)
as a function of true position in the range 0 < xo < w/2.

shown as broken line in Fig. B. In this case, b = 1.27 is cho-
sen. The error is also continuous and its maximum value is
about 10 um smaller than that of the ratio method.

5. Comparison of data and model prediction

The data of position resolution measurement with 32Xe
beam at HIMAC [2] is analyzed using the two PFAs. In the
experiment, two LP-MWDCs were used as a position refer-
ence. The results of X and Y planes are shown in Fig. B

MWDC - SRPPAC X [mm]

Ratio method
0=118um

MWDC - SRPPAC X [mm]
o
o

-1.0 -05 0.0 0.5 1.0
MWDC X [mm]

-04 -02 00 02 04
Position Difference [mm]

Figure 6: Residual in X plane as function of the reference
position (top) and residual distribution and a Gaussian fit-
ting result (bottom left) and the averaged residual in each
w/20-size bin in the range —w/2 < MWDC < w/2.

and in Fig. [, respectively. In the top panels of the figures,
the position differences between the reference (MWDC)
and the position deduced by the ratio method (SRPPAC)
are shown. The black dots show the data in the left half of
the strips and the gray dots in the right half. The position
difference distributions are shown in the bottom left pan-
els. The gray dot lines are the Gaussians fitted to the data.
The standard deviations are 118 pum in X and 124 um in
Y including the MWDC'’s resolution, 63 um. The position
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Figure 7: Same figure as Fig. B but of Y plane.

resolutions of the SR-PPAC in sigma are thus 100 um in
X and 107 pum in Y, respectively. The black lines in bot-
tom right panels show the average of position differences in
each w/20 bin in the range —w/2 < MWDC < w/2. There
seems no discontinuity in the strip as predicted by the PFA
models in Fig. B. The periodic structure in the residual can
not be seen. It might be because the predicted errors are
much smaller than the obtained resolutions. The results of
the generalized method are similar and not shown here. The
systematic error difference might be also too small com-
pared to the resolution. In conclusion, two PFAs using the
charge distribution work well to give the similar resolutions
to the result with the previous PFA. The systematic error
seems smooth as predicted from the PFA models. Further
analysis, for example the injection angle dependence and
the signal height dependence, and the resolution measure-
ments at the different conditions will be done in near future.
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Readout test of SR-PPAC with ASAGI board
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At the RIBF, the intensity of unstable nuclear beams pro-
duced by nuclear reactions is increasing thanks to the en-
hancement of heavy ion beam intensity. Since heavy ion
beams cause significant damage to detectors, beamline de-
tectors with the minimal amount of material and high dis-
charge immunity are required. The conventional beam-
line detectors for position detection at the RIBF are De-
lay line-PPAC (Parallel Plate Avalanche Counter). To in-
crease the beam intensity tolerance and improve the posi-
tion resolution, CNS is developing a Strip Readout-PPAC
(SR-PPAC) [[I], which can achieve better positional reso-
lution through charge-weighted averaging. However, since
the gain of the versatile RPA-132 type preamplifier is low,
it is demanded to apply the higher bias to obtain sufficiently
large signal, which increases the chance of spark. Also,
these preamplifiers have been no longer manufactured. The
purpose of this study is to evaluate the performance of SR-
PPAC using ASAGI (AGASA based General Interface for
wire) [2] with ASD card (Amplifier, Shaper, Discrimina-
tor card), which is being developed by the SPADI-Alliance
led by RCNP of Osaka University, RIKEN Nishina Center,
KEK, CNS University of Tokyo, and Tohoku University.
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Figure 1: The configuration for one channel of the ASD
circuit.

ASAGTI incorporates an ASD card with four built-in func-
tions: amplifier, shaper, discriminator, and pole zero can-
cellation. While the RPA-132 has a conversion gain of 0.8
V/pC, ASAGI can achieve a much higher conversion gain of
32 V/pC. ASAGI can also vary the conversion gain from 68
mV/pC to 32 V/pC by changing the combination of resistor
and capacitance of the amplifier, pole zero cancellation, and
shaper. Figure [ is the diagram for one channel of the ASD
circuit. The number of resistors connected can be varied
from 1 to 4 and the number of capacitors from 1 to 8 using
a dedicated parameter file to obtain amplified waveforms
for various purposes. R_B_SHP, C_B_SHP, R_B_PZC,
C B PZC, R_B _CSA, and C_B_CSA are the resistance of
Shaper, the capacitance of the Shaper, the resistance of Pole
Zero Cancellation, the capacitance of Pole Zero Cancela-
tion, the resistance of Charge Amplifier, and the capacitance

Present affiliation:RIKEN Nishina Center
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of Charge Amplifier, respectively.

First, as an experiment, a square wave from the pulsar
was injected to the test input of ASAGI, where the same
parameter file used in previous studies was used again to
confirm the same output as observed in previous studies and
different parameters were also used to examine the changes.

Square waveforms from a function generator (FCG) were
applied to ASAGT’s test pulse input (TP) at a frequency of
1.0 kHz . The input amplitude was 650 mV and the pulse
width was 500 ns. An offset of +325 mV was set so that
the voltage value at negative pulse was 0 V. The FCG out-
put signal was split into two, and the one was connected to
an oscilloscope with 1 M to trigger the oscilloscope, and
the other signal was amplified by ASAGI and the analog
monitor output (analog output) was connected to the oscil-
loscope (502 impedance). In this experiment, R_B_SHP
was varied from 1 to 4, and the remaining five, C_B_SHP,
R_B_PZC, C_B_PZC, R_B_CSA, and C_B_CSA were all
fixed to be 1.

The first step in the operation procedure was to create a
parameter file corresponding to the settings. Next, the cre-
ated parameter file was uploaded to FPGA through Python
using SiTCP communication protocol. Then, the ampli-
fied waveforms were measured with an oscilloscope, and
the imaging and waveform information were recorded in
the experimental longnote. Figure D shows the relationship

R_B_SHP=4
o

L]
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600

®
R_B_SHP=2
500

R_B_SHP=1

Pulse Height(mV)

0 10 20 30 40 50 60 70
Resistance Voltage(kQ)

Figure 2: The peak height of test output as a function of the
resistance.

between the R_B_SHP and peak of the analog test output.
This figure shows that the peak value increases as the resis-
tance increases, however, the increase cannot be described
as a linear increase.

Also, when SR-PPAC and ASAGI were connected via
2 m long SAMTEC cable, it was found that the capacitance
of the cable, 24 pF/ft, lowers the pulse height of the ASAGI
output. Therefore, we created a conversion board that al-
lows SR-PPAC to be directly connected to ASAGI’s input
without cables. Figure B shows a photo of the modifled
adopter board of SR-PPAC to the ASAGI, in which only
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1 channel of ASAGI was connected to the SR-PPAC.
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Figure 3: The adoptere board from SR-PPAC to the ASAGI.

The test signal from the BNC inc. pulsar was con-
nected to the anode of the SR-PPAC and the signal from
the SR-PPAC was amplified by ASAGI to evaluate how
much its amplified signal was improved when the cable
was replaced with the converter board. The parameters
were setto R_B_SHP =4,C_B_SHP=1,R_B PZC=1,
C B PZC=4,R_ B CSA =4, and C_B_CSA = 1. This
is the setting where the conversion gain is the highest at 32
V/pC. The test signals were set to a frequency of 1.000 kHz,
arise time of 0.05 us, a fall time of 0.5 us, an amplitude of
0.13137 V, and a signal width of 1.00 ms. The experimental
results are shown in Fig. B. The blue line shows the analog

Figure 4: The outputs of the ASAGI with and without the
samtec cable between the SR-PPAC and the ASAGI board.
See the text for the detail.

output when the conversion board was used, and the orange
line shows the analog output when the cable was used. The
peak values were 626 mV for the board and 295 mV for
the cable, and the FWHMSs were 88 ns for the converter
board and 128 ns for the cable, respectively. When using the
samtec cable, the rise time was longer than the case with the
adopter board by 24 ns. The small pulse height was caused
by the large capacitance of the cable.

The present study indicates that the direct connection of
the ASAGI to the SR-PPAC is important to get the fast sig-
nals. Since two ASAGI cards are needed for one SAMTEC
connector of SR-PPAC, and there are three SAMTEC con-
nectors in a SR-PPAC, it is necessary to design a conversion
board that can hold six ASAGI cards. The following four
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conditions are necessary for development.

e there are three SAMTEC connectors (64-pin)
(SAMTEC-QTE-040-01-X-D) on the SR-PPAC.

e two KEL connectors (68pin) (FX2C-68P-
1.27DSAL(71)) of ASAGI must correspond to one
SAMTEC connector.

* the path difference within the board should be as
small as possible.

* each of the 6 ASAGI connectors should be able to be
used as a test input and analog output.

Based on the above, we are currently designing the board
using EAGLE board design software. The future outlook,
though, is, the SR-PPAC is installed in a vacuum chamber.
The board we are designing will be ordered to a company,
and all channels of SR-PPAC will be read by ASAGI. The
final goal is to optimize the parameter files of ASAGI for
SR-PPAC.
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1. Introduction

Understanding of the properties of the Quark Gluon
Plasma (QGP) is one of the goals for the ALICE experiment
through various particle measurements. During the LHC
Long Shutdown 3 (LS3), ALICE plans to replace the two
most-inner layers of the Inner Tracking System (ITS) based
on a new Monolithic Active Pixel Sensor (MAPS) [[I]. Sub-
sequently a new detector complex based on the newly de-
veloped MAPS detectors is proposed for the ALICE 3 ex-
periment as the successor of ALICE after the LS4. Advan-
tages of the new MAPS are reduction of material budget,
improvement of the position resolution, increase of the flex-
ibility, low power consumption and so on.

