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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 2020 (April 2020 through March 2021). During this period, a
lot of research activities in various fields of nuclear physics have been carried out and a wide variety of
fruitful results have been obtained at CNS. This report summarizes such research activities. I hereby
mention some highlights of the report.

The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the
characteristic states where the Isospin, Spin and Quark degrees of freedom play central roles. These
researches in CNS lead to the understanding of the matter based on common natures of many-body
systems in various phases. We also aim at elucidating the explosion phenomena and the evolution
of the universe by the direct measurements simulating nuclear reactions in the universe. In order to
advance the nuclear science with heavy-ion reactions, we develop AVF upgrade, 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 RIs 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 NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic struc-
tures in high-isospin and/or high-spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Ar-
ray with Position and Energy sensitivity) is a major apparatus for high-resolution in-beam gamma-ray
spectroscopy. Missing mass spectroscopy using the SHARAQ is used for another approach on exotic
nuclei. The group plays a major role in the OEDO/SHARAQ project described below. In 2020, anal-
ysis of a new measurement of the 4He(8He, 8Be)4n reaction for better statistics and better accuracy
has been proceeding.

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special
nuclear structure, such as clusters, using the low-energy RI beam separator CRIB. To produce RI
beams at CRIB with higher intensity, a project to improve the heat durability of the cryogenic gas
target is in progress. In 2020, we used a high-current oxygen beam to test the heat durability of the
gas target. Sealing foils of several materials and copper extention parts were employed in the test,
and we have proven that the target can stand for the beam heat much exceeding the previous limit of 2
Watts per foil. The secondary beam development is also on going. A 6He RI beam was first produced
at CRIB in Mar. 2021, as the lightest RI beam ever created at CRIB. We successfully produced a
6He beam at the intensity more than 105 pps, which is to be used for the approved 6He+p scattering
measurement, as well as other future experiments.

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

The Exotic Nuclear Reaction group studies various exotic reactions induced by beams of unstable



nuclei. One subject is inverse-kinematics (p,n) measurement by using the neutron counter array PAN-
DORA. Candidate nuclei to study are high spin isomers such as 52Fe(12+). Study of the production
mechanism of high-spin isomer beams was in progress. Another is search of double Gamow-Teller
resonance by a double charge exchange reaction (12C,12Be). Preparations including the development
of MWDCs were ongoing.

The OEDO/SHARAQ group pursues experimental studies of RI beams by using the high-resolution
beamline and the SHARAQ spectrometer. A mass measurement by TOF-Bρ technique for very
neutron-rich nuclei successfully reaches titanium isotopes at N = 40, 62Ti, of which the report was
published in 2020. The experimental study of 0‐ strength in nuclei using the parity-tansfer charge
exchange (16O, 16F) will be reported soon. As for The OEDO beamline, the results of the first and
second experiments for LLFPs will be finalized and reported soon. Since experimental studies us-
ing OEDO were newly proposed, we continue developments to improve the performance for coming
these beam times, such as the intensity of low-energy RI beams and the suppression of X rays from
RF deflector.

Three gaseous active target TPCs called CAT-S, CAT-M and GEM-MSTPC are developed and used
for the missing mass spectroscopies. The CAT ’s are employed for the study of equation of state
of nuclear matter. The measurement of giant monopole resonance in 132Sn at RIBF with CAT-S and
the data analysis is ongoing. The CAT-M was employed for the measurements of the proton inelastic
scattering on Xe-136 at HIMAC and the proton elastic scattering on Sn-132. The development for
the reduction of space charge due to the ion backflow and the reduction of delta-ray background is
ongoing. The GEM-MSTPC is employed for the nuclear astrophysics study. The data analysis of (α ,
p) reaction on 18Ne and 22Mg and the β -decay of 16Ne followed by α emission are ongoing.

A recoil particle detector for missing mass spectroscopy, named TiNA, had been upgraded under the
collaboration with RIKEN and RCNP. The original TiNA consisted of 6 sector telescopes and 12 CsI
(Tl) crystals. Four TTT-type (1024 channels) doubly-sided silicon detectors and twenty-two CsI(Tl)
were added to make a TiNA2 array. The commissioning experiment of the TiNA2 was conducted at
Kyushu University in January 2021. To improve the properties of the ionization chamber of the S1
focal plane detector, the electron mobility of the gas has been studied at the offline test bench. The
production cross sections of 178m2Hf were evaluated for the mass production in the future and will
be reported soon. The digital signal processing devices for the GRAPE are under development. For
the SHARAQ11 experiment which uses a tritium-doped titanium target, the safety devices has been
developed with Tohoku University.

One of the major tasks of the accelerator group is the AVF upgrade project that includes develop-
ment of ion sources, upgrading the AVF cyclotron of RIKEN and the beam transport system to CRIB,
E7B, and C12 in the E7 experiment room. In the fiscal year 2020, the operating time of the Hyper-
ECR was 1137 hours. The beam extraction system of the HyperECR is developed to realize a high
intensity and low emittance beam and the study of mixing gas is started for heavy ionization. The
calculation model of injection beam orbit of the AVF cyclotron was completed and the longitudinal
motion of injection beam orbit was studied. For the detailed studies on ion optics of the beamline
to CRIB and experiment device of Fr-EDM measurement from AVF cyclotron, the development of
4-dimensional emittance monitor for high power ion beams was started and the prototype was com-
pleted and evaluated for performance.

The development of an optical lattice (OL) interferometer to search for a permanent electric dipole
moment (EDM) with Francium (Fr) atoms is now in progress at RIKEN. The newly developed surface
ionizer can produce the stable 210Fr ions with about 106 Fr+/s using the nuclear fusion reaction by
a high intensity primary beam of 18O supplied from the AVF cyclotron. We are now moving to the
experimental phase to trap the Fr in the magneto-optical trap and OL to realize the cold Fr source
with 107 atoms to measure the EDM. In parallel, the high intensity 225Ac source, which is utilized as
the generator for the 221Fr, was developed successfully. The comparison of the EDM between 210Fr



and 221Fr can be used to distinguish the origin of the CP violation such as the electron EDM, quark
color charge EDM, and CP violation interactions.

The nuclear theory group participates in a project, “Program for Promoting Researches on the Su-
percomputer Fugaku” and promotes computational nuclear physics utilizing the Fugaku supercom-
puter. In FY2020, we proposed a new framework called the “quasi-particle vacua shell model”, which
is an extension of the Monte Carlo shell model, and promoted its code developments. Based on these
methodological developments, we investigated the exotic structure of nuclei, especially neutron-rich
Mg isotopes, and discussed the mechanism to determine the neutron drip line. In addition, the nuclear
Schiff moments of 129Xe and 199Hg were theoretically evaluated by large-scale shell-model calcula-
tions to contribute to the experimental search of time-reversal breaking. In parallel, we promoted the
collaborative researches with experimental groups for investigating the exotic structure of unstable
nuclei, such as 35S, 30Mg, 64Ni, 75Ni, 112Sn and 137Ba.

The 19th CNS International Summer School named A3F-CNSSS20 was organized in August 2020.
The school was jointly hosted by CNS and the A3-Foresight program, and supported by RIKEN
Nishina Center and ANPhA. Because of the pandemic of COVID-19, the school was held online. In
addition to the participants from China, Korea and Vietnam, many participants from other countries
such as Malaysia and India attended. Many invited lecturers including one foreign distinguished
physicist gave classes.

Finally, I thank Ms. Shimane and other administrative staff members for their heartful contributions
throughout the year.

Susumu Shimoura
Director of CNS
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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 the nuclear engineering. In some cases, the target
nuclei are short-lived so that the measurement of the cross
section is not feasible.

79Se is one of such nuclei. The nucleus is located on the
path of s-process nucleosynthesis. Because the first excited
state has a β decay branch, the ratio of the daughter nu-
cleus 79Br to 80Se can determine the temperature when the
s-process took [1]. However, although the main path of the
s-process is the neutron capture to proceed to 80Se, because
79Se is radioactive the neutron capture cross section on 79Se
has not been measured directly.

The nucleus is also known as the one of the long-lived fis-
sion products (LLFPs) of the nuclear wastes. It is supposed
to be stored for millions of years in the deep geological
repository, which has not been determined yet in Japan [2].
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 [3]. 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.

To evaluate the cross section of 79Se(n,γ) 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 γ 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 γ emission probability strongly de-
pends on the nuclear structure of the nucleus. Once the γ
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

1Present Address:GSI, Darmstdt, Germany

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
γ emission channel at each excitation energy is identified,
the neutron capture cross section can be determined.

So far, for the surrogate ratio method, the γ emission
probability was determined by measuring deexcitation γ
rays which requires the decay scheme from the unbound
state. On the other hand, in our new method, the probabil-
ity was determined by measuring reaction residues in co-
incidence with the recoiled proton, instead of measuring γ
ray. Our new technique is free from the small efficiency
of detecting γ rays and statistical model to estimate the de-
excitation from the unbound state. The transfer reaction in
the inverse kinematics made feasible the measurement.

The secondary 77,79Se beams were produced at RIBF by
the in-flight fission of 238U 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 further de-
graded 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 detec-
tors of parallel plate avalanche counte (PPAC)s. Diamond
detectors of 3× 3 cm2 and 300 µm thickness were placed
at F3 and F5 to measure the timing when the beam passed
through. The small active area of the diamond limited the
momentum slit at F1 ±1%. The parallel beam was made
by the super conducting triplet quadrupole magnet at FE10,
where the RF deflector is installed.

Two PPACs were installed upstream of the secondary tar-
get, FE12, to register the timing and the trajectory of the
beams on the target. Time of flight (TOF) between F5 and
FE12 was measured to identify the beam and the respec-
tive beam energy. The RF deflector at OEDO decreased
the beam spot in a diameter of 2 cm (σ ) at a deuterated
polyethylene CD2 target of 4 mg/cm2 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
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at the second layer. The telescope covered the scattering an-
gles from 100 to 150 degrees in the laboratory frame. The
SSD was divided to 16 channels in polar angle. The mo-
menta of the outgoing nuclei were analyzed by the first part
of the SHARAQ spectrometer. 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 Bρ values of the residual nuclei. The ionization
chamber yielded the energy loss (dE) and the range in the
gas. The TOF-dE-range and Bρ 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 77Se is 1/2−, while that of 79Se is 7/2+.
The spin distributios of the neutron capture reactions are
compared to those of the transfer reaction in Fig. 1. The
panel (a) shows spin distributions for the neutron capture
reactions on 79Se(7/2+) (solid) and the isomeric state of
79Se(∗1/2−) (dashed) with 0.2 MeV. The spin distribution
on the isomeric state centers around J = 2. The panel (b)
compares the spin distributions on 77Se ground state of
1/2− (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
surrogate ratio method. The panel (c) presents the spin dis-
tributions of the transfer reactions on the ground states of
77,79Se by dashed and solid lines, respectively. The spin
distribution are found to be the same, indicating that the
contamination of the isomeric states in 77,79Se beams won’t
affect the final result.