The 65 nm-CMOS technology enables higher integra-
tion for improving the position resolution as well as thin-
ner sensor thickness for reducing material budget [2]. It
refers to the process used to manufacture integrated circuits
with a minimum feature size of 65 nm. A sensor can be
thinned to less than 50 ym with the minimum pixel size of
15 umx15 pum.

The first beam test in Japan was conducted in last March
with the Korean ALICE group to validate prototype MAPS
chips with different geometries [B]. A lot of efforts are be-
ing made for assessment of detailed specifications, includ-
ing an optimal pixel size, sensor structure, readout and so
on. The simulation study of the new MAPS response is on-
going with Allpix Squared simulation [2]. Comparisons of
the simulation data with the beam test data are crucial for
understanding the new MAPS response such as the motions
of electrons and holes inside a sensor, the charge sharing
capability. The multiple scattering effect is evaluated by
simulation using reasonable beam size and injection direc-
tion. In this report, the current status of the simulation study
of the new MAPS response is described.

2. Allpix Squared Simulation

Allpix Squared is a simulation tool specially dedicated to
semiconductor based on GEANT4. It can simulate electron
and hole motions in a sensor when electrons and holes are
produced by energy deposit due to the passage of charged
particles. The telescope configuration of the beam test is
implemented in the simulation and the telescope analysis
has been done in the exact same way with the beam data
analysis [B].

The following settings are equivalent to the experimental
conditions. Figure [ shows the simulated telescope setup.
A 3 GeV/c electron is injected to the telescope in one event
and its injection direction is indicated by an arrow in Fig. [.
To reduce a data size, the beam focal point is limited within
50 pum, equal to about 4 pixelsx4 pixels at the center of
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DUT. The position of each chip is shifted slightly to repro-
duce the actual experimental condition. The prototype sen-
sor as the device under test (DUT) is sandwiched between
three reference planes (RPs) on each side. It is noted that the
electric field inside the sensor is assumed to be linear due
to unavailability of the actual field map. A realistic field
needs to be implemented in the near future, but the qualita-
tive characterization of the chip response can be done with
the current simulation condition. The DUT back bias volt-
age is 3 V to 10 V, and the pixel size is 22.5 umx22.5 um
with a matrix size of 48x28. The RP back bias is 3 V,
and the pixel size is 27 umx29 um with a matrix size of
512x1024.

Electron
beam

| Reference Plane |

Reference Plane

Figure 1: Telescope setup in simulation. An arrow indicates
the electron beam direction. DUT is sandwiched between
three RPs on each side.

3. Telescope Analysis

A cluster size is defined as the number of pixels with
charge in one event. A seed charge is the largest charge
signal in a cluster and some fraction of a total charge is
shared to surrounding pixels around the seed pixel. Figure [
shows the cluster and seed charge distributions for DUT.
The closed and open symbols represent the cluster and seed
charge distributions, respectively. They can be fitted well
with a Landau-Gaussian indicated by solid lines.

Figure @ shows the DUT cluster size distribution with
10 V back bias voltage. The averaged DUT cluster size is
about 2, which is similar to the real data. A signal is some-
times spread in more than 4 pixels in the case of a tilted
beam. A beam hit position, xj;;, at DUT is reconstructed by
center-of-gravity calculation using the charge and position
information of a cluster.

The expected hit position, X, is obtained using extrap-
olation of the particle track calculated by hits of 6 RPs.
The residual is calculated by x; — x.xp in each event. Fig-
ure B shows the DUT residual distribution with a Gaussian



fit. The residual distribution is well-described by Gaussian.
The position resolution is defined as the width of the Gaus-
sian fit. The obtained position resolution in the x axis is
9.37£0.06 pm and the resolution in the y axis is consistent
too. It is larger than 6.50 um which is calculated as the
pixel pitch divided by v/12. The charge sharing efficiency
and multiple scatterings may make the position resolution
larger.

Figure B shows the DUT hit maps with 3 and 5 GeV/c
electrons. The initial beam size is 50 um radius. However,
the hit region of DUT is much larger than the initial beam
size. The hit region with 5 GeV/c electrons is smaller than
the one with 3 GeV/c electrons. Thus, the beam spreading
is due to multiple scatterings by passing through RPs and
the air.
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Figure 2: Cluster and seed charge distributions for DUT
with 10 V back bias voltage. The closed and open symbols
represent the cluster and seed charge distributions together
with Landau-Gaussian fits.
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Figure 3: Cluster size distribution for DUT with 10 V back
bias voltage.
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Figure 5: Hit maps on DUT with 10 V back bias voltage
with 3 GeV/c (top) and 5 GeV/c (bottom) electrons.

4. Summary and Outlooks

The new MAPS detector has been developed for the up-
grade of the current ITS as well as ALICE 3. Telescope sim-
ulation for prototype MAPS characterization has been done
using the Allpix Squared. The simulated position resolution
of the MAPS results in 9.37 um, which is larger than the
ideal value. It is figured out that multiple scatterings before
the MAPS makes the resolution worse. Further study with
a realistic field configuration will be performed for quanti-
tative characterization of the new MAPS response.
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1. Introduction

The ALICE 3 experiment will begin from 2035 for fur-
ther study of Quark-Gluon Plasma (QGP). The main part of
the ALICE 3 detector will be composed of state-of-art sili-
con pixel detectors based on a new CMOS sensor technol-
ogy. Various measurements including heavy quark hadrons
can be performed thanks to an excellent tracking capabil-
ity of the ALICE 3 detector, providing deeper insights on
important QCD phenomena such as quark confinement, a
partial restoration of the chiral symmetry breaking and so
on.

The Monolithic Active Pixel Sensor (MAPS) is one of
the next generation silicon pixel detectors based on a fine-
pitch CMOS technology. A sensor and a readout circuit are
implemented on the same chip. Its beneficial features are
a high density pixel matrix with an extremely thin mate-
rial, low power consumption and so on. In particular, the
65 nm-CMOS technology is the cutting edge technology
for a MAPS detector and prototype 65 nm-CMOS MAPS
sensors are under development for the Vertex detector and
the Outer tracker for ALICE 3 [0l]. Extensive efforts are
underway to characterize the prototype MAPS sensors. In
this report, the current status of the prototype sensor char-
acterization is described, especially through the telescope
beamtest at PF-AR in KEK in the March 2024.

2. Telescope test at KEK PF-AR beam line

The prototype MAPS sensors have been produced with
three types of an internal electric field structure [], namely
Standard, Modified, Modified with a gap, respectively. The
Standard sensor has a limited depleted region while a fully
depleted region is realized in the Modified one with an addi-
tional low-dose n-type implant. A gap in the n-type implant
increases the lateral electric field and the speed of the charge
collection. These structural differences lead to differences
in electron and hole collection efficiencies as well as charge
sharing capability.

The first prototype MAPS characterization was done at
the KEK PF-AR beam line. 3 GeV/c electrons were injected
into a telescope setup with approximately 130 Hz/cm? and
a size of 8x2 cm? (x-y size of beam). Figure 0 shows the
telescope setup consisting of one device under test (DUT),
six reference planes (RPs), and two scintillators. A chip
size of the prototype MAPSs as DUT is 1.08x0.54 mm?
containing 48 %24 pixels with a pitch of 22.5 um. All pro-
totype MAPSs with different electric field structures were
tested. First an analog signal from DUT goes through the
proxy board for conversion of a data format which can be

read by a DAQ board. The ALPIDE sensors [2], developed
for the Inner Tracking System 2 (ITS2) currently running
in ALICE, were used for RPs. A pixel size of the ALPIDE
sensor is 27x29 um? and a chip size is 15x30 mm?, re-
spectively. ALPIDE provides a digital output signal directly
transmitted to a DAQ board. As shown in Fig. [, 3 RPs
were placed in each back and forth of DUT. RPs and DUT
are equally spaced 25 mm between them. Two scintillators
with a size of 10x 15 mm? were located behind the 6th RP.
A coincidence of the scintillators gives an event trigger.

RP_5
RP_4

RP_1

RP_6 RP_2 RP_O

scintillators

O: Proxy board

.: DAQ board ‘

Figure 1: Telescope setup.

3. Analysis

First, alignment of positions for RPs and DUT has been
performed. It is assumed that an electron trajectory is
straight. The X(Y) axes of RP_1-5 are shifted to match the
X(Y) axis of RP_0. Next, hit positions in neighboring RPs
are connected by a straight line. A rotation correction of the
X-Y plane and a fine adjustment of the X(Y) axis are done
based on a fitted straight line. The positions for RPs are
fixed at this step. Then, tracking by a straight line is made
with the hit positions in RPs. DUT alignment is finally done
based on the track obtained in the previous step. DUT ro-
tation and X(Y) axis adjustment are done with respect to a
trajectory of the track after correcting the shift of the X(Y)
axis for DUT from RP_O.

In this analysis, two following criteria are defined for se-
lection of the events in which an electron goes through the
active area of DUT: (1) all RPs must have hits, (2) only one
track is found in a given event. A hit position in each RP
is calculated as R = v/ X2 +Y2. Figure D shows the differ-
ence, AR, of a hit position from an expected hit position by
the track. The AR distributions are shown by solid lines for
RP_0 and RP_4, dashed lines for RP_1 and RP_5, and dot-
ted lines for RP_2 and RP_6. Possible causes of different
distributions are mis-alignment, multiple scatterings and in-
dividual difference of the RP response.
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Figure 2: Distributions of the difference, AR, of a hit posi-
tion from an expected hit position by the track for each RP.

In this Telescope setup, the scintillators are larger than
the DUT. The ratio of geometrical acceptance coverages
by DUT and the scintillators is about 0.0039%. Thus, the
expected number of the DUT hit events is calculated by
432588 X 0.0039%~1687, where 432588 is the number of
recorded triggered events. Actually, the number of events
in which a track is expected to penetrate the DUT is 1463.
The cause of the difference from the expected value is under
investigation.

After the event selection, clustering is performed with
the following procedure. Firstly, the pixel with the high-
est amount of charge is searched and it is defined as a
seed pixel. The neighboring pixels with the seed pixel are
checked and they are included in a cluster if they have a hit.
The hit position is defined as the center of gravity calculated
from each pixel charge in the cluster. Then association of a
cluster on DUT to the track is done by searching in a region
within 100 um from the track projected point.

Figure B shows the charge distribution of the track-
associated clusters together with the pedestal. Normaliza-
tion is done by the number of events. The close and open
symbols represent the track-associated cluster and pedestal
distributions, respectively. The cluster charge by energy
deposit of the electron beam must be separated from the
pedestal, but they look identical because fake clusters by
noise may be dominant. The minimum charge for one pixel
should be required to remove fake clusters.

Figure B shows the difference, AX, of a hit position from
an expected hit position by the track. As described above,
fake clusters make the distribution rather flat.

4. Summary & Outlooks

The 65 nm-CMOS MAPS sensors are under development
for ALICE 3. Characterization of the prototype sensors has
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Figure 4: The difference, AX, of a hit position from an ex-
pected hit position by the track for DUT.

been done with the telescope setup at the KEK PF-AR beam
line. Event selection was done to ensure that electrons pen-
etrated the active region of the prototype sensor. However,
looking at the charge distribution and the difference of a
hit position from the track projected point for the track-
associated clusters, fake clusters by noise may be dominant.
Further efforts are needed to remove such fake clusters. The
minimum charge and x> /ndf at tracking as a track quality
can help.
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1. Introduction

Anti-relaxation coatings that prevent spin relaxation are
often used in atomic physics such as magnetometers. It pre-
vents the adsorption of atoms, so they also function as “anti-
adsorption coatings”.

In few-atom trap experiments, it is important that atoms
are not adsorb on the inner wall of the trapping cell , which
leads to the decrease of the number of atoms. Therefore,
anti-adsorption coating is valuable to increase the number
of trapped atoms.

Magneto-optical trap (MOT) is one of the trapping
techniques that cools and gathers atoms to a point us-
ing laser cooling and magnetic gradient. The number of
trapped atoms is calculated by measuring the fluorescence
of trapped atoms. It is difficult to measure the fluorescence
if there is scattered light of the laser from the trapping cell.
We use the cell shown in Figure [ to trap francium atoms.
To subject the laser into the cell, there are glass windows.
The light is scattered when passing through the windows.
In order to prevent this, the windows are coated with “anti-
reflection coating (AR coating)".

Glass
windows

Figure 1: CAD image of MOT cell

The part of the cell except the windows is coated with
anti-adsorption coating. In other words, the windows do
not have anti-adsorption coatings, so that atoms to trap can
decrease because they adsorb on the windows. Therefore,
the both abilities of anti-reflection and anti-adsorption are
required for the windows.

2. Purpose

Figure [ shows a conceptual image of this study. We
studied the coating that has both abilities of anti-reflection
and anti-adsorption using the glass substrate coated with
an anti-adsorption coating on an AR coating. We used
octadecyltrichlorosilane (OTS: C;gH37SiCl3) as an anti-
adsorption coating and magnesium fluoride (MgF,) as an
AR coating. In this study, we discussed the anti-reflection
and anti-adsorption effect of the substrate.

Not
% % scattering

w
e ¢ =P
Not
adsorption
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Figure 2: Image of this study

3. Experiment

We prepared 3 types of samples shown in Table . Clean-
ing with piranha solution, a 4:1 mixture of nitric acid and
hydrogen peroxide is the process to remove organic con-
taminants on the surface. However, there was a possibility
that the process takes off the AR coating, so we prepared
sample 2 and 3.

sample number OTS coating Piranha cleaning

1 No No
2 Yes Yes
3 Yes No

Table 1: Samples coated with OTS coating and Piranha
cleaned or not: all samples coated with AR coating of MgF,

Figure B shows a conceptual diagram of the apparatus
used in this study. We measured the surface composition of
the sample using X-ray photoelectron spectroscopy (XPS).
Then, rubidium (Rb) atoms are subjected to the sample for
arbitrary time (5-30 minutes). After that, we conduct the
XPS measurement to check the Rb adsorption. We repeated
the Rb irradiation and XPS measurement, and examined the
amount of Rb on the samples.

Electron beam analyzer

ray source

Figure 3: A conceptual diagram of the apparatus

4. Result and Discussion
Figure B shows the changes of the amount of Rb adsorp-

tion during the irradiation time: the amount of Rb adsorp-
tion is calculated from the peak area fitted Rb peak of XPS
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results shown in Figure B. It means that sample 2 and 3
have the ability of anti-adsorption compared with sample 1
obviously. In addition, the plots are fitted with the formula
y=A(1 —exp{(—t/7)}): y is the photoelectron counts, A
is the proportionality coefficient, 7 is the time constant, and
t is time. The fitting means that the adsorption is becoming
saturated.
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Figure 4: Change in adsorption versus time
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Figure 5: Energy spectrum near the peak of Rb and the
result of the fitting, using the Rb 3p3/2 peak

It shows the peak area ratio of carbon and Magnesium
C/Mg by the first XPS measurement in Table D. It is re-
garded as which the sample 2 and 3 are coated with OTS
because these ratios are greater than sample 1 one: the ex-
istence of C in sample 1 is considered by organic contami-
nants. In addition, the smaller sample 3 ratio compared with
sample 2 one is regarded as that the coating rate of OTS of
sample 3 is lower than sample 2 one. It can explain the
difference between sample 2 and sample 3 in Figure 8.

sample number C/Mg
1 0.63+4
2 48+4
3 4.1+4

Table 2: Peak area of carbon divided by peak area of mag-
nesium

Table B shows the optical attenuation rate measured by
transmitted laser light. It means that the smaller the opti-
cal attenuation, the more light is transmitted, i.e., the less
scattering. Sample 1 has the best optical attenuation and is
effective in AR coating. Then, sample 2 and 3 get worse
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compared with sample 1. In particular, sample 2 has a
large attenuation. This could be due to cleaning the sur-
face coated with AR coating using piranha solution, caus-
ing peeling off the coating. Thus, the value of sample 3 that
was not cleaned with piranha solution is not bad compared
to that of sample 2.

sample number Optical attenuation [%]

1 0.65
2 7.6
3 1.1

Table 3: Optical attenuation of samples

These results suggest that sample 3 which is coated with
OTS without piranha cleaning on AR coating has the abil-
ities of anti-reflection and anti-adsorption. On the other
hand, there is a question about the process that OTS was
coated on AR coating, not glass surface.

In general, the chlorine atoms in the end group of OTS
react with OH groups on the glass surface and form HCI,
breaking the bonds to the silicon atom of OTS. Then the
silicon atom binds to the remaining oxygen atoms of the
glass surface, forming chemisorption [I]. However, it is
different that the process is coated with OTS on the AR
coating of MgF,. It is known that MgF, can make bonds
with OH groups: OH groups bond to magnesium atoms of
MgF,, though not all magnesium atoms are bonded [[], [3].
Therefore, in this study, it is considered that magnesium
atoms in the topmost surface layer of the MgF, multilayer
are bonded to some OH groups, causing the bonding to OTS
such as in the case of the bonding of glass and OTS.

5. Conclusion

We studied the performance of anti-reflection and anti-
adsorption using the glass windows coated with OTS as
anti-adsorption coating on MgF, as AR coating. As a re-
sult, OTS coating on AR coating without piranha cleaning
process had the abilities because piranha solution did not
peel off AR coating. It is considered that an oxygen atom
mediates a silicon atom of OTS and magnesium of MgF5.
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Francium (Fr), the heaviest alkali atom, is one of the most
promising candidates for probing fundamental symmetry
violations such as the permanent electric dipole moment
(EDM) and atomic parity nonconservation (APNC) [I-3].
Our long-term goal is to realize ultra-precise EDM/APNC
measurements using cold Fr atoms trapped in an optical lat-
tice [@,8]. To prepare the atoms for loading into the opti-
cal lattice, they must first be pre-cooled and trapped using
methods such as magneto-optical trapping (MOT).