The final neutron capture cross section was deduced by
using the γ emission probabilities. The manuscript summa-
rizing the result will be submitted soon.
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Figure 1. The spin distribution of nuclear reactions. (a) those
for neutron capture reactions on 79Se(g.s.) (solid) and the iso-
meric state (dashed). (b) those for neutron capture reactions 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.
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The energy-degrading beamline OEDO was built at RIBF
to increase the scope of reactions available for the study of
radioactive nuclei. Beam energies can be degraded down
to few tens of MeV per nucleon, where transfer reactions
become relevant for the study of nuclear structure and of
nucleosynthesis processes [1]. In this context, the Si and
CsI detector array TiNA was designed for the detection of
recoil nuclei from transfer reactions [2] at OEDO. It has
been used in several transfer experiments [3, 4].

The TiNA detector was upgraded in 2020 to increase the
solid angle and improve the resolution in angle and en-
ergy [5]. The upgraded TiNA consists of two types of detec-
tor assemblies. The first detector assembly consists of four
300 µm thick Micron TTT2-type Double sided Strip Silicon
Detectors (DSSD), each followed by four 25 mm thick CsI
crystals in a 2× 2 matrix to cover the 100× 100 mm2 ac-
tive area. The DSSDs are arranged in a barrel configuration
and placed close to the reaction target. The second detector
assembly is a lampshade array consisting of six trapezoidal
telescopes. Each has a 300 µm thick, Micron YY1-type,
Single sided Strip Silicon Detectors (SSSD) followed by a
total of three trapezoidal shape CsI crystals with a thickness
of 25 mm. The second assembly is placed further away to
extend the angular coverage toward the beam axis. The total
angular coverage by all telescopes ranges from 10◦ to 80◦

in the laboratory frame, with an angular resolution better
than 0.8◦ for the square telescopes and better than 1.2◦ for
the lampshade array. The chamber will be rotated by 180
°to cover the backward angles from 100◦ to 170◦ for (d,p)
transfer reactions in inverse kinematics at OEDO.

For the data taking, two different systems were unified.
First, the DSSDs are connected to the General Electronics
for TPCs (GET), an integrated system allowing the process-
ing of the 1024 channels. The test of the GET electron-
ics is reported elsewhere [5]. The signals from the rest of
the detectors including the CsI crystals and the SSSD are
fed into standard analog amplifiers and digitized by VME-
standard ADC modules. Triggers from both systems are
currently merged in a trigger module. A common trigger is
sent to both data acquisition (DAQs) systems and synchro-
nizes the event number. Timestamps for both systems were
also recorded.

After a benchmark test of the full setup using a standard
241Am alpha source at RIKEN RIBF, the detector was com-
missioned in-beam at the tandem accelerator facility of the
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Figure 1. E–∆E plot of the energies measured by DSSD and CsI
detectors. Protons and deuterons are identified. The different
cluster correspond to different reaction kinematics. Prelimi-
nary results.

Center for Accelerator and Beam Applied Science, Kyushu
University. One of the goals of this commissioning was
to test the performances of the DAQ systems, in particular
the event correlation between the two DAQ systems and the
maximum trigger rate that can be accepted. Another goal
was to test the in-beam energy and angular resolution of the
detector with various light ions over a wide range of ener-
gies and verify the particle identification capabilities of the
system.

Deuteron beams at 14 MeV and 11.8 MeV impinged on a
1 mg/cm2 natC target provided by the RCNP, Osaka Univer-
sity. In addition to elastic scattering, inelastic scattering to
excited states and transfer (d,p) and (d,α) reactions are also
allowed with this beam energy. It will allow to evaluate the
particle identification capabilities, the detector energy reso-
lution for various particles and the angular resolution. Part
of protons and deuterons punch through the DSSDs and hit
the CsI detectors. Figure 1 shows an E–∆E plot for such
particles using the energy information taken by the DSSDs
and CsI detectors. The protons and deuterons are well dif-
ferentiated in separate loci, demonstrating the good quality
of the particle identification. This also confirms that the
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Figure 2. A scattered plot of total kinetic energy vs. emission
angles measured by the DSSDs. In black are three theoretical
lines. The energy was not corrected for the energy loss in the
reaction target and in the dead zone of the DSSDs. The loci
seen in the figure are thus lower in energies compared to the
calculated kinematical curves. Preliminary results.

event correlation was correctly carried out between the two
data acquisition systems. To test the trigger rate, several
data were taken by varying beam intensities. The maximum
trigger rate of about 600 Hz was achieved with a live time
of 85%.

A scattered plot of total kinetic energies against emis-
sion angles is shown in Fig. 2 and compared to the theo-
retical kinematical curves for inelastic scattering to the first
2+ state at 4.4 MeV and for the 12C(d,α)10B reaction to the
ground state of 10B. Since the energy loss in the target is
not corrected for this plot, the energies of the loci seen in
the data are found lower than the kinematical curves. A
distinct locus visible at lower energies is attributed to the
1H(d,p)d reaction. This background was likely generated
from a deposit of water or organic molecules to the target
surface. The excitation energy resolution is estimated to be
141 keV FWHM for the first 2+ state of 12C via inelastic
scattering. For better resolutions, the analysis is still on-
going to improve the calibrations by estimating the energy
loss in the dead zone of the DSSDs.

In conclusion, the full setup of the TiNA detector was
successfully commissioned at the tandem accelerator facil-
ity of the Kyushu University. The event correlation between
the two independent data acquisition systems was validated.
A trigger rate of 600 Hz was achieved in this commission-
ing. We were limited in data flow from the GET electronics
and we expect to improve this performance. The treatment
of the data flow will be accelerated by installing the DAQ
on a server and use optical fiber for data transport. The
preliminary results from the data analysis help evaluate the
performance of particle identification and excitation energy
resolution. There is still room to further improve the energy
resolution by reducing the noise level in-beam to the level

measured during the α-source test at RIKEN RIBF.
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In our previous study, the candidate resonance of
the 4n system (tetra-neutron) was determined using the
4He(8He,8Be)4n reaction with a 186 MeV/nucleon 8He
beam [1]. A new measurement with better statistics and
better accuracy was performed to confirm the existence of
the tetra-neutron system [2].

The intensity of the 8He beam was 3.5×106 particles per
second at the liquid helium target, which was approximately
twice compared to that of the previous experiment. Low
pressure multi-wire drift chambers (LP-MWDCs) were in-
stalled at the focal planes F3, F6, and F-H10(S0), to mea-
sure the trajectory and momentum of the beam. The time
reference to determine the drift time in LP-MWDCs was
obtained from a plastic scintillator at F3.

(a)

(b)

beam

TRF = 73 ns

Triggered bunch Next bunch

time

Figure 1. Time structure of the beam bunch. The solid circles
show particles triggering data acquisition, and the open circles
are accidental particles. (a) Beam contains both the ‘Triggered
bunch’ and ‘Next bunch’. (b) Two particles are in the triggered
bunch.

We present the analysis of the LP-MWDCs developed to

eliminate accidental coincidence events induced by the high
intensity beam. The 8He beam from the SRC had a bunch
structure with a periodic cycle of 73 ns. There are two cases
of accidental coincidence as illustrated in Fig. 1(a) and (b).
The filled circles represent the particle, which triggered the
data acquisition. The other particle in the next bunch (open
circle) hits in (a), whereas two particles together hit in the
same bunch in (b). In the analysis, we carefully treated
these events, which created multiple hits within the maxi-
mum drift time of 120 ns in the LP-MWDCs. The events of
Fig. 1(a) were successfully identified by selecting the drift-
time region of the LP-MWDC and the total traveling time
from F3 to S2 focus corresponding to the beam energy.
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Figure 2. Energy distribution of LP-MWDC.

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

After the pile-up rejection, the tracking efficiency of the
beam was 95%. In this experiment, although one LP-
MWDC installed at F-H10 was damaged under intense irra-
diation of the 8He beam and operated with a low efficiency
of 48%, we try to recover the lost tracking events by us-
ing the ion-optical analysis. The image(xT ,yT ) and inci-
dent angle(aT ,bt) at the target is described by F3 tracking
(x3,y3,a3,b3) and momentum of the beam δ :

xT = (x|x)x3 +(x|a)a3 +(x|aa)a2
3

+ (x|δ )δ +(x|aδ )a3δ ,
aT = (a|x)x3 +(a|a)a3 +(a|aa)a2

3

+ (a|δ )δ +(a|aδ )a3δ ,
yT = (y|y)y3 +(y|b)b3 +(y|bbb)b3

3 +(y|bδ )b3δ ,
bT = (b|b)b3

. The transfer matrix between the F3 and the F-H10 was
obtained by using low intensity triton beam data. To deriva-
tive the target image without using LP-MWDCs at F-H10,
it is required to detect both the focal plane image of the F3
(initial tracking of the beam) and the F6 (measure the mo-
mentum of the beam) in the same event. Then, a tracking
of the target is derived by using upper equations. The over-
all tracking efficiency of the 8He beam is estimated 80%,
which still ensures better statistics than the previous exper-
iment.

Data analysis is now in progress.
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The projectile fragmentation is one of the most popular
method to obtain unstable nuclei with high intensity and in-
termediate energy in flight. Projectile nuclei of several hun-
dred MeV/u bombard with a production target, and beam-
like fragments are used as unstable nuclei beam.

In general, the momentum distribution of fragment parti-
cle has the width and its width is mainly due to Fermi mo-
tion.

In the rest frame of the projectile the total momentum is
equal to zero. Then the momentum distribution of fragment
may become a symmetric distribution, which is described
by Goldharber model(G.H. model) [1]. The width of the
momentum can be derived from the total momentum con-
servation.

σ2 = σ2
0

Af(Ap −Af)

Ap −1
(1)

Here, Af and Ap show the mass number of fragment and
projectile, σ0 shows about 90 MeV/c.

However, the measured momentum distributions do not
always obey this model, especially in their low-momentum
side. This remains an open question. Phenomena appear
that are unique to nuclear physics and cannot be explained
kinematically.

In the G.H model the fragment stays in its ground state
during the fragmentation process. However the long-lived
excited states called isomeric state are produced with the
projectile fragmentation. The production of isomeric state
is natural when we consider the existence of intermediate
state in two-stage fragmentation reaction process as shown
in the Fig1, which is proposed in the Abrasion-ablation
model developed from the G.H model.

When the fragment is excited, the fragment is thought to
be gaining angular momentum. Until now, the Abrasion-
ablation model has not clarified the relationship between
momentum and angular momentum. Angular momentum
may be a key to solve the open question mentioned above.