In this report, we present a laser and optical system de-
veloped at RIKEN for Fr MOT. Figure I shows a bird ’
s eye view of the RIKEN Nishina Center for Accelerator-
Based Science. The laser source was located in the laser
room (K2L), the 219Fr MOT apparatus was located in the
target room E7, and the 2> Fr MOT apparatus was located
in the hot laboratory (HL). The 2!°Fr isotope (half-life: 3.2
minutes [A]) is produced via the nuclear fusion-evaporation
reaction '’Au + 80 — 25~*Fr + xn by bombarding a
197 Au target with an '80%* beam from the RIKEN AVF cy-
clotron [Z]. Meanwhile, > Fr (4.8 minutes [H]) is produced
by the alpha decay of 2> Ac (10.0 days [6]) [8]. Both iso-
topes exhibit a significant enhancement factor for electron
EDM [5], and *2'Fr possesses an additional enhancement
factor for nuclear EDM [9]. Therefore, the use of both iso-
topes is anticipated to yield diverse information. The laser
beams initially traverse from K2L to the optical relay rack,
which serves as the central hub for optical transmission, via
a 400 m fiber-optic cable. In addition, the optical relay rack
is linked to room E7 and room HL with 40 m and 55 m
fiber cables, respectively. The direction of transmission can
be altered using fiber connectors. Each of the three fiber
cables consists of PVC-coated flexible stainless steel tubes
“Picoflec” (Nippon Steel Welding Engineering) containing
seven bare PM single-mode PANDA fibers (Fujikura): four
are Fujikura PM63 (cutoff wavelength: 520-620 nm, mode
field diameter: 4. 5 = 0.5 um at 630 nm), two are PM85
(650-800 nm, 5.5 = 0.5 um at 850 nm), and one is PM98
(870-950 nm, 6.6 = 0.5 um at 980 nm). The numerical
aperture (NA) of each PM fiber is 0.12, and the connectors
at both ends are FC/APC.

Figure D shows the laser and optical system developed
at RIKEN. A Ti:sapphire (Ti:Sa) laser (M SQUARED
LASERS, model SolsTiS, wavelength tunable in the 700-
1000 nm range) was used as the trapping laser source for
Fr. A home-made interference filter type external cavity
diode laser (ECDL) [I0] was used as the D1 repumping
laser source for Fr. The trapping transitions for !°Fr and
221Fr are from 7Si)2, F =13/2 to TP3)5, F = 15/2 and
from 7Sy;, F =3 to 7Pz, F =4 on the D2 line (718

Laser room K2L

400 m PM fiber cable

Optical relay rack

Hot Lab Target room E7

40 m PM o som
fiber cable

Figure 1: The path of the PM fiber cables we installed at
the RIKEN Nishina Center for Accelerator-Based Science.
The bird’s eye view diagram was provided by RIKEN.
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nm), respectively; the repumping transitions are from 7S, 5,
F =11/2 t0o TPy, F = 13/2 and from 7S, /,, F =2 to
7P1/2, F =3 on the DI line (817 nm). In addition, a
Littrow-type ECDL (780 nm) and a distributed feedback
(DFB) laser source (795 nm) were used as trapping and
repumping laser sources, respectively, for 8Rb MOT. All
laser sources were operated in CW mode.

The wavelength meter (WLM, HighFinesse, model WS8-
2 Standard, wavelength range: 330 to 1180 nm), with an
optional 8-channel fiber switch, can measure laser wave-
lengths while switching up to 8 optical inputs every few
10 ms. The laser frequency of up to seven laser beams
can also be controlled simultaneously via the voltage out-
put of the proportional-integral-derivative (PID) controller.
One of the eight channels of the fiber switch serves as the
optical input port of the calibration source. The WLM
was calibrated every 10 min by another interference filter
type ECDL (Rb stabilized laser) frequency stabilized by the
modulation transfer method [I1] to the D2 line (780 nm) of
87Rb in the Rb vapor cell.

The Fr trapping and repumping laser beams were com-
bined into a common beam path by the dichroic mirror
DMI and the Rb beam by DM2. These combined beams
are referred to as MOT beams. The Fr and Rb MOT beams
were orthogonally combined at the polarizing beam split-
ter PBS1. The Fr and Rb MOT beams can be interchanged
by rotating the half-wave plate Hl. The MOT beam was
split into three paths using PBS and H and then directed
into three PM fibers (Fujikura PM63). A linearly polarized
MOT beam was aligned with the slow axis of the PM fiber
and transmitted in a linearly polarized state. Polarization
crosstalk components coupled to the fast axis were elimi-
nated as unwanted polarization components by a PBS posi-
tioned in free space after exiting the fiber. A quarter-wave
plate (Q) was placed in front of the input of the MOT ap-
paratus to change the polarization state of the light to cir-
cular polarization. In the stable Rb MOT experiment, an
87Rb dispenser was placed directly under the MOT appara-
tus to provide 3’Rb atoms. The MOT apparatus consists of
a metal vacuum chamber with an ICF34 glass viewing win-
dow through which a 16 mm diameter laser beam passes.
The MOT beam was introduced from three axes, and the
beam was reflected back by mirrors on the diagonal of each
axis to create a three-dimensional MOT [I2].

The transmission loss was measured at 718 nm for a 400
m PM fiber. Figure B shows the experimental setup. A
WLM-stabilized Ti:Sa laser beam at 718 nm was used as the
measurement source. Linearly polarized light aligned with
the slow axis was coupled to the A-end of a I m PM fiber
(Fujikura PM63), and the optical power at the B-end was
measured to calculate the coupling efficiency of the light at
the A-end, denoted as 1n4. Subsequently, the fiber was tem-
porarily connected at the D-end with a fiber connector to an-
other installed 400 m PM fiber. A laser beam injected into
this fiber from the room K2L side enabled the measurement
of the optical power at the C-end and A-end, respectively.
The coupling loss & ¢ between the B and C-ends was deter-
mined from their ratio. Using 14 and & pc, the input power
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Figure 3: Schematic of transmission loss measurement of
400 m PM fiber.

(P;,) to the 400 m PM fiber was estimated. At a sufficiently
low P;, to avoid stimulated Brillouin scattering (SBS) [I3],
the output power (P,,;) of the 400 m PM fiber was measured
at the D-end, and the transmission loss was calculated from
the ratio of P;, to P, resulting in a transmission loss of
—2.2 dB at 718 nm for the installed 400 m PM fiber. Typi-
cal values for 14 and & pc were approximately —0.7 dB and
—0.5 dB, respectively.

The transmitted optical power of the 400 m fiber for
the 718 nm laser beam was finally limited to 20 mW by
SBS [I4]. However, the power was sufficient to perform
MOT with the current beam diameter of 16 mm. We have
achieved Rb MOTs in both room E7 and room HL using
the fiber-optic delivery systems. Experiments to achieve Fr
MOT are being conducted intermittently and progress is be-
ing made toward this goal.
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1. Introduction

CNS 14 GHz HyperECR ion source provides various
metal ion beams to the RIKEN AVF cyclotron. It was built
in the early 1990s and installed in the injection line of the
RIKEN AVF cyclotron in 2004. More than thirty years of
development led to high-intensity productions of various re-
quired beams [[]. However, long-term stable operations of
the ion source still have difficulties, especially for metal
beam productions. Recently, a novel control system aided
by machine learning has been proposed to improve its sta-
bility.

2. Control Parameters

There are 6 parameters to control the ion source: RF
power input, upstream and downstream mirror coil currents,
main and support gas flow, and RF tuner position. When a
metal beam is required, the main gas valve is closed and
the RF tuner is replaced by a sample crucible or a sam-
ple rod, hence 5 parameters. After extraction, the beam is
controlled by 6 parameters in the LEBT: einzel electrode
voltage, quadrupole magnet current, and slit positions (top,
bottom, left, right). Although acceleration voltage and an-
alyzer magnet current also affect the beam property, their
values are predetermined by the injection conditions of the
AVF cyclotron.

Several values can be observed to diagnose the state of
the ion source such as the reflected RF power, vacuum
pressure of the extraction chamber, and the total drain cur-
rent of the high-voltage power supply. Also, images inside
the plasma chamber can be observed using a video camera
through the extraction aperture.

Since there is no one-to-one relationship between control
parameters and beam conditions, tuning a dozen parameters
to optimize beam conditions is a complicated process. The
optimization heavily relies on the experience of a few op-
erators. For metal beams, the ionization process involves a
state change from solid to gas. This further complicates the
operation, and sometimes, stable production of the beam is
interrupted.

3. Beam Intensity Prediction Model

Machine learning technologies have a huge potential to
replace human experience-based knowledge for AI mod-
els. If the ion source tuning could be done automatically, it
would greatly contribute to the reliability and reproducibil-
ity of the ion source operations.

When the ion source needs tuning, an operator observes

the information listed in the previous section to determine
the state of the ion source before changing the control pa-
rameters.

As a first step for the automatic control, we developed
a beam intensity prediction model with a neural network
model. It takes the control parameters, the observable val-
ues, and the plasma image as input, and predicts the beam
intensity at that instance. Figure [ shows the outline of the
neural network model. ResNet50 is used to process plasma
images. It is a convolutional neural network model pre-
trained with general images [2]. Outputs from the ResNet50
are fed into a fully connected layer and then combined with
the numerical values. After two other fully connected lay-
ers, the output is set to a single value: the beam intensity.

Plasma Image

ResNet50
(CNN)

Prediction

Beam
Intensity

224 x 224 pixels (RGB)

Numerical Values

RF Power Input

Main Gas Flow

Support Gas Flow

Upstream Mirror Coil Current
Downstream Mirror Coil Current
Solid Sample Position / RF Tuner
Einzel Voltage

Slit Positions: u, d, I,
Quadrupole Magnet Current
Analyzer Current (Fixed)
Acceleration Voltage (Fixed)
RF Power Reflection
Vacuum Pressure

Drain Current

Figure 1: Outline of the beam current prediction model.
ResNet50 takes 224 x224 RGB images as input and char-
acterizes the image in 2048 parameters. A fully connected
layer (FC) compresses them down to 512. They are com-
bined with 17 numerical values and fed into another layer.
It returns 64 parameters. The final layer processes them and
returns the beam intensity.

4. Model Evaluation

The model is evaluated using data acquired during tuning
a >%Fe!>* beam. There are two sets of data. The first data
is taken after a user experiment. The beam intensity was
around 2 epA at that time. An operator tuned the control
parameters to raise it to around 6 epA. Numerical data and
plasma images were recorded for 13 minutes and 16 sec-
onds with 4,900 data points during the tuning. Next, simi-
lar tuning was recreated for the second time. This time, the
beam intensity was raised from around 2 epA to 7 epA. The
second data was recorded for 18 minutes and 31 seconds
with 6,850 data points. Since the second data set covers a
wider range of beam intensity and has more data points, it
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The first data set was used
First, the model was trained with the sec-

was used to train the model.
for validation.

Measured
Prediction -

Intensity [epA]

*

19 14:15 19 14:20 19 14:25

Time [dd hh:mm]

19 14:30

Figure 2: Training: Measured °Fe!>* beam intensity dur-
ing the second tuning sequence (blue) used for training, and
the predicted beam intensity (red) by the model trained by
the same data.

Measured
Prediction -

Intensity [epA]

0.00

19 14:00 19 14:05

Time [dd hh:mm]

19 14:10

Figure 3: Validation: Measured *Fe!>* beam intensity dur-
ing the first tuning sequence (blue), and the predicted beam
intensity (red) by the model trained with the second tuning
data.

ond data using a mean square error as a loss function. As
shown in Figure D, the predicted beam intensity is close to
the measured value. The deviation from the measured beam
intensity is 0.033 epA (RMS). Next, the trained model is
validated by the first data. The result is shown in Figure B.
The prediction follows the measurement with the deviation
of 0.94 epA (RMS).

5. Conclusion

The final goal is to establish a fully automated control
system for the ECR ion source to deal with the instability
issues. We have been using machine learning technology
and implementing a neural network model to predict the
beam intensity of the ECR ion source. It is performing well
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enough to follow the trend of the beam intensity. For now, it
merely predicts the condition using the observable param-
eters and camera images to diagnose the condition of the
beam. It will be a crucial part of the feedback control sys-
tem that we are presenting.
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Current status of the development of the emittance monitor for high-intensity
ion beams accelerated by AVF Cyclotron
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1. Introduction

There are three experimental courses in the E7 room of
RIKEN Nishina Center. On these courses, the experimental
equipments of CNS are installed. Currently the beam trans-
port efficiency at intensities larger than 10 ey A is limited
and the overall average efficiency drops to 66% [, ]. We
think these are caused by increasing beam emittance as the
beam intensity is higher. Therefore, we are developing the
pepper-pot emittance monitor (PEM) [B,8] capable of work-
ing at high beam intensities and aim at optimizing the beam
transport system. In this fiscal year, we evaluated the pre-
cision required for PEM measurement, started beam tests
to investigate the actual measurement error, and prepared a
beam shutter system for PEM.

2. Required measurement error

We plan to optimize the beam transport system to de-
crease the beam loss and to achieve the beam size of 1 mm
on EDM target by calculating the beam trajectory using the
beam emittances measured by PEM as initial values. If the
measurements errors of PEM are not negligible, we will
not be able to calculate the real beam size on EDM target.
Therefore, we must know the required PEM measurement
errors and produce PEM deserving of it.

For this, we must know the typical emittance of the beam
accelerated by AVF Cyclotron. We have measured many
beam emittances by two-dimensional emittance monitor,
but it was found that those measurements suffer from er-
rors which cannot be studied quantitatively. Therefore, we
estimate the emittance in another way.

0

Hyper
ECRIS

1109— -

oo |

" PF_EM PF_C02 PF_C03

L3 Vo

B

AVF cyclotron

EDM ‘Hlllll\ e
H to CRIB—»

Figure 1: The schematic \}fé:gvext/ 3f beam line to C03, EDM
Target, and CRIB from AVF Cyclotron.

An beam emittance is calculated by using so-called ¢
matrix which is constituted by the variance of beam posi-
tion, the variance of beam angle, and covariance between
beam position and angle. The o matrix can be calculated by
using three measurements of Beam Profile Monitor (BPM)
theoretically. We selected three BPMs of PE_CO03, PF_CO02,

and PF_EM shown in Fig. [, and irradiated them with 1YF’+
beam of energy 6.68 MeV/u and intensity 5 et A. Beam dis-
tributions at each BPM are shown in Fig. . Here the hori-
zontal and vertical directions perpendicular to beam direc-
tion are denoted as x and y (in mm), respectively. We regard
the variances of x and y distributions as o, and oy, re-
spectively. The (1/Oxx, \/@) values measured by PF_C03,
PF_C02, and PF_EM are (1.6, 1.3), (5.6,4.8), and (7.1, 2.8)
in mm, respectively. From these values, ¢ matrix is numer-
ically obtained at 320 mm upstream of PF_EM, the candi-
date location of installing the PEM. We found a set of solu-

x measured PF_EM x-axis
14

y measured PF_EM y-axis

o
30 20 -10 0 10 20 30 | 30 20 -10 0 10 20 30
mm mm

x measured PF_C02 x-axis
2

Figure 2: The beam distributions measured by BPMs. The
top is PF_EM. The middle is PF_C02. The bottom is
PF_CO03.

tion for the matrix elements in Eq. (Il) by slightly changing
the /0y, value of PF_EM from 7.1 mm to 8.0 mm. We
expect that this change of 0.9 mm is insignificant because
it is very small compared with the full x-width of 40 mm
at PF_EM and the beam distribution is left-right asymmet-
ric. We assume Eq. () results from the error-free measure-
ment because the position measurement error of BPM is
thought to be 0.4 mm which is negligible compared with
beam width.

Ou Ou Gy Oy 28.1 446 0 0
Oyx Oxly Oyy Oxy | _ 446 72.0 0 0
Oyx Oy Oy Oy 0 0 79 13
Oyix Oy Oyy Oyy 0 0 1.3 0.6

ey

Here x’ and y’ (in mrad) are the angles of x and y direc-
tions, respectively. The variances of x’ and y’ are denoted
as oy and O, respectively, and the covariances between
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x and x’ and between y and y’ are 0,y and 0, respec-
tively. The other matrix elements in Eq. (II) is set to O as
couplings between x and y are not apperared.

Defining the beam direction as z axis (mm), Fig. B is the
envelope from the position of an emittance monitor (z = 0)
to EDM target (z = 8120) calculated by TRANSPORT [5]
applying Eq. (D) as initial values. The views of lower and
upper half are envelopes for x and y axes, respectively.
Though the last quadrupole magnets is currently doublet, a
triplet quadrupole magnets is used in this simulation to ob-
tain a good convergence of the beam at the EDM target. The
momentum dispersion (dp/p) is 0.006 as an typical value.

J1 | [EY

y —
mm
16
8 - 1
0 ————— — T
8 2 &6 _— 8(m)
16

Doublet Triplet

Quadrupole Q?degree Bend Quadrupole
mm i |- [

Figure 3: The beam envelopes applying Eq. (I) as initial
values by TRANSPORT for /0, and ,/G,, to be around
1 mm at the EDM target.

Next, we calculated the beam width at the EDM target
as a function of angular error. Introducing four-variable (x,
x’,y, y’) normal distribution having the elements of Eq. (I)
as the initial values and adding arbitrary position and an-
gluer errors statistically, we calculated /0y, and /0y, at
the EDM target with the same parameter setting of the mag-
nets. The relationship between /0y, or /Gy, at the EDM
target and the angular error is shown in Fig. B. Since we
regard Fig. B to be an error-free beam envelope, we used
values of Fig. @ when anglular error is 0. The required an-
gular error of PEM is found to be less than 0.3 mrad [B].

estimated position error at Target of EDM device - angle error of emittance monitor
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Figure 4: The relationship between angular errors (mrad)
of an emittance monitor and the calculated SD of beam po-
sition distribution at the EDM target.

3. Beam test to see measuring error of PEM

We estimated the measurement errors based on the struc-
ture of PEM, but there might be unconsidered errors. There-
fore, we plan to identify the measurement errors of PEM by
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beam tests. As we require low beam emittance, no correla-
tion between x and y, and three BPMs in a beam line, we de-
cided to test in Micro Analysis Laboratory, Tandem accel-
erator, The University of Tokyo [[]. The PEM installation
with tele lens camera optics was complete. We performed
the first beam test in February 2024.