In order to investigate the relationship between angular
momentum transfer and momentum, we will use high-spin
isomers in the fragments. The reason for using isomers is
as follows. By selecting isomeric state, the lowest average
angular momentum of the intermediate state is cut off while
all the angular momentum contribute to the production of
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Figure 1. The figure shows the Abrasion-ablation model. The
prefragment is de-excited by emitting gamma rays and nucle-
ons. For this reaction process, the velocity difference between
before and after the reaction do not necessarily coincide.

ground state. This difference allow us to evaluate the ef-
fect of angular momentum transfer quantitatively by com-
paring the momentum distributions of the isomeric state and
ground state. Projectile nuclei with finite angular momen-
tum as well as 0+ projectile enable us to control the value
of the angular momentum transfer.

In this paper, we report a new systematic measurement
of momentum distributions of the ground and isomers, aim-
ing at the clarification of the angular momentum transfer in
fragmentation reaction.

The experiment (the project number of H362 ) was per-
formed at the SB2 course in HIMAC in Chiba. The primary
beams of 58Ni and 59Co with 350 MeV/u, bombarded the
production target of a14-mm thick 9Be target. The frag-
ments of 52Fe, 53Fe, 54Co and contaminants are separated
by two dipoles and momentum analyzed by a fragment
separator consisting of two dipole magnets and quadrupole
magnets. The isomeric state is identified by measuring the
de-excitation γ rays. The detail of the experimental setup is
reported in [2]

Figure 2 shows the momentum distribution of the pro-
duction yield for the ground state and isomeric state 52Fe,
which is normalized with the primary beam. Triangle data
points show the production ratio of ground state and square
data points show the production ratio of isometric state in
each figure.

The production yield of the isomers was multiplied by a
factor of 100 for 58Ni and by a factor of 10 for 59Co. The
momentum difference is set to 0 when the speed before and
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Figure 2. Top panel shows the result of production ratio of
52Fe(12+) and 52Fe(g.s) from 58Ni with the momentum dif-
ference. Bottom panel shows the result of production ratio of
52Fe(12+) and 52Fe(g.s) from 59Co.

after the reaction is the same as when the reaction occurs at
the center of the target.

The momentum distributions show an asymmetric distri-
bution which is different from the prediction of the G.H.
model. The peak positions for isometric state and ground
state are different from each other in both the projectile nu-
clei. This difference may originate from the effective angu-
lar momentum transfer to produce each state. To quantify
the peak position, an asymmetric Gaussian distribution [3],
which is described below, is fitted to the measured data
points.

f (p) =

a0 exp(− (p−c)2

2σ2
H

) (p > c)

a0 exp(− (p−c)2

2σ2
L

) (p <= c)

We will discuss the relationship between difference(∆p)
of peak position and the angular momentum transfer. When
the nucleus in the ground state is an odd nucleus, it has a
finite angular momentum. The angular momentum of the
ground state of the fragment is expected to be neglected in
calculating the angular momentum transfer, based on the
following discussions. All the possible angular momentum
transfer can contribute to produce the ground state even if
the nuclear spin of the ground state is finite. This means that
the peak position of the momentum distribution will be the
same both for the zero-spin and finite-spin ground state. As-
suming that the nuclei spin does not affect the momentum
distribution, the angular momentum transfer is defined as
the difference between the total angular momenta of the iso-
mer (Liso), the ground state(Lg.s.) and the projectile (Lproj).

Ltrans = Liso −Lg.s.−Lproj (2)

Figure 3 shows the correlation between ∆p and Ltrans.
The solid line shows Ltrans=r×∆p in the case of A=52 and
r=1.2A1/3.

Each data point is close to the solid line representing the
classical angular momentum transfer, indicating that there
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Figure 3. Ltrans vs ∆p plot. Solid line shows the calculation
from the classical kinematically relationship between angular
momentum and momentum.

is a correlation between the measured linear momentum
shift ∆p and the angular momentum( Ltrans).

However, the data point of 54Co with Ltrans.=3,6 is out of
this correlation. In the case of 54Co, the excitation energy
is 200 keV, which is very small and lower than that of the
other isomers, and it is thought that transitions to isomer can
be allowed from higher states where angular momentum of
pre-fragment is lower than the isomeric state.

The momentum distributions of isomeric state and
ground states of three fragments were measured with two
projectiles in this study. The momentum distributions of
isomers and ground states were different in each nuclei ex-
cept for the 54Co. The cut off of the lowest angular momen-
tum affect the peak position of the momentum distribution
, and the difference can be explained by classical kinematic
theory. The angular momentum of the projectile also af-
fects the momentum distribution of the isomer, suggesting
that the angular momentum is responsible for a part of the
low-momentum component of the momentum distribution
in the ground state, which has not been explained.
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6He is the second lightest unstable nuclide that could
be used as a radioactive-isotope (RI) beam. In 2021, we
performed a production test of 6He beam at CRIB [1–4]
for the first time, aiming to assess the feasibility of fu-
ture experiments using this RI beam. Various studies are
expected to be feasible with the low-energy 6He beam at
CRIB. Presently we are interested in the investigation of the
interplay between the halo nucleus structure of 6He and the
scattering properties in the 6He+p [5] reactions, where the
neutron transfer reactions, and the effects of the break-up
mechanism and resonance will be probed in detail. Further
studies using this exotic beam will be performed, involv-
ing both light and heavy targets. In particular, the effect of
both weakly-bound beam and target will untangle interest-
ing properties of the halo structure and of the break-up pro-
cess. Reactions of the halo nucleus 6He with a heavy target
have been studied [6,7] and they confirmed an enhancement
of the break-up.

Our approved proposal of the 6He+p measurement [5]
assumed a 6He beam with an energy around 5–10 MeV/u
and an intensity more than 105 pps. The main purpose of
the present work was to investigate the experimental param-
eters for an optimized beam production at CRIB. Consider-
ing the present limitation of the magnetic field at the CRIB,
the maximum energy of the 6He beam that can be separated
with CRIB is about 8 MeV/u. The beam production was
performed as a Machine Study beamtime in March, 2021.
The primary beam was 7Li3+, accelerated with the AVF cy-
clotron up to an energy of 8.3 MeV/u. The maximum beam
current at the entrance of CRIB during the beamtime was
3 pµA (= 9 eµA). The RI beam was produced with the
7Li(d,3He)6He reaction, which was also used in other in-
flight facilities, such as RESOLUT of Florida State Univer-
sity [8]. At RESOLUT, a 6He beam was produced with an
energy range of 18–29 MeV (3–5 MeV/u), an intensity of
104 pps, and a purity of 40%. The target gas we used at
CRIB was D2 at 730 Torr, confined in a 80-mm-long cell,
and cooled to 90K with the cryogenic gas target system [3].

We tested the beam production at two magnetic rigidity
conditions: 1) Bρ=1.227 Tm (6He2+: 7.99 MeV/u) with
the original primary beam, and 2) Bρ=1.032 Tm (6He2+:
5.66 MeV/u) by degrading the primary beam energy to 6.5
MeV/u with a 48-µm-thick Havar foil. Particle identifica-
tion (PI) was performed by measuring the time-of-flight and
energy of the secondary beam with the PPACs and silicon
detectors at the F2 and F3 focal planes. Fig. 1 shows the
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Figure 1. (Color online) PI diagrams of the secondary beams
at F2 (top) and F3 (bottom), in the high-energy condition
(Bρ =1.227 Tm).

PI diagrams at F2 (PPAC+SSD) and F3 (SSD alone) in the
high energy condition. The identified particles are 6He2+,
3H1+, and a small number of 7Li2+, all of which had ener-
gies and relative time-of-flights (ToF) consistent with cal-
culation 1.

After the optimization at F2 to maximize the 6He beam
intensity, the beam was transported to F3 with a transmis-
sion efficiency of 28%. 7Li2+ disappeared from the PI dia-
gram, while 3H1+ remained due to its charge-to-mass ra-
tio identical to 6He. Table 1 summarizes the purities of
secondary beam particles in each condition. The purity of
3H1+ appeared to be higher at F3 compared to F2, how-

1The SSD at F2 was deteriorated and our measurement result indicates its
partial depletion within the thickness of 750 µm, in spite of its nominal
thickness of 1.5 mm. The spread energy profile at F2 is mainly due to that
partial depletion.
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Table 1. Summary of the secondary beam purity. Note that
the F2 data were taken with the PPAC trigger, and F3 were
with the SSD.

Ion High Bρ (1.227 Tm) Low Bρ (1.032 Tm)
F2 F3 F2 F3

6He2+ 85% 73% 60% 61%
3H1+ 15% 27% 17% 23%
7Li2+ 0.2% – 22%a 5.9%
4He2+ – – 9.7%
a Summed purity of 7Li2+ and 4He2+.

ever, this is supposed to be from the limited detection effi-
ciency of the PPAC, which triggered the measurement at F2,
against the light 3H1+ ion. The 6He energy after one PPAC
(thickness equivalent to 9.5 µm Mylar) was measured as
(47.80±0.44) MeV or (7.943±0.073) MeV/u, where the en-
ergy loss in the PPAC (0.29 MeV) was in a good agreement
with a calculated value (0.28 MeV).

We increased the primary beam current to confirm the
highest intensity 6He beam we can obtain. The 6He rate
increased almost proportional to the primary beam current
with a ratio of 370 kcps/eµA. The detection efficiency of
the PPAC was 70–80% or better, when the secondary beam
rate was 300–400 kcps. The intensity test was performed up
to the primary beam current of 2 eµA, at which the PPAC
efficiency dropped down to 42% for the secondary-beam
intensity of 630 kcps, even though we applied the possi-
ble maximum voltages on the PPAC electrodes. Target gas
circulation [3] was found to be effective when the primary
beam current was 2 eµA, as the trigger rate of the F3 PPAC
(the upstream one) increased from 630 kcps to 750 kcps,
corresponding to a recovery of the secondary beam rate of
20%.

The beam production test in the low-energy condition
was performed basically in the same procedure as the high-
energy case. The PI diagrams are as shown in Fig. 2, and
the main difference was that there are more contamination
ions of 7Li3+ and 4He2+, even after the Wien filter oper-
ated at ±50 kV. Consequently, we had a lower 6He purity
of about 60%, as shown in Table 1. The ratio of 6He beam
rate at F3 to the primary beam current was 200 kcps/eµA,
lower than that of the high-energy condition.