4. Beam shutter system

The beam shutter system is the equipment produced to
avoid heating of PEM due to beam irradiation of 400 W or
more by shortening the irradiation time. The way is that
the beam is rapidly bent away by applying a high voltage
to the electrode just behind the ion source when the irra-
diation is sttoped. A high voltage of —2kV is supplied by
Hamamatsu Photonics C9619 with a rise time of 0.15 sec-
onds. Figure B shows the schematic diagram of the beam
shutter system and the circuit to measure the transition time
of output with oscilloscope. By this system, a beam expo-
sure time of 0.27 seconds, which is between (3) and (5) in
Fig. B of an oscilloscope display, has been achieved by now.

HV power supply(C9619)

Serial
5V
DC-DC [/ Veont  Vcc IN— 15V
conv.
HV out
= -2kV

High voltage probe
(FLUKE 80K-40)
1:1000 -2V

oscilloscope |

imMQ

Figure 5: The schematic diagram of beam shutter system.
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Figure 6: The measured chopping time by oscilloscope.
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Calculation of pulse control for Cs Ramsey spectroscopy with two photon
Raman resonance
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Since the splitting of atomic Zeeman sublevels is typ-
ically within the MHz range, performing Ramsey spec-
troscopy directly between these states is challenging. How-
ever, by utilizing two photon Raman resonance, fully opti-
cal Ramsey spectroscopy can be achieved [[]. In this paper,
the time development of Cs 281/2 - 2P1/2 Zeeman sublevels
under Raman resonance is considered and a possible pulse
control for Ramsey spectroscopy is proposed.

The calculation here supposes an experiment using laser
cooled stable atom '33Cs, which has a nuclear spin I = 7/2,
with a weak magnetic field B being applied. The calcula-
tion is on the basis of hyperfine structure of the atom, cor-
responding to eigenstates of total spin operator F' = J +1,
where J is the total angular momentum operator of elec-
trons. The quantization axis is taken along the magnetic
field.

We consider a situation electron is pumped to either of
281/2,F =3,mp = —2,0,2 state at time ¢t = 0. It is enough
to take 281/2,F =3 and 2P1/2,F = 3,4 manifold into ac-
count. The states are labelled

g:{‘_3>7|_2>77‘3>} for 251/2[7:37
& ={|-3).]-2).....|3)} for PipF =3,
& ={|-4"),|-3"),...,[4")} for Py F =4,

each number in ket representing the magnetic quantum
number myg of its level. The energy eigenvalue of atomic
Hamiltonian Hy for |n) is denoted hw,, whereas the en-
ergy difference between |n) and |m) as @].. Zeeman shifts
5,%F induced by the magnetic field are treated using Breit-
Rabi formula, and the relative shifts a = 622 — 502 and b =
8%2 - 502 are decomposed into the antisymmetric and sym-
metric components, as

8W = (a—b)/2, 8@ = (a+b)/2.

To induce Raman coupling, two opposite circularly po-
larized lights are injected parallel to the magnetic field. The
intensity and frequency of o and o_ polarized light are
denoted as (I, @), (I_, ®_) respectively. The frequencies
are set largely detuned from energy difference, as follows

— 3
A_3l = 0)72

/! !/
Ap=0, —o,+d =0, —o_—d,

—C()_—d/_3

Ay = 1 ! v /
=0y —0p+d =0 -0 —d

Axr — 3/ / "
3 =0 — Oy +dj (same for ).

Here six variables A_3,A_y1,Ay,Ay, d' | = —d' 5 =

& 8 . . .
252.d| = —d = = are defined by six equations. Since
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mp =4

Figure 1: Energy levels and detunings Solid black lines: real
energy levels, gray lines: energy levels ignoring symmetric com-
ponent of Zeeman shift, dashed lines: imaginary levels.

A, are set to be large, we can assume &) _, = 0) _, =: 0y, —2
and &), = 8, =: 0p2. There exist relations

8o =A8" — 5@,

&, 2=4a80 5%, (1

where A8 = @, — w_ — 8. These detuning definitions
are summarized in Figure [.
The wave function and the Hamiltonian are expanded as

3 3 4
Z o (1) |n) + T ow (t) |m") + e 1",

') o

3 3
Hy= X ho,|n){n|+ X ho,
n=-3 m=-3
L x haoy |17) (1"
g ’

Although the full-quantum approach provides a sim-
pler representation, here the interaction is handled semi-
classically (electric field is not quantized). Electric field can
be expanded on spherical basis as,

E=¢€TE e (@H8) L 0g0 4 g7 E_ei(0-146),

E. represents amplitudes of electric field, and are related to
light intensities as

L [W/em?] = i!ﬁ = %Ei,

where B = E /c is magnetic field and the overline means
taking the time average.



Then, the interaction Hamiltonian reads

Hi=d-E()
3

-Y X

n=—3m'=-3

+(/ N //)

()

(n|+h.c.

where

Knm/ ([) = —i(@yt+&4)

Y

m’ | dy |">Eq e
ge{+,—}

Z Qq e “’q’+‘5q) (q:{

ge{+,~}

1 (g=+)
-1 (g=-)

).

By utilizing Wigner-Eckart theorem, the matrix element is
calculated as follows [Z].

to go to the rotating frame. The time development equations
are simplified to

anf/ i
i&tc:l@) — Tlel(g—*dn,ut)cilil/(t)
T N
+ (/ *)//)
. / / le7m*1 7i(§++d /I) /
i0,¢)y(t) — Ay (1) = 5 ¢ w1 (1)
Qw1 ie_—d,y
)

(same for ¢y (2)).

By adopting adiabatic elimination (d;c/,, ()
development of 2S,; /2 states is described as

~0), the time

(m' |dy )
LU'=1,5=1, d L=0,5=1,
J=L F'=34)ml |79 J=1F=3
sME 2 »IME
', [ L'=1,5=1, L=0,5=1, /
:(_I)F " i1 /2 d 1 ° (_F’ ; F)
J=1F J=1F=3 mg g mp

_ (71)J'+I+F+1+F’—mF/
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<
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JF'1I
FJ1
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F' 1 F

—mp § mp

o)

)
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I I 72 S
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L+

!

Q0 QL .
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Cc

where

! 2 3
‘<J—1/2HdH1 1/2>’ :%’MZ{ZC 20+ 1)
o

=1.46 x 1077 C?m?

and T = 34.791(90)ns is the lifetime of 2P1/2 — 281/2,
wy = 2x - 335.116THz is its transition frequency [3, 8.
Since, when n,m’ is specified, at most single element of
g € {+,—} has nonzero value, from here on €,/ is de-
noted without g index. The same logic holds for 7 and 1.
By considering Schrodinger equation, the time develop-

where 4 =&, —&_.
Finally, defining

(1) = e 2 (n),

&3 (1) = 02 ch(n),
one can write effective Hamiltonian for equation idy¢(z) =
Hegre(t) where ¢(t) = i

(Clzl(t)vcf)(t)acliz(t)) ’

ment of a wavefunction is
10,cn(t) = @pcn(t) %ei(w"%‘)cn,y@)
Dl o+, (1)
+(m = 1",
10, (1) = Oy (t)  + Q%;:'_le_uw”%*)cm,l (1)
+ %fﬂw’ﬁé*)cmﬂ (1),

(same for ¢ (1)).
First, define the coefficients

(1) = cp(t)e ™"

C:n’ (t) =G ([)6 = )i
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Figure 2: The dependence of Cy(¢) on @ — ®_ when megnetic
field B=2G (6() = 1.40MHz,6® = 213Hz) and 10G (6() =
7.01MHz, §?) = 5.33kHz).
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Figure 3: Dynamics of C;(t),Co(t),C_2 (). (a), (b): lights of Iy = I_ = 1.0mW/cm? are continuously injected. (c): lights of the
same intensity are injected only when r < T and 7+ T < ¢ under the condition of (@). Detunings are set as (a) AS ) =0,B=2G, (b)
A8() =50Hz, B=2G, (c) A8"") = 50Hz, B=2G.
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By solving eigenvalue problem of H.¢, we can determine
the time development of {|—2),|0),|2)} system, and estab-
lish the pulse control for Ramsey spectroscopy. The fol- Figure 4: Example of possible Ramsey spectrum. Co(T+ T + 7)
lowing scheme is assumed for the calculation: initially, the s plotted when lights are injected 7 < Tand tT+7T <t < T+T +7
atom is prepared in the |0) state, i.e., ¢(0) = (0,1,0)". Two under the magnetic field of 2G. Ramsey spectrum: T,7 follows
circularly polarized light fields are then applied until # = 7. the values of (B), Rabi spectrum: 7 = 0 while 7 follows (@).
Afterward, the lights are switched off for a duration 7', and
finally, they are reapplied for a time 7. is drawn in Figure B (c), and by comparing it to (a), we

First, we consider a case that from ¢ = 0, two polarized observe the path dissipation is larger than (b) to (a), which
lights of intensity I, = I_ = 1.0mW /cm? are continuously ~Means the sensitivity to @y — @w_ is enhanced compared to
injected. At this light intensity, the light shifts (represented 1 = 0 case.
by 1 and ) in Heg matrix) are within kHz range, which References

means population shifts occur at ms scale. In the following [1] K. C. Wright, L. S. Leslie, and N. P. Bigelow: Phys

discussion, 4 = —1GHz. Rev. A 78 (2008) 053412.

(2) . . . o, o .
t Yh:“ o - m“;?flarg‘:r thanl htght Sh‘ffs’t Itis EOtSSIble [2] M. Auzinsh, D. Budker, and S. Rochester: Optically
o distinguish two ditferent population evoiutions between Polarized Atoms: Understanding Light-atom Interac-

|2) <> |0) and |0) <> |—2) (Figure O (b)). However, When .
8 is smaller than or comparable to the light shifts ~ kHz, tions (OUP Oxford, 2010). . ..
. ) .. [3] D. A. Steck: Quantum and Atom Optics, revision 0.14,
we have to treat the time evolution of the three level mixing . .
. . . 23 August 2023, available at http://steck.us/teaching .

(Figure O (a)). To intuitively understand the evolution, the . . ..

i tate d cs is visualized in Fi B[5]. Wh [4] D. A. Steck: Cesium D Line Data, revision 2.3.3, 28
quantum state dynamics 1 visuahizec i Figure & 15]. When May 2024, available at http://steck.us/alkalidata .

0 =0, the state comes back o the initial one periodicaly, [5] Festenstein, Max Z: An Intuitive Visualisation Method

wh\;l/e when 8 7&1(2) the path is (thsmpated. here @) ~ Tioht for Arbitrary Qutrit (Three Level) States, arXiv preprint
e examine Ramsey spectroscopy where ig arXivi2304.01741 (2023).

shift. Here, 7, T are chosen as the time at which the popula-
tion transition reaches its maximum when @, — ®_ = 6 (”,
and we have to be careful that, different from qubit case,
even when Ad = 0 time evolution is not a simple Rabi os-
cillation for nonzero 7', because of unignorable energy shift.
One example is

7=0.132ms, T =4.17ms, 2)

W —w_ 7(’)“1 2n-kHz

at which parameter the expected Ramsey spectrum is repre-
sented in Figure B. The state dynamics under this condition
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The 22th CNS International Summer School CNSSS23

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
€ Department of Physics, Kyushu University

The 22nd CNS International Summer School (CNSSS23)
was organized by the Center for Nuclear Study (CNS) and
held from August 4 to 10, 2023. The school was co-hosted
by the JSPS A3-Foresight Program, the Super Heavy Ele-
ment Center (RCSHE), and the Center for Accelerator and
Beam Applied Science (CABAS) at Kyushu University. It
was supported by the RIKEN Nishina Center and conducted
in cooperation with the Asian Nuclear Physics Association
(ANPhA).

The aim of the school was to provide graduate students
and postdoctoral researchers with foundational knowledge
and a broad perspective on nuclear physics. Further details
about the school can be found on its weh.

This year s school was held fully in person for the
first time since 2019. Due to the COVID-19 pandemic,
the schools in 2020 and 2021 were conducted online. In
2022, although the school resumed in-person sessions, stu-
dents from Asian countries were unable to attend in per-
son because of COVID-related restrictions imposed by the
Japanese government.

The primary venue for this year’ s school was the Nishina
Hall at RIKEN. On the second day, sessions were held at
the Koshiba Hall on the Hongo Campus of the University
of Tokyo. Additionally, a tour of the RIBF facility was con-
ducted on the first day.

The school began with a welcome address by Prof.
Shin’ichi Ohgoshi, Dean of the School of Science at the
University of Tokyo. The program included lectures by
leading scientists specializing in both experimental and the-
oretical nuclear physics. Each lecture started with a foun-
dational overview and concluded with discussions on the
latest advancements in the respective fields.

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

e Prof. Hiroyuki Takahashi (Univ. of Tokyo, Japan),
“Radiation detector, quantum sensing and its medical
applications”

Prof. Umesh Garg (Univ. of Notre Dame, USA),
“Equation of state of the nuclear matter”

Dr. Takayuki Miyagi (TU Darmstadt, Germany),
“Ab-initio calculation”

Dr. Marco Rosenbusch (RNC) “The RIBF Facility:
A brief overview for newcomers”, ‘“High-precision

49

~

v
| —

jﬁii =T

Figure 1:
CNSSS23 with the lecturers.

A group photos of the participants of A3F-

mass measurements at low ion energies: Penning
traps and multi-reflection devices”

Dr. Nodoka Yamanaka (Nagoya Univ.), “Fundamen-
tal physics with atomic nucleus”

Prof. Nobuaki Imai (CNS, Univ. of Tokyo, Japan),
“Direct reaction and r-process nucleosynthesis”

Prof. Yuji Yamazaki (Kobe University) “Partonic
structure of hadrons through DIS and physics at the
EIC”

Eight lecturers and eighty-seven participants registered
for the school, including five from Korea, five from India,
and one from Vietnam. Figure 0 is a group photo of the
participants with the lecturers.

As per tradition, the program included three “Young Sci-
entist Sessions,” where graduate students and postdoctoral
researchers delivered oral presentations. In total, twenty-
two presentations were given. Since 2017, the CNSSS
Young Scientist Awards (CNSSSYS Awards) have been es-
tablished to honor exceptional presentations. A select num-
ber of winners were chosen from each session by members
of the organizing committee and the lecturers. The recipi-
ents of the third CNSSSYS Awards were:

¢ CNS award winners (oral)

— XiaoXu Dong(Beihang Univ. and Univ. of
Tokyo) “High precision calculations of nuclear
charge radii using Bayesian neural networks”


https://indico3.cns.s.u-tokyo.ac.jp/event/254/

— Yixin Guo (Univ. of Tokyo )“Cooper quartet
correlations in infinite symmetric nuclear mat-
ter”

— Vishal Malik (Tata Institute) “High spin spec-
troscopy of nuclei near A 90”

¢ CNS award winners (poster)

— Jiatai Li (CNS, Univ. of Tokyo) “Development
of a mosaic type array formed by Si photodi-
odes for charged-particle detection in heavy ion
collisions”

— Mirai Fukase (CNS, Univ. of Tokyo) “Devel-
opment of a Radio Frequency Dipole Mass Fil-
ter for the Francium Permanent Electric Dipole
Moment Search”

— Shintaro Nagase (CNS, Univ. of Tokyo) “De-
velopment of a novel comagnetometer for high-
precision measurement of the electron’s electric
dipole moment using laser-cooled Fr atoms”

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

The top presenter, Mr. Yixin Go, was also awarded
the AAPPS-DNP/ANPhA Prize for Young Physicists, spon-
sored by AAPPS-DNP/ANPhA. He received a certificate
and prize money, which were presented by Prof. W. Liu,
the Chair of ANPhA.

We sincerely thank ANPhA for their support. Our grat-
itude also extends to the administrative staff of CNS for
their invaluable assistance. We greatly appreciate the dedi-
cation of the graduate students and postdoctoral researchers
at CNS for their hard work. Finally, we acknowledge the
significant contributions of all the lecturers and participants,
which ensured the success of A3F-CNSSS23.
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Laboratory Exercise for Undergraduate Students

N. Kitamura, S. Nagao?, K. Yako, S. N. Nakamura?, K. Okawa, S. Nagase, K. Nishi?, K. Nishida?,
S. Michimasa, N. Imai, Y. Yamaguchi, and H. Sakemi

Center for Nuclear Study, Graduate School of Science, University of Tokyo
ADepartment of Physics, University of Tokyo

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 2023, 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 '#40Os, 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 O,, = 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 '°”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.

In the measurement of gamma rays, excited states in
134Gd and '8*Os nuclei were populated by the >2Sm(ct,2n)
and '82W(a,2n) reactions, respectively. The gamma rays
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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, 133Ba, and '*’Cs. The gamma
rays from the 107 and 87 states in '3*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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The 1st IReNA-Ukakuren Joint Workshop “Advancing
Professional Development in Nuclear Astrophysics and Be-
yond” [0] took place on site between August 28th and
September 1st, 2023 on the Mitaka Campus of National
Astronomical Observatory of Japan (NAQOIJ). This was the
first attempt at promoting exchange of human resources
between Japan Forum of Nuclear Astrophysics (JaFNA or
Ukakuren [2]) and International Research Network for Nu-
clear Astrophysics (IReNA [B]) of the United States of
America (US), with a core emphasis on professional de-
velopment of young scientists under the support of IReNA
Focus Area 8 (FA8): Professional Development and Broad-
ening Participation. This workshop was jointly hosted by
IReNA, Ukakuren and also several Ukakuren partners in-
cluding Center for Nuclear Study, the University of Tokyo
(CNS), NAOJ, Research Center for Nuclear Physics, Osaka
University (RCNP) and RIKEN iTHEMS. The organizing
committee mainly consisted of voluntary young researchers
from the Ukakuren network as their names in the authors
list above, chaired by C. Ishizuka who is also one of the
IReNA FAS8 coordinators.

The workshop covered a wide range of research topics in
nuclear astrophysics:

* Nuclear Equation of State
* Nuclear structures and reactions for astrophysics

* Stellar evolution, explosive phenomena, and nucle-
osynthesis

e The early Universe: Big Bang nucleosynthesis and
metal-poor stars

* Chemical evolution of star clusters and galaxies
* New facilities and experimental techniques
 Neutrino and particle physics

* Recent hot topics and others
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Table 1: Participants breakdown.