In conclusion, we succeeded in producing a 6He RI beam
at 8.0 MeV/u with an intensity of the order of 105 pps, su-
perior to the beam at RESOLUT [8], satisfying the require-
ment by the proposed 6He+p experiment [5]. The practical
beam intensity is presently limited to about 2 ×105 pps by
the low detection efficiency of the PPAC for such a light-ion
beam. To make the efficiency higher, we are planning to use
wire chambers (MWDC) in the main experiment. The main
contamination of the beam was 3H1+, which can amount up
to 27% of the secondary beam. As 3H1+ cannot be elimi-
nated by the electromagnetic separator, we may use a de-
grader (thicker than 5-µm Mylar) at the F1 focal plane to
purify the 6He beam.
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Figure 2. (Color online) PI diagrams of the secondary beams
at F2 (top) and F3 (bottom), in the low-energy condition
(Bρ =1.032 Tm). The locus on the right side of 6He in the
F2 diagram could also be 6He, recorded with an illegal tim-
ing.
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d Department of Physics, Osaka University
e Department of Physics, Kyoto University

f INFN-LNS and dipartimento di Fisica e Astronomia ”E. Majorana”, University of Catania, Italy
g YITP, Kyoto, Japan

h INFN sez. di Perugia and dept. di Fisica e Geologia, University of Perugia, Italy

α clustering is a well-known effect in light nuclei, and
the linear-chain cluster state (LCCS) is an interesting topic
in nuclear physics. The study of this novel cluster structure
can provide us understanding the nature of the exotic nu-
clear formation. α clustering are often observed in nuclei
close to the valley of stability, while the study of LCCS has
focused on neutron-rich nuclei, since the valence neutrons
play a glue-like role to stabilize extreme shapes. This role is
well known as the molecular orbits, and they are classified
into two types: the π orbit which is perpendicular to the z
axis of the 2α core, and the σ orbit which is parallel to the
z axis [1].

The resonances observed by the α+10Be elastic scatter-
ing [2,3] exhibit level energy spacings and Jπ that perfectly
agree with the prediction of LCCS π-bond nuclear-cluster
band, therefore, LCCS is likely to exist in 14C. Also with the
TTIK method, we measured the mirror symmetric α+10C
resonant scattering with a radioactive 10C beam to study the
α clustering near the proton drip line. By the study of α
clustering in mirror nuclei we want to address the important
issue in cluster physics: how strong the charge symmetry
breaking in cluster states is.

Initial data analysis has provided the yield of resonant
scattering α at different energies [4]. Then the detection
solid angles at different center-of-mass energy Ecm and at
different scattering angle θα were calculated by means of
Monte Carlo simulation. The solid angle simulation was
performed based on the real incident 10C particle trajecto-
ries, the energy threshold for every silicon telescope was
set as 4.5 MeV. There were totally 3 telescopes installed,
separately at 0◦, +13◦ and −15◦ with respect to the beam
axis. As shown in Fig.1, the telescope 1 at 0◦ has a high de-
tection efficiency at the most forward laboratory angle, cor-
responding to the center-of-mass angle θc.m.=180◦ and for-
ward kinematic laboratory angle θα =180◦, and it can pro-
vide us with the clearest identification of 10C+α resonances.
While the two supplemental telescopes at +13◦ and −15◦

can effectively cover the large scattering angle α particles.
Using the yield of scattered α , the number of the incident

10C particles, the effective target thickness, and the detec-
tion solid angle, the resonant scattering differential cross

Figure 1. Calculated solid angle versus Ecm and θα .

section (dσ/dΩ)c.m. was calculated. The obtained reso-
nant scattering differential cross section versus Ecm and θα
is shown in Fig.2 (a). By an R-matrix analysis [5] with
SAMMY8 [6], we obtained the main resonance energies
and estimated the spins for the dominant resonances. The
resonant scattering excitation function for θα = 164◦−180◦

and the preliminary R-matrix fitting results are shown in
Fig.2 (b).

The best parameters at present obtained from the R-
matrix calculation with SAMMY8 [6] are summarized in
Table.1. Around the excitation energy of 13.5 MeV, a
0+ resonance was observed clearly, just as predicted, the
10C+α (0+) state is broad. Around 14.28 MeV and 17.97
MeV we observed two 4+ resonances which diminish
quickly as θα decreased. At the large scattering angle re-
gion detected by telescope 2 and 3 such resonances nearly
vanished. The resonance peak at 17.97 MeV is asymmetric
and relatively broad. Based on the study of 10Be+α [3], we
fitted this peak as a doublet of 5− and 4+.

We had difficulties in confirming all resonance parame-
ters. Between 15.0 MeV and 17.0 MeV, at least four res-
onant peaks were needed to reproduce the excitation func-
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Figure 2. a) Measured resonant scattering differential cross sec-
tion versus Ecm and θα . b) Measured resonant scattering ex-
citation function for θα = 164◦ − 180◦ and the preliminary
R-matrix fitting results with SAMMY8 [6].

tion, which are close to each other and may cause a large
error in our R-matrix calculation results. The rightmost res-
onance peak around 18.8 MeV is located on the high en-
ergy tail of the lower energy resonances. The analysis with
SAMMY8 also failed to fit this peak as a distinct resonance.
Since the resonance energy is close to the upper limit of the
detection system, and a sharp decrease is seen on the right
side of this peak, we consider that the 4+ resonance around
18.8 MeV was only partially detected in the experiment,
which resulted in a resonance peak much smaller than what
it should be.

A further analysis would be necessary for confirming the
resonance parameters. We are also planning to check the
fitting results of SAMMY8 [6] with another R-matrix cal-
culation code AZURE2 [7] to confirm the consistency of
the two calculation codes.
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Table 1. The preliminary resonance parameters in 14O deter-
mined by R-matrix fitting.

Jπ Ecm Ex Γα0 θ 2
α0

MeV MeV MeV %
1− 2.48 12.6 0.372 78.7
0+ 3.38 13.5 0.57 36.0
4+ 4.16 14.28 0.0116 6.92
2+ 5.23 15.35 0.0397 1.89
1− 5.28 15.4 0.091 3.26
0+ 5.58 15.7 0.0383 1.15
3− 6.14 16.26 0.0118 0.63
4+ 6.28 16.4 0.0053 0.53
0+ 6.79 16.91 0.0041 0.10
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Nowadays, the availability of high-quality radioactive
beams greatly increases our ability to study the reactions
induced by exotic nuclei [1, 2]. In contrast to the neutron-
halo projectiles, reactions induced by the weakly bound
proton-rich nuclei, especially by the ones with proton-halo
or valence-proton structures, present distinctive properties.
Both the core and valence proton have long-range Coulomb
interaction with the targe, thus the dynamic Coulomb po-
larization effect is of particular importance [3]. So far, re-
search on reactions with proton drip-line nucleus is still in
its infancy, mainly concentrating on 8B and 17F, as reviewed
in Ref. [2]. Experimental data with these projectiles are still
scarce, hence the reaction mechanism is still not yet clear.
Compared with 17F, the structure of 8B is more complicated
because of the non-inert core, 7Be, which is also proton-rich
and weakly bound nucleus. 17F can be treated properly with
a two-body model as an inert 16O core and a loosely bound
proton, which is able to reproduce successfully the known
electromagnetic properties of 17F [4]. Moreover, consider-
ing that 17F is relatively easy to be produced experimentally,
it is a more suitable case for a thorough study on the reac-
tion mechanisms of weakly bound proton-rich systems as a
breakthrough point.

In this report, we present the results of the complete
kinematics measurements to investigate the reaction mech-
anisms of 17F interacting with 58Ni at energies around the
Coulomb barrier. The experiment was performed at CRIB
(Center for Nuclear Study Radioactive Ion Beam separa-

tor) [5]. A cryogenic deuterium gas target was used as the
primary target. After purification by the double achromatic
system and the following Wien filter of CRIB, the 17F beam
was sent onto a 1.0 mg/cm2-thick self-supporting and iso-
topically enriched 58Ni target, with a typical intensity of 6-
−10×105 particle per second and a purity of ∼ 85%. By ad-
justing the pressure of the primary gas target and inserting
aluminium degraders with different thicknesses, 17F with
four distinct energies, i.e., 43.6±0.7, 47.5±0.7, 55.7±0.8
and 63.1± 0.9 MeV in the middle of the target, were pro-
duced. A Multi-layer Ionization-chamber Telescope Array
(MITA) [6] was used to detect the reaction products over a
large range of Z. Angular distributions of elastic scattering,
exclusive and inclusive breakup, as well as the total fusion
(TF) cross sections were derived simultaneously for the first
time.

The excitation functions of the total reaction (σR), inclu-
sive (σInc.16O) and exclusive (σExc.16O) 16O, as well as the
TF from evaporation protons are shown in Fig. 1. One can
see that, fusion reaction dominates in the above-barrier re-
gion, and it reduces exponentially as the energy decreases.
The σInc.16O and σExc.16O, however, vary smoothly with the
energy, and the σInc.16O becomes the major component in
the sub-barrier region. The comparisons of the reduced σR
and σTF between 17F and 16,17O with a 58Ni target [7–9] are
shown in Figs. 2 (a) and (b), respectively. For the σR, the ex-
citation function of 17F is nearly superimposed to the curve
for the 16,17O systems in the above barrier region, while the
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Figure 1. Excitation functions of total reaction (stars), exclu-
sive (squares) and inclusive (triangles) breakups, and the TF
(circles). The curves denote the corresponding theoretical re-
sults: the solid line denotes the coupled channel (CC) result,
the dot-dot-dashed and dotted curves are the CDCC results
for TF and elastic breakup, the dashed line shows the CDCC
calculations switching off the couplings from the continuum
states (NCC), and the dot-dashed line is the result of the IAV
model plus CDCC. The arrow indicates the nominal position
of the Coulomb barrier.

values at sub-barrier energies suggest a clear enhancement
of the σR for 17F+58Ni. A similar behavior is also observed
in the fusion reactions as shown in Fig. 2 (b), where the
σTF and the Ec.m. are reduced as: F(x)=2Ec.m.σTF/h̄ωR2

B
and x=(Ec.m. −VB)h̄ω [10]. RB, VB and h̄ω are respectively
the parameters associated with the barrier radius, height and
curvature. The benchmark curve of the Universal Fusion
Function (UFF) is also shown in Fig. 2 (b) by the solid
line. It can be seen that the TF cross section of 17F is in
good agreement with the 16O projectile at above barrier en-
ergies, while in the sub-barrier region, fusion with 17F is en-
hanced relative to the 16O system and the UFF. According
to the CDCC calculations with and without the couplings to
the continuum states (dot-dot-dashed and dashed curves in
Fig. 1), the enhancement of TF at the sub-barrier energy is
mainly due to the breakup couplings, which becomes more
significant as the energy decreases. To further confirm this
coupling effect, we plan to perform a complete kinemat-
ics measurement of 17F+58Ni at a lower energy in the sub-
barrier region.
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The development of an optical lattice interferometer to
search for a permanent electric dipole moment (EDM) with
Francium (Fr) atoms is now in progress at RIKEN [1]. The
lattice-like potential with a standing wave of laser light,
which is called an optical lattice (OL), can realize the long
interaction time of the trapped Fr with external fields, so
that we can get a high measurement sensitivity. The newly
developed surface ionizer can produce the stable Fr with
about 106 Fr+/s using the nuclear fusion reaction, which
can be increased with the improvement of the primary beam
intensity. We are now moving to the experimental phase to
trap the Fr in the MOT and OL to realize the high intensity
cold Fr sources with 107 atoms to measure the EDM.