Japan US Others
58 9 2 69

M F M F M F M F

49 9 4 5 2 0 55 14

Faculty Post Docs Grad. Stu. Total
20 15 34 69
M F M F M F M F
14 6 12 3 29 5 55 14

and we invited relevant speakers considering balances of ex-
perimentalists or theorists, nuclear physicists or astrophysi-
cists, Japan- or US-based researchers, and also genders.
There were 69 participants in total, mainly from Japan and
the US, and neighboring countries (a group photo in Fig. ).
Its breakdown is shown in Table [l in terms of the countries
and positions of the participants. The characters M and the
F therein stand for male and female participants, respec-
tively. Although the invited speakers were mostly balanced,
there were still gaps between the numbers of the Japan- and

Figure 1: Group photo of the workshop.



US-based participants, and also genders especially in the
Japan-based participants.

We arranged multiple invited talks in each research topic
and contributed talks for the five-day long workshop in a
large seminar room. We secured 40 and 30 minutes for
the invited and contributed talks, respectively, which conse-
quently provided sufficient time for detailed talks and active
discussion. The workshop also provided several character-
istic events: (1) Welcome Dinner on the first-day’s evening:
Arranged in the session room in stand-up buffet style for
active intercommunion between the Japan- and US-based
participants. (2) Mentor lunch and Career Development
Session on the third day: One of the main purposes of
the workshop was to assist career developments of next-
generation researchers. Three mentors were invited from
the IReNA network: Dr. Ana Becerril-Reyes (Michigan
State University), Prof. Alfredo Estrade (Central Michigan
University), and Prof. Anna Frebel (Massachusetts Insti-
tute of Technology, unfortunately not able to come for a
personal reason). In the mentoring lunch, participants had
lunch boxes together with the mentors, and sat around for
free discussion. In the subsequent afternoon session, the
mentors provided talks about professional development in
academia occasionally mentioning their own careers paths
and experiences. (3) Unconference on the fourth day —
a participant-driven meeting: Participants proposed several
agendas (Fig. ) during the workshop period, and in the ses-
sion time they separated into groups of their interests for
free discussions on the agendas. At the end, summary of the
discussions were briefly presented by each session leader.
Such a freestyle session is not quite common in Japan, but
basically went well actively with a little assistance by the
organizers. (4) Poster Session on the fourth day: 15 contri-
butions in total. Each presenter gave a 5-minute oral pre-
sentation to briefly introduce their poster in advance of the
main poster session. We had active discussions in the 50-
minute main session in a open space in front of the large
seminar room with some beverages and snacks. The orga-
nizers scored each poster, and selected winners of the poster
session:

» Kosuke Sakanashi (Osaka University),
* Mackenzie Smith (Michigan State University/FRIB),

* Yugo Motogami (Saitama University),

e Kurumi Furutsuka (University of Hyogo).

Figure 2:
placards.

Part of agendas of the unconference written on
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Figure 3: Poster of the workshop.

In summary, we think that the workshop was basically
successful, covering most of recent research topics in nu-
clear astrophysics with invited and contributed speakers
from Japan, the US, and neighboring countries. We also
organized the career-development events with the invited
mentors. We expect that it was valuable for young re-
searchers as they usually have few such occasions in Japan.
The unconference, which is not common in Japan either,
promoted active face-to-face communications among the
participants, as well as the poster session. The organizers
suggest possible improvements which may be helpful for
the second workshop: more efficient organization of men-
toring events (mentor talks before the mentor lunch, sharing
gathered questions in advance, etc.), locating a more easy-
to-access venue, organizing an excursion, more effective
announcement to encourage balanced participation (coun-
tries, genders), and so on.

Finally, the organizers would like to thank IReNA, CNS,
RCNP and RIKEN iTHEMS for their financial supports,
and NAQJ for the venue provision and administrative sup-
ports. Special thanks to Agedoridori [4] for creating the
nice workshop poster (Fig. B).
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Symposium, Workshop, Seminar, and PAC
A. Symposium and Workshop

1. OEDO/SHARAQ Workshop 2023
CNS, July 6, 2023.

2. The 1st IReNA-Ukakuren Joint Workshop “Advancing Professional Development in Nuclear Astrophysics and
Beyond”
NAOJ, August 28—-September 1, 2023.

3. ALICE+sPHENIX+STAR+EIC-J Workshop
RIKEN Wako Campus, September 28-29, 2023.

4. (BT FVF —E A F VKL BEITRORIE
Gakushi Kaikan, March 3, 2023.

B. CNS Seminar

1. Prof. Kosuke Nomura (Hokkaido University), “Microscopic description of octupole collective excitations,” June
15, 2023.

2. Prof. Hidetoshi Otono (Kyushu University), “First results from the FASER experiment at the LHC and prospect
toward Forward Physics Facility in HL-LHC era,” September 15, 2023.

3. Prof. Yi-Hua Lam (IMP, CAS), “Sensitivity of SAX J1808.4 — 3658 Photospheric Radius Expansion Bursts to
Thermonuclear Reaction-Rate Variations,” February 27, 2024.

4. Prof. Angela Bonaccorso (INFN-Pisa), “Phenomenological and ab-initio optical potentials for nucleon-'>C scatter-
ing,” March 13, 2024.

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

1. The 24th NP-PAC meeting, December 5-7, 2023.
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A. Original Papers
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3. Xiaofeng Xi, Chong Lv, Wenjun Ma, Fulong Liu, Defeng Kong, Xiaopeng Zhang, Guoqiang Zhang, Wei Sun,
Chuangye He, Xiangai Deng, Zhiguo Ma, Jiarui Zhao, Changbo Fu and Bing Guo, “Deuterium—deuterium fusion
in nanowire plasma driven with a nanosecond high-energy laser”, Frontiers in Physics, 11 1212293 (2023).

4. C.B.Li, Y. Zheng, T. X. Li, X. G. Wu, H. Y. Wu, M. Zheng, Z. H. Zhao, Y. Q. Li, R. Hong, Z. Y. He, J. Z. Lj, J.
L. Wang, C. Y. Guo, Z. X. Zhou, L. Ni, G. S. Li, X. H. Zhou, B. Guo, S. Y. Wang, M. L. Liu, Y. H. Zhang, C. Y.
He, F. L. Liu, S. Wang, and L. H. Zhu, “Lifetime measurements of the first 27 states in Te-116, 118", Phys. Rev. C
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Collisions (QM2023), September 3-9, 2023, Houston, Texas, USA

Y. Sekiguchi for the ALICE collaboration (poster), “Measurements of long-range two-particle correlation over a
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on Ultra-relativistic Nucleus-Nucleus Collisions (QM2023), September 3-9, 2023, Houston, Texas, USA

D. Sekihata for the ALICE collaboration (oral), “Electromagnetic radiation in ALICE at the LHC”, 52nd Interna-
tional Symposium on Multiparticle Dynamics (ISMD2023), August 21-26, 2023, Gyongyos, Hungary

H. Murakami for the ALICE collaboration (oral), “Electromagnetic radiation in pp and Pb—Pb collisions with di-
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University of Tokyo - ETH Zurich - University of Zurich, ETH Zurich Honggerberg Campus, October 15-17,
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Saitama, Japan and online, 2023 £ 9 H 6-7 H.

. S. Hayakawa (invited), “CRIB TR 2 FHIMZIRIE”, 565 12 [A] {21 - HGH RI ¥ — 4 % W70 655

2% (12th SSRI), Toshima, Tokyo, Japan, September 4-5, 2023.

. N. Imai, “Study of the low-energy nuclear reaction at HIMAC”, HIMAC 12 81} 2 JR TR A I o B S, HHF

=R+ > & —, November 17, 2023.
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C. Seminar Talks

1. T. Gunji, “High Energy QCD Physics”, International School for Strangeness Nuclear Physics, December 11-15,
2023, Tokai, Japan

2. D. Sekihata, “Electromagnetic probes in ALICE at the LHC”, Nuclear Physics Colloquium, November 16, 2023,
Goete University Frankfurt, Germany

3. N.Imai, “OEDO, the deceleration and focusing device at RIBF, and the nuclear astrophysics program with OEDO”,
GANIL, France, July 13, 2023.

4. N. Imai, “Direct reaction and r-process nucleosynthesis”, Nuclear Physics School For Young Scientists(NUSYS-
2023), Fudan University in Shanghai, China, August 7-12, 2023.

5. N. Imai, “Direct reaction and r-process nucleosynthesis”, A3F-CNS Summer School 2023, August 4-10, 2023.
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D. Lectures

1. K. Yako, H. Yamaguchi, Y. Sakemi: “Nuclear Physics III”’, 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. N. Kitamura, K. Yako: “Physics Experiment II”’, Autumn, 2023.

7. H. Yamaguchi, T. Gunji, S. Michimasa: “Experience Seminar for Freshmen and Sophomores”, Autumn, 2023.

E. Awards

1. J. T. Li, A3F-CNSSS23 Young Scientist Award, August 10, 2023.
2. S. Nagase, A3F-CNSSS23 Young Scientist Award, August 10, 2023.
3. M. Fukase, A3F-CNSSS23 Young Scientist Award, August 10, 2023.
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1. N. Imai, “Measuring neutrons to reduce nuclear waste,” February 16, 2024.
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