Currently, the most promising systems for determining
the upper bounds on the magnitude of the electron EDM
(eEDM) are heavy open-shell atoms and polar molecules,
since the enhancement of the eEDM for these quantum
many body systems are quite high. The best experimental
limit using atoms comes from 205Tl at |de| <1.6 × 10−27

e cm with 90 % confidence [2]. The best limit of the eEDM
to date was set by experiments on thorium oxide (ThO) at
|de| <1.1 × 10−29 e cm with 90 % confidence [3]. It
should be noted that the atoms and molecules have many
contributions of the CP violating sources. At leading or-
der, such effects may be quantified in terms of EDMs of the
constituent nucleons, dn and dp, where the neutron EDM is
already an observable, the EDM of the electron de, and CP-
odd electron- nucleon and nucleon-nucleon interactions. In
the relevant channels these latter interactions are dominated
by pion exchange, and thus we must also consider the CP-
odd pion-nucleon couplings gπNN which can be induced by
CP-odd interactions between quarks and gluons. Among
them, the two dominant sources of the CP violation are the
eEDM and the scalar-pseudoscalar electron-nucleus inter-
action in the open-shell atoms such as the Fr.

In the atomic systems, the presence of an eEDM can in-
duce an atomic EDM (Da) which can be many times larger
than the magnitude of the eEDM. To obtain an upper limit
for the eEDM, the enhancement factor R ≡ Da/de, defined
as the ratio of the atomic EDM to the eEDM, must be eval-
uated. Paramagnetic systems such as Fr are also sensitive to
CP violation due to the scalar-pseudoscalar (S-PS) interac-
tion between the electrons and the nucleons (e-N), which
arises from the exchanges of CP violating beyond Stan-
dard Model (SM) particle between the electron and quarks

or gluons in the elementary process. This leads to a finite
value of the e-N S-PS coupling coefficient (CS−PS) which
can be appeared in certain extensions of the SM and may
be probed with the measurement of atomic EDMs. Anal-
ogous to R for the eEDM, we define S which shows the
enhancement of the CP violating S-PS e-N interaction. The
S-PS e-N interaction Hamiltonian in atomic systems scales
as Z3, where Z is the atomic number. Thus Fr being the
heaviest alkali atom, is well suited to prove insights into the
S-PS e-N interaction. The factors of R and S depend on the
atomic and nucleus structures, and it is important to evalu-
ate the R and S precisely to identify each contributions from
the eEDM and the S-PS e-N interaction by the correlation
patterns from the EDM data for many kinds of atoms and
molecules. In this report, the R and S are evaluated with the
relativistic coupled cluster model, and the analysis method
to decompose these contributions are shown.

The Hamiltonians describing the eEDM and S-PS e-N
interactions in atomic systems are given by

HeEDM =−deβΣ⃗ · ε⃗

HS−PS = i
GF√

2
CS−PSAβγ5ρ(r).

(1)

The ε⃗ is the electric field felt by the electron in an atom,
Σ⃗ is the four component spinor with Pauli matrix, A is the
atomic mass number, ρ(r) is the nuclear density, where we
have assumed a Fermi charge distribution. An atomic state
defined as |Ψ (0)

v ⟩ , in the absence of any external interaction,
is an eigenstate of the atomic Hamiltonian (Ĥ0), and can be
written as

Ĥ0|Ψ (0)
v ⟩= E(0)

v |Ψ (0)
v ⟩. (2)

Here, E(0)
v means the corresponding energy. We consider

first the Dirac-Coulomb (DC) interactions in Ĥ0 then add
Breit and QED interactions systematically to study the im-
portance of the higher-order relativistic effects. If HeEDM or
HS−PS is considered as the first-order perturbation, the new
atomic state wave function |Ψv⟩ can be written as

|Ψv⟩= |Ψ (0)
v ⟩+λ |Ψ (1)

v ⟩. (3)

Then, the |Ψ (1)
v ⟩ is the first-order perturbed wave function

with the perturbation parameter λ ≡ de (or CS−PS) when the
eEDM (or S-PS) interaction Hamiltonian is considered af-
ter defining the interaction Hamiltonian H ′ =HeEDM/de (or

15



H ′ = HS−PS/CS−PS). The perturbed wave function |Ψ (1)
v ⟩

can be obtained by the following equation:

(Ĥ0 −E(0)
v )|Ψ (1)

v ⟩= (E(1)
v −H ′)|Ψ (0)

v ⟩, (4)

where E(1)
v is the first-order perturbed energy and is equal

to zero here owing to the odd parity nature of H ′. An impor-
tant feature of solving for |Ψ (1)

v ⟩ in this work is that it cir-
cumvents the problem of excluding high-lying intermediate
states in the sum-over-states approach, thereby implicitly
including all the intermediate states in the calculations.

The atomic EDM is given by

Da = 2λ
⟨Ψ (0)

v |Dz|Ψ (1)
v ⟩

⟨Ψ (0)
v |Ψ (0)

v ⟩
, (5)

where R and S are defined as

R = Da/λ , S = Da/λ , (6)

for λ = de and λ = CS−PS, respectively. It is worth noting
that the Da can be written as D⃗ = e⃗r and D⃗ = deβΣ⃗ in the
case of eEDM and S-PS interactions, respectively. The rela-
tivistic coupled-coupled cluster (RCC) model has been per-
formed to determine R and S [4] to determine atomic wave
functions of the Fr atoms. In the RCC theory, the unper-
turbed and perturbed wave functions of one valence system
like Fr atom are expressed as

|Ψ (0)
v ⟩= eT (0)

{
1+S(0)v

}
|Φv⟩ (7)

Here |Ψ (0)
v ⟩ = a†

v |Ψ0⟩ is the Dirac-Hartree-Fock (DHF) wave
function of the 6p closed-shell configuration, and v cor-
responds to the respective valence orbitals of the initial
and final states. The RCC operators T(0) and S(0) excite
electrons from |Ψ0⟩ and |Ψv⟩, respectively, to the virtual
space. We use several methods: DHF and RCC with a sin-
gle and double excitations approximation, employing the
Dirac-Coulomb (DC) Hamiltonian and single-particle or-
bitals generated by Gaussian-type orbitals (GTOs) [5]. We
have estimated corrections from the Breit interaction, nu-
clear structure, and lower-order quantum electrodynamics
(QED) effects due to the vacuum polarization and self-
energy interactions. The obtained results of the R and S
are shown in the table 1 for the DHF and RCC calculations.

DHF RCC
R 727.24 812.19
S 9.53 10.62

Table 1. DHF and RCC results for the enhancement factors R
and S of the atomic EDM of 210Fr. S values are given in units
of 10−18e cm.
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5 Conclusion

Improved RCC calculations of the EDM of 210Fr arising due to the eEDM and the S-PS

interaction were performed, and the results obtained are

Da = 799 de + 10.5× 10−18CS−PS(0)
N e cm, (5.1)

with an estimated error of about 3% for both cases. The former value is about 11% smaller

than the result from a previous calculation of this quantity using an approximate RCCSD

method [84]. This difference can be attributed to the fact that the various approximations

and shortcomings in the previous calculation were addressed in this work, such as the im-

provement of both the size and quality of the basis functions used, and the inclusion of

cluster amplitudes for all multipoles and computation of the nonlinear RCC terms using a

self-consistent approach. We emphasize that we have outlined the method of error evalua-

tion more comprehensively than what is given in previous calculations on the same atom.

A detailed analysis of the many-body effects contributing to R and S for 210 Fr has been

made. This has shed light on the many-body physics involved in this complex phenomenon

involving electromagnetic and CP violating interactions. Our work also includes corrections

due to the Breit interaction and QED effects, as well as contributions due to perturbative

triple excitations, which previous Fr EDM calculations have not included. The reasons for

the relatively small discrepancy between our result for S and a previous calculation of the

same quantity have been discussed.

Using the value of R that we calculated for 210Fr and quantities related to a laser cooled

experiment on this isotope, we obtained as mentioned before, a sensitivity, δde ∼ 10−29e

cm, which will permit us to probe many CP violating phases associated with the well-

known TeV scale BSM physics at the same level as in ThO. It is of particular interest to

note that our precise results will enable us to analyze the bottom quark contribution in

models where the Higgs sector is extended by nonstandard Yukawa interactions in which the
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YbF

Figure 1. Correlations for the de and CS−PS for the prospective
sensitivity of the Fr EDM and existing data for the YbF, HfF+,
and ThO molecules.

We can see the correlation pattern of the eEDM and
CS−PS clearly in the Figure 1. Not only the 210Fr result,
but also the correlations for the other molecules and ion are
shown. Since the values of the R and S depends on the
atomic/molecular structure and nuclear charge density as
shown above, the correlation shows the different pattern for
210Fr, ThO, HfF+, and YbF. It should be noted that different
EDM measurements are required to pin down the CP vio-
lating sources such as eEDM and CS−PS. In the next step,
we are now discussing and preparing the evaluations of the
R and S for the 221Fr including the octupole deformation of
its nucleus, and also Fr-Sr polar molecules.
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Cosmological observations indicate that the abundance of
antimatter in our Universe is smaller than that of matter by
orders of magnitude, although it is thought that matter and
antimatter have been produced at equal rates. One of the
conditions that lead to such an unbalance is the violation of
CP symmetry [1], where C denotes charge conjugation and
P denotes parity. Under the CPT theorem, which states that
the C and P transformations combined with a time–reversal
(T) transformation will leave physical laws unchanged, CP
violation is equivalent to T violation. The permanent elec-
tric dipole moment (EDM) of elementary particles is a T–
and P–violating observable. Therefore, a search for such an
effect is equivalent to a search for a source of CP–violation,
which probes the origin of the matter–antimatter asymmetry
in the Universe.

The EDM of electrons (eEDM) is suggested to be en-
hanced in paramagnetic atoms with large proton num-
bers [2], up to approximately 800 times in the case of the
heaviest alkali francium (Fr) [3]. In order to measure the
eEDM at high precision, we are currently developing an
eEDM measurement system using laser–cooled Fr atoms.

The scheme for the experiment is planned as follows.
Since Fr does not have any stable isotope, it is pro-
duced as ions via the nuclear fusion–evaporation reaction
197Au

(
18O, xn

)
215−xFr [4], followed by thermal diffusion

and surface ionization from the solid Au target. The pro-
duced Fr ions are then neutralized by surface neutraliza-
tion, and then laser cooled by a magneto–optical trap. The
laser–cooled Fr atoms are then confined in an optical lat-
tice. Finally, an atomic interferometer is formed to perform
an EDM measurement. In the fiscal year 2019, a surface
ionizer for Fr ion production was developed, and an experi-
ment was conducted to produce Fr ions.

Fr ions are produced in the following manner. The pri-
mary beam is irradiated onto the Au target placed inside
the surface ionizer, in which fusion reactions take place
and Fr nuclei are produced. The produced Fr nuclei then
thermally diffuse to the surface and are desorbed as singly–
charged ions. As the rates of diffusion and desorption de-
pend on temperature, the temperature of the Au target plays
an essential role in determining the Fr ion extraction effi-
ciency. In order to enhance Fr ion production, the Au target
is heated up to approximately 1000◦C by an infrared heater

Figure 1. Developed Fr ion beam detector. Light from infrared
heater is shielded by shielding rings.

installed on the opposite side of the beam irradiation surface
of the target.

The Fr ions desorbed from the Au target surface are elec-
trostatically guided out of the surface ionizer towards the
beam diagnostic system. A Si solid state detector (SSD) is
used to detect the α particles emitted by the decaying Fr
nuclei.

This scheme was used in the previous experiment when
Fr ion production was confirmed, but we found that the in-
frared light from the heater induced noise in the signal from
the SSD. Previously, the heater was turned off every time
the SSD was operated, so that the effect on the obtained data
was minimized. However, turning off the heater caused the
Au target temperature to drop rapidly, which required sev-
eral minutes to recover. Repeating this frequently during
the experiment made the Fr production to become ineffi-
cient and time consuming.

In the fiscal year 2020, a novel beam diagnostic sys-
tem was developed to overcome this problem. As shown
in Fig. 1, a movable faraday cup (FC) accumulates the in-
coming Fr ions while reading out the beam current. The
FC is then pulled in towards the SSD and the emitted α
particles are detected. Four shielding rings made of PEEK
(polyether ether ketone) are attached to the rod supporting
the FC, which fit to the cylindrical inner wall of the stain-
less steel vacuum chamber. The positions of the shielding
rings are calculated so that at least one ring is always in
contact with the wall; therefore there is no clearance left for
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Figure 2. Typical energy spectrum of α particles emitted during
decay of ions captured on FC surface, obtained using the SSD.
Labelled peaks within the range of 6.5–6.8 MeV are identified
as Fr.

infrared light to directly enter the SSD.
In September 2020, an experiment was conducted to pro-

duce Fr ions and evaluate the extraction rate using the newly
developed beam diagnostic system. Figure 2 shows the typ-
ical energy spectrum of the α particles obtained by the SSD.
Analysis of the spectrum showed that a 210Fr ion beam
of ∼ 5 × 106 /s, corresponding to ∼ 20% extraction ef-
ficiency, was extracted. The Au target was heated up to
960◦C with the help of the infrared heater. The primary
beam used was an 18O6+ beam of 1 particle µA accelerated
to 7 MeV/nucleon using the AVF cyclotron at RIKEN.

The experiment was conducted for a duration of 12 hours.
Throughout the experiment, no apparent damage to the SSD
was observed, although the infrared heater was kept on.
Therefore, the newly developed Fr ion beam diagnostic sys-
tem enables beam diagnosis and Fr production evaluation
without stopping the infrared heater, which is advantageous
for stable and efficient production of Fr ions. Following this
established Fr ion beam production scheme, we are continu-
ing our development of the neutralizer and magneto–optical
trap for the production of laser–cooled Fr atoms, aiming for
a high–precision EDM measurement.
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1. Introduction
ALICE is one of the experiments at the Large Hadron

Collider (LHC) in CERN [1]. The mission of ALICE is to
study the strongly interacting matter composed of decon-
fined quarks and gluons, called quark-gluon plasma, at ex-
treme energy densities. The ALICE detector is optimized
to the heavy-ion collisions at the ultra-relativistic energies
and is designed to measure as many observables as possible
for a wide coverage of transverse momentum and pseudo-
rapidity [1]. The ALICE detector consists of central barrel
and a forward muon spectrometer. Central barrel is com-
posed of silicon detectors (ITS), time projection chamber
(TPC), transition radiation detector (TRD), and time-of-
flight detector (TOF). A forward muon spectrometer con-
sists of a front absorber, five tracking stations (MCH) and
muon triggering chambers (MID).

The author has been an ALICE Run Coordinator since
2019 and is fully responsible to progress the ALICE com-
missioning during the 2nd Long Shutdown (LS2, 2019-
2021). This paper describes the main progress being made
during 2020.

2. ALICE upgrade in LS2
After the second Long Shutdown (LS2, 2019-2021), the

LHC will deliver Pb beams colliding at an interaction rate
of about 50 kHz. To fully exploit the LHC potential in Runs
3 and 4 (2021-2029), ALICE will record all minimum bias
events delivered by the LHC. ALICE aims at integrating a
luminosity of 13 nb−1 Pb–Pb collisions, which corresponds
to a minimum bias data sample larger by ×50-100 with re-
spect to Run 2. In order to benefit from the increasing lumi-
nosity, ALICE is going to upgrade several detector systems
during LS2.

The 6 layers of silicon detectors (ITS) will be replaced
with a 7 layers of new silicon pixel detectors. This new
tracker will be made up of about 25000 Monolithic Active
Pixel Sensors with fast readout and with reduced material
thickness down to 0.3% (inner layers) – 1% (outer layers)
of the radiation length and a granularity of 28×28 µm2 [2].
The assembly of the three innermost layers forming the In-
ner Barrel (IB) and of the four outermost ones, forming
the Outer Barrel (OB), was completed in November 2019.
Staves in layers are connected to the final version of the ser-
vices, including readout, power supply systems, Detector
Control System (DCS) and a safety system.

After the pause due to COVID-19 lockdown the prepa-
ration activities were resumed in August, starting with the
verification of the functionality of the Outer Barrel staves.
Each stave was fully characterised through electrical and
functional checks and fully verified. All functional pa-
rameters were optimised and noise calibration procedure

was developed. The thresholds for each sensor were tuned
in order to achieve the target fake hit rate value 10−6

hits/pixel/event.
After calibration both IB and OB underwent, the continu-

ous cosmic rays data taking was started from August 2020.
This cosmic data taking was useful to optimize clustering
and tracking algorithms, verify the detector geometry de-
scription, and perform detector pre-alignment studies. Due
to the very low recorded chip noise, hits coming from cos-
mic particles passing through the detector can be clustered
together and used to reconstruct the associated tracks. Fig-
ure 1 shows the cluster correlation distribution from cos-
mics tracks and the event display, as an example of tracks
reconstructed from 6 aligned hits. This cluster correlation
distribution shows the displacement of staves in layers is the
order of 100 µm.

Figure 1. The cluster correlation distribution from cosmics tracks
for ITS-IB layers and the event display

The second major upgrade is to replace the readout cham-
bers of the TPC with Micro Pattern Gaseous Detectors [4].
The new readout chambers consist of stacks of 4 Gas Elec-
tron Multiplier (GEM) foils with different hole pitches.
With this 4 GEM layer configuration, ion backflow can be
kept less than 1%, which enables the TPC to operate con-
tinuously without a gating grid.

The TPC was moved from the cavern to the surface in
March 2019. The chamber replacement, electronics instal-
lation, and tests with a laser system, cosmic rays and X-rays
were carried out over a year. Various modes of data taking
such as noise runs, pulser runs, laser runs, and X-ray runs,
was conducted to verify the proper functioning of all cham-
bers and electronics. Figure 2 shows the noise distribution
of all pads (black) as well as for the pad regions correspond-
ing to the four GEM stacks from inner and outer readout
chambers (IROC, ORORC1, OROC2, OROC3). The pads
of each stack roughly have the same pad size and the mean
noise over all pads is 0.97 ADC counts, which corresponds
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to 670e and is within requirements.

Figure 2. Noise distribution of one sector pair, separately for the
IROC, OROC 1, OROC 2, and OROC 3.

Data taken with an X-ray generator are used to study the
chamber stability under high load, to determine the average
gas gain, and to study pad-wise gain variations. An Amptek
Mini X-ray generator with Ag anode was used to irradiate
the TPC. Figure 3 shows example of relative gain variations
over the pad area of one full sector. Topological gain vari-
ations over the pad area are expected due to manufacturing
tolerances in the hole sizes. A more robust gain calibration
and equalization will be done using a 83Kr source shortly
before every years data taking with beams.

Figure 3. Top: Gain map extracted from reconstructed X-ray clus-
ters in one sector. Bottom: gain distributions in the separate
pad regions

In the beginning of August 2020, the TPC was moved
from surface to the cavern and re-installed in the experimen-
tal area. After the re-installation, cabling, connection to all
services (DCS, gas, cooling), and basic checks were done
till the end 2020 and finally the TPC was re-commissioned
in 2020.

The third major upgrade is the new readout and on-
line DAQ system, which needs to handle 3 TB/s raw data
rate [5]. The data from continuously readout detectors
are reconstructed in several steps synchronously in the
First Level Processors (FLP) and Event Processing Nodes
(EPN). 4-8 GPUs will be housed in the EPN in order to
accelerate the processing of the TPC reconstruction. AL-
ICE has been developing a new data processing framework,
called O2. One of the milestones in the O2 development

in 2020 was to exercise the combined data taking between
different detectors and validate data synchronization, event
building, online processing, and reconstruction. Figure 4
shows cosmic ray event measured in the TPC and the TOF
(outer of TPC). Left is r − ϕ view and right is r − z view.
Two clusters at most-outer radii are from TOF. Clear cor-
relation of the cluster positionns between TPC and TOF is
clearly visible.

Figure 4. Combine TPC+TOF data taking and event display for
cosmic tracks detected by the TOF and the TPC

3. Summary and Outlook
The surface commissioning of the new ITS and TPC was

continnued in 2020. TPC was re-installed in August 2020
and the final commissioning was in progress. ITS will be in-
stalled in 2021. All detectors will be ready for global com-
missioning in July 2021. ALICE will start global commis-
sioning Summer 2021 and prepare for the LHC pilot beam
tests in October 2021.
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Production of low-mass dielectron in Pb–Pb collisions at √sNN = 5.02 TeV with
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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 [1, 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. Experimentally, the hadronic back-
ground is dominated and subtracted from inclusive photons
by “hadronic cocktail” which simulates photons from all
known hadronic decays. Photons from hadron decays are
simulated based on their measured yields with detector real-
istic resolution. For the non-measured hadrons, their trans-
verse momentum (pT) spectra are scaled from the measured
pions called mT-scaling technique.

In particular, thermal photons are dominated in the low
pT region, typically pT < 3 GeV/c. The measurement of
real direct photons at low pT is challenging due to the large
background from π0 decays which amounts ∼ 85 % of to-
tal backgrounds, followed by η ∼ 12%, ω ∼ 2% and η ′ ∼
1%. Alternative approach to measure the direct photons is
to measure direct virtual photons via dielectron channels.
One of the advantages of dielectrons compared to real pho-
tons is that the dominant background of π0 decays is sig-
nificantly reduced by measuring virtual direct photons in
the dielectron invariant mass (mee) region above π0 mass
135 MeV/c2. The fraction of direct virtual photons over in-
clusive virtual photons in the kinematic range of quasi-real
photons (pT,ee ≫ mee) is expected to be equivalent to that
of real photons in the mass-less limit mee → 0. Therefore,
the measurement of direct virtual photons decaying into di-
electron is independent and complementary to that of direct
real photons [4].

2. Analysis
In November and December of 2018, ALICE took data

in Pb–Pb collisions at
√

sNN = 5.02 TeV with enhanced
triggers for central semi-central collisions. As the colli-
sion rate was at 8 kHz and bunch spacing was 100 and
75 ns, there were out-of-bunch pileup collisions that distort
tracking performance in Time Projection Chamber (TPC),

where the drift time is 100 µs for primary electrons. As a
first step, pileup events are rejected to analyze clean events
without pileup collisions. Figure 1 shows the correlation
between the number of TPC clusters and Inner Tracking
System (ITS) which consists of 2 layers of Silicon Pixel
Detector (SPD), 2 layers of Silicon Drift Detector (SDD)
and 2 layers of Silicon Strip Detector (SSD). The drift time
of TPC is 100 µs, while that of ITS is about 100 ns. The
correlation is expected to be linear in clean events without
pileup collisions. On the other hand, the long tail is found in
the number of TPC clusters in pileup events. Thus, the left
side of the curve is selected for further physics analyses.
After applying the pileup rejection, the number of events
for physics analyses is 70 M in the 0-10% and 60 M in the
30-50% centrality classes respectively.

Figure 1. The correlation between the number of clusters on SDD
+ SSD and TPC. It is expected to be linear in clean events,
namely events without pileup collisions. The curve is the cri-
terion to select such clean events.

In this analysis, charged particles with pT > 0.2 GeV/c
and pseudo-rapidity |η | < 0.8 are selected. Hits on both
ITS and TPC are required to analyze charged particles from
the primary vertex. Especially, a hit on the first SPD layer,
which is the innermost tracker in ALICE, is required to re-
duce photon conversions (γ → e+e−) in detector materials.
The specific ionizing energy loss in unit length dE/dx mea-
sured in TPC for the electron identification described in Fig-
ure 2. To simplify the particle identification and to get rela-
tive distance from the expected value in unit of the number
of σ is introduced as:

nœi =
dE/dx−⟨dE/dx⟩i

œdE/dx,i
,

where, index i is for particle species, and ⟨dE/dx⟩ is
mean value and œdE/dx is standard deviation of the dE/dx.
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The electron band within |nœe| < 3 is selected and over-
lapped regions with pions and kaons, protons are rejected
by nœß > 3.5 and |nœK,p| > 3 respectively. In addition to
this, information on the time-of-flight with the TOF detec-
tor |nœTOF

e | < 3 is used to recover the rejected electrons at
the crossing region with charged hadrons above.

Figure 2. The number of sigmas based on ionizing energy loss in
unit length measured in TPC as a function of momentum of the
charged particle in minimum-bias Pb–Pb collisions at

√
sNN =

5.02 TeV, before (top) and after (bottom) electron selection.

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:
e+e+ or e−e−). Signal S is defined as :

S = N+−−2R×
√

N++ ·N−−,

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

R =
Nmix
+−

2×
√

Nmix
++ ·Nmix

−−

The reconstruction efficiency for dielectron pairs is eval-
uated in the Monte-Carlo simulation together with detec-
tor response. The corrected dielectron invariant mass dis-
tribution is shown in Figure 3. Data points are described
within the cocktail uncertainty (gray band) originating from
hadron measurements. The excess at mee < 0.5 GeV/c2 is
interpreted as virtual photon signals to be understood in fur-
ther studies.

3. Summary and outlook
The measurement of dielectron production is performed

in central Pb–Pb collisions at
√

sNN = 5.02 TeV recorded in
2018. The corrected dielectron invariant mass distribution
have been extracted. Virtual photon signals are observed in
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Figure 3. The corrected invariant mass distribution in cen-
tral Pb–Pb collisions at

√
sNN = 5.02 TeV. The data points

are compared with known hadronic sources. The vertical bar
represents the statistical uncertainty. The excess at mee < 0.5
GeV/c2 is interpreted as virtual photon signals.

the mass range of mee < 0.5 GeV/c2. An estimation of sys-
tematic uncertainties (e.g. tracking performance and parti-
cle identification etc.) is on-going. The direct photon ex-
cess will be extracted and compared to real direct photons
at the next step. For the ultimate goal, the thermal radia-
tion will be studied in order to understand the space-time
evolution [5, 6] of high-energy heavy-ion collisions.

References
[1] A. Bazavov et al., Phys. Rev. D 85, 054503 (2012)
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Correction to space-charge distortion with machine leaning approach for the
ALICE-TPC

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

1. Introduction
A Large Ion Collider Experiment (ALICE) [1] at the

Large Hadron Collider (LHC) is an experiment dedicated to
high-energy heavy-ion collisions in order to study strongly
interacting matter at the highest energy density, an extreme
phase of matter called quark-gluon plasma (QGP). Our
early universe is thought to have been in such a state at
10−6 ∼ 10−5 second after the Big Bang.

The Time Projection Chamber (TPC) in ALICE [2] is a
gaseous tracking detector at the mid-rapidity. The recon-
struction of charged particles and the particle identification
are carried out. The momentum of charged particle is mea-
sured by the curvature of the trajectories in the solenoid
magnet at 0.5 T. The particle identification is performed by
the energy loss in the gas. An electric field of 400 V/cm is
achieved in the drift volume of TPC by applying -100 kV
at the central electrode. The fine-segmented field cage on
the inner and outer wall allows a very high homogeneity
of the electric field. The readout chamber at the end cap
(z =±250 cm) is divided into 18 sectors in azimuthal angle
φ . In each sector, there are inner and outer readout chamber,
called IROC and OROC, whose active area are between 85
and 132 cm for IROC, and 135 and 247 cm for OROC in ra-
dial direction. The readout chambers consist of Multi-Wire
Proportional Chamber (MWPC) with gating grid in Run 1
(2009-2013) and 2 (2015-2018).

In Run 3 starting from 2021, LHC experiments will take
data in Pb–Pb collisions at

√
sNN = 5.5 TeV, which is the

highest collision energy all over the world. Currently, up-
grade of the TPC [3] is ongoing in order to accumulate huge
statistics. The new readout chamber consists of stacks of
four Gas Electron Multiplier (GEM) foils without gating
grid which enables continuous data taking in Pb-Pb colli-
sions at 50 kHz. Under the high collision rate, a lot of posi-
tive ions is produced by the amplification process on GEMs.
With the gain of the GEMs of 2000 and 1% of IBF, 20 ions
per a primary electron are expected to go back to the drift
volume. Due to the long drifting time for positive ion 160
ms, 8000 pileup collisions are expected in this time win-
dow, meaning that the electric field inside the drift volume
is distorted and needs to be corrected.

2. Strategy for calibration
The simulated space-charge density ρSC at 50 kHz of Pb-

Pb collisions is shown in Figure 1. The resulting distor-
tion in radial direction dr obtained by solving Poisson and
Langevin equation is shown in Figure 2. It is shown that
electrons deflect towards the radial center of the drift vol-
ume. The absolute value of the distortions in radial direc-
tion dr increases towards the inner and outer wall, reaching
20 cm at the inner wall close to the central electrode. The

Figure 1. The simulated space-charge density ρSC at 50 kHz of
Pb-Pb collisions in r-z plane. The striped pattern in z origi-
nating from the fluctuation of the charged-particle multiplicity
corresponds to timing structure of collisions.

calibration will be performed in two steps. A first correction
is applied online before tracking. The TPC clusters are cor-
rected by a 3D correction map obtained by tracklets from
the Inner Tracking System (ITS), Transition Radiation De-
tector (TRD) and Time-Of-Flight detector (TOF) as a refer-
ence for the true track position. The map is updated to the
current average charged particles density in the time interval
of O(min) scaled by the digital currents from the readout
chambers integrated over the drifting time of ions. At the
second step, the space-charge density fluctuations O(mm)
are taken into account and the intrinsic resolution of TPC
O(200µm) must be restored. The correction has to be ap-
plied for every about 5 ms with scaling a high-resolution
map by the integrated digital currents. The high-resolution
correction map is obtained by reference tracks interpolated
from ITS, TOF and TRD.

3. Machine learning approach
In this study, the goal is to correct the residual distortion

fluctuation from O(mm) to O(200µm). Standard way is
to solve Poisson equation and obtain the distorted electric
field map. Then, by solving the Langevin equation, dis-
tortions of drift lines are finally obtained. Here, numerical
calculations take O(0.5s) with 105 voxels. Alternative ap-
proach to speed up the computation is to use machine learn-
ing approach. In order to correct rapidly, convolutional neu-
ral network (CNN) is employed in a correction framework.
UNet model [4] is used so far. It is originally developed
for biomedical image segmentation. The variables for input
and output are following :

⟨ρSC⟩,ρSC −⟨ρSC⟩ ↔ dr−⟨dr⟩,rdφ −⟨rdφ⟩,dz−⟨dz⟩.
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Figure 2. The expected distortion in radial direction dr at 50 kHz
of Pb-Pb collisions in r-z plane.

The network is trained by the correlation between space-
charge density fluctuations ρSC −⟨ρSC⟩ and distortion fluc-
tuations (dX − ⟨dX⟩, X = r,rφ,z). As the fluctuation
strongly depends on mean value of space-change density
⟨ρSC⟩, it is also used as one of the training inputs here. In
the simulated data, space points in the TPC volume is di-
vided into (r,φ,z) = (33,180,33). The training is performed
on a GPU server (Tesla V100 [5]) at CERN and takes about
20 minutes for 105 voxels. After the training, the network
predicts distortion fluctuations within 10 µs from the space-
charge density and its fluctuation. Figure 3 shows the root
mean square error (RMSE) of the difference between pre-
dicted and numerical distortion fluctuations in radial direc-
tion as a function of the number of epochs, which indicates
the training is converged well in different configurations.
Figure 4 shows the mean value and RMSE in radial direc-
tion as a function of the radius in TPC for 0 < z < 5 cm
and the relative space-charge fluctuation is 5 ∼ 7 % corre-
sponding to 1 σ . RMSE increases towards the most inner
radius for all models and reaches 600 µm for the high grid
granularity. These results indicate that the models for grid
size 90× 17 with 10k training events is trained well, but
undertrained for 180×33 with 18k training events.

Figure 3. RMSE between predicted value and numerical calcu-
lation of distortion fluctuations as a function of the number of
epochs. The training converges well.

Figure 4. The mean value µ and RMSE of the difference be-
tween predicted value and numerical calculation of distortion
fluctuations in radial direction.

4. Summary and outlook
ALICE will take Pb–Pb data continuously at 50 kHz with

the upgraded GEM-TPC from Run 3. Under the high colli-
sion rate, huge space-charge distortions of the electric field
in the TPC is expected. In order to correct the distortions, a
machine-learning-based framework is being developed. At
the current stage, the results do not satisfy the required res-
olution ±200 ¯m yet. For further study, it is suggeted to
apply another correction by taking only z direction into ac-
count before the 3D correction. As the z direction in TPC
is equivalent to the collision timing, the fluctuation of the
space-charge density shows strong z dependence. Thus, a
simplifid 1D(z) correction is expected to reduce the distor-
tion fluctuation.
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Long-range correlation in small collision systems with ALICE
Y. Sekiguchi for the ALICE Collaboration

Center for Nuclear Study, Graduate School of Science, the University of Tokyo

1. Introduction
The long-range correlations in the rapidity space, called

”ridge”, were firstly observed in Au–Au collisions at√
sNN= 200 GeV at RHIC [1, 2]. The long-range corre-

lations are well understood as derived from the collective
expansion of the initial collision geometry and its fluctua-
tions in heavy-ion collisions. Similar long-range correla-
tions have been observed in high-multiplicity pp and p–Pb
collisions at the LHC [3]. The measurements of a ridge
structure with a large rapidity gap and its multiplicity de-
pendence are important for quantifying the final-state in-
teractions. We presents results on long-range two-particle
correlations with a pseudorapidity gap |∆η | ∼ 8, which is
an unprecedented ∆η range at the LHC, and extracted the
second-order azimuthal anisotropy as a function of pseu-
dorapidity (v2( )) at −3.4 < η < 5 in p–Pb collisions at√

sNN=5.02 TeV.

2. Experimental setup
The main sub-detectors in this analysis are the Time Pro-

jection Chamber (TPC) and the Forward Multiplicity De-
tector (FMD). The TPC is used for charged particle track-
ing. It covers a pseudorapidity of |η | < 0.8, where a 2π
coverage in azimuthal angle is ensured. The FMD is located
at −3.4< η < −1.7 (FMD3) and 1.7< η <5.1 (FMD1,2)
with 2π acceptance in azimuthal angle. The FMD is not a
tracking detector. However, it can measure the multiplic-
ities with a granularity of ∆φ = 1/20π and ∆η = 0.05.
For event trigger and centrality determination, the V0 de-
tectors, which are placed at −3.7< η < −1.7 (V0C) and
2.8< η <5.1 (V0A), are used. Minimum-bias events are
triggered by using a coincidence signal between V0A and
V0C. The positive pseudorapidity is in Pb-going direction
in p–Pb collisions.

3. Analysis
The two-particle correlations between trigger and asso-

ciated particles are measured as a function of the pseudo-
rapidity difference ∆η and the azimuthal angle difference
∆φ for a given event. The TPC can measure the track of
charged particles one by one, however, the FMD is not a
tracking detector and the multiplicities measured in each
FMD segment are treated as the number of tracks in the
average φ and η of each segment. The correlation function
as a function of ∆η and ∆φ between two charged particles
is defined as

1
Ntrig

d2Nasso

d∆ d∆’
=

S(∆η ,∆φ)
B(∆η ,∆φ)

, (1)

where Ntrig is the total number of triggered particles in the

event class, the signal distribution S(∆η ,∆φ) = 1
Ntrig

d2Nsame
d∆ d∆’

is the associated yield per trigger particle in the same event,
and the background function B(∆η ,∆φ) = α d2Nmixed

d∆ d∆’ is the
pair yield between trigger in one event and associated par-
ticles from other events in the same event class. The α
factor is chosen so that B(∆η ,∆φ) is unity at the maxi-
mum bin. By dividing S(∆η ,∆φ) by B(∆η ,∆φ), pair ac-
ceptance and pair efficiency are corrected. Figure 1 shows
the associated yield per unidentified hadron trigger parti-
cles for TPC-FMD1,2 at 2.9 < η <3.1 (left) and TPC-
FMD3 at -3.1< η <-2.9 (center) with 0.2< ptrig

T <3 GeV
and FMD1,2–FMD3 correlations between 4.6< η <4.8 and
-3.1< η <-2.9 (right) in 0–5 % and 60–100 %centrality
classes, respectively. Centrality is a quantity that represents
the center of collision and the particle multiplicity is larger
in central collisions than in peripheral collisions. The long-
range correlations in the near-side (−π/2 < ∆φ < π/2),
called ridge, can be observed in 0–5% events for TPC-
FMD1,2, TPC-FMD3, and FMD1,2-FMD3, while it is not
significant in 60–100 % events.
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Figure 1. Correlation functions between TPC-FMD1,2 (left),
TPC-FMD3 (center), and FMD1,2-FMD3 (right) in central
collisions (0–5%) and in peripheral collisions (60–100% ), re-
spectively.
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Figure 2. Projection onto ∆φ of correlation functions in central
collisions (0–5%) between TPC-FMD1,2 (left), TPC-FMD3
(center), and FMD1,2-FMD3 (right), respectively

Figure 2 shows the projection of correlation functions
to ∆φ in central collisions (0–5%) for TPC-FMD1.2 (left),
TPC-FMD3 (center), and FMD1,2-FMD3 (right). The tem-
plate fitting procedure [4] is applied to reduce the non-flow
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Figure 3. Correlation functions in central events after the pe-
ripheral subtraction between TPC-FMD1,2 (left), TPC-FMD3
(center), and FMD1,2-FMD3 (right), respectively
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contamination from jets and resonance decay. The corre-
lation function is assumed to result from a superposition
of scaled correlations in peripheral events and flow compo-
nents.

Ycent.(∆φ) = FYperi.(∆φ)+G{1+2
3

∑
n=2

Vn cos(n∆φ)} (2)

Ycent.(∆φ) and Yperi.(∆φ) are the correlation functions in
central and peripheral events, respectively. F,G,Vn are
free parameters. Figure 3 shows correlation functions in
high-multiplicity events after the peripheral subtraction ((0–
5%)−(60–100%)) for TPC-FMD1,2 (left) and TPC-FMD3
(center), and FMD1,2-FMD3 (right). Long-range structure
on both the near and away side is observed up to ∆η ∼ 8
in central p–Pb collisions. From the relative modulations
Vn, the azimuthal anisotropy at a certain η can be obtained
by using the three-sub event method. V2 is the product of
v2(η1) and v2(η2). The pseudorapidity dependence of v2 is

obtained as

v2(ηFMD1,2) =

√
V2(ηTPC,ηFMD1,2)V2(ηFMD1,2,ηFMD3)

V2(ηTPC,ηFMD3)
. (3)

Since the measured pT region is different between TPC and
FMD, it is necessary to extrapolate v2 of the TPC region to
pT > 0 in order to compare v2 in the entire rapidity region.
The extrapolation factor is extracted by using pT spectrum
and pT differential v2.

α =

∫
0 v2

dN
d pT

d pT∫
0

dN
d pT

d pT
/

∫
0.2 v2

dN
d pT

d pT∫
0.2

dN
d pT

d pT
(4)

The integrated v2 is obtained as vpT>0
2 > αvpT>0.2

2 . Figure
4 shows the extracted v2(η) as a function of centrality in
p–Pb collisions after the pT extrapolation. The v2 is larger
in the central rapidity region than in the Pb-going direction
and the p-going direction. Figure 5 shows v2(η) in 0–20 %
centrality events compared to the hydro with Trento-initial
condition and A Multi-Phase Trans-port (AMPT) calcula-
tions. The hydro model calculation underestimates the data,
while the AMPT describes the data qualitatively over the
entire rapidity region. It indicates that the initial effect such
as initial momentum anisotropy and longitudinal fluctuation
plays an important role in small collision systems.

4. Summary
The long-range two-particle correlations are measured

by using the TPC and the FMD in p–Pb collisions at√
sNN=5.02 TeV. The long-range correlations are observed

up to ∆η ∼ 8 in central p–Pb collisions. The pseudorapidity
dependence of v2 is extracted by using the three-sub event
method. It has centrality and pseudorapidity dependence.
We also compared the data to the hydro and AMPT cal-
culations. The AMPT describes the data qualitatively over
the entire rapidity region while the Hydro calculation un-
derestimates the data. A model is required that describes
comprehensively from the initial state to the final states for
further discussion.
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Study of electron mobility in the mixed gas for the ionization chamber
N. Imai, Y. Nambua, M. Dozono, S. Michimasa, R. Tsunoda
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aDepartment of Physics, Rikkyo University

At the coming experiments for surrogate reactions at
OEDO, heavy reaction residues will be measured at the fi-
nal focal plane of the OEDO/SHARAQ beam line which
is placed downstream of the first dipole magnet of the
SHARAQ spectrometer. The final focal plane detectors
consist of two parallel plate avalanche counters (PPACs)
and an ionization chamber (IC). The PPACs tell us the tra-
jectory of the ions, while the IC measures the Bragg Curve,
which allow us to identify the reaction residues.

In the Day-0 experiment of the OEDO, the IC was filled
with tetrafluoromethane (CF4) of 100 Torr. Because the
beam intensity provided by OEDO is more than 104 cps,
the fast electron mobility is required to avoid the overlap-
ping the wave forms [1]. In general, it is well known that
in the CF4 gas the electron mobility is fast. However, the
drawback is that it functions as the quencher gas, namely it
reduces the number electrons produced by the ions. To im-
prove the resolving power of the Bragg Curve, the number
of electrons are as important as the electron mobility. In ad-
dition, in a reference it was reported that the higher electron
mobility was obtained by mixing Ar in CF4 [2]. The elec-
tron mobility and the amplitude by mixing Ar in CF4 was
studied.

Normally, the electron mobility is obtained as a function
of the reduced electric field, which is defined as the ratio of
the electric field to the pressure of gas. In the references, the
data were usually taken around 760 Torr or higher. On the
other hand, the pressure was as low as several 10 Torr for
our experiment because of the short range of low-energy
RI beams. The velocity of electron in the gas at the low-
pressure needs to be measured experimentally. To measure
the electron mobility in the low pressure, we made a small
ionization chamber and measured the mobility by changing
the pressure and the mixture rate of the gas.

Figure 1. A photo of the proportional counter. See the text in
detail.

The electron mobility is measured by the traveling time
of electrons in the uniform electric field. The pairs of elec-
tron and hole are produced by the energy loss of the α par-
ticle from 241Am. Because the energy loss of the α was too
low to measure in the ionization counter, four wires were

placed as proportional counters. The lid of the counter was

Figure 2. The distribution of the electric field simulated by
Garfield. The number of side slabs and the space between
them were changed to make a uniform electric field inside the
proportional chamber.

a 3 mm thick copper plate of 5×15 cm2 which was biased
with around -1000 V. Each side of the counter was covered
with five 0.8 cm-width copper slabs of 3 mm thickness with
0.2 cm space. A stainless mesh plate of 5 mm pitch was
placed at 10 cm below the lid. The mesh was connected to
the ground. The side slabs were connected via a 10 MΩ
register. In total 50 MΩ were connected. The width of
the side slabs were determined to make a uniform electric
field inside the counter. Figure 2 shows the simulated elec-
tric field using the Garfield [3]. Below the mesh plate, four
wires of Au/Cu of 50 µ diameters were placed to amplify
the number of the electrons. The wires were connected to-
gether to a preamplifier biased with around 700 V. At the
bottom of the counter, a 3mm thick copper plate was placed
and connected to the ground. At the long-side of the slab,
a hole of 1 cm diameter was made to pass the α particles
through. 241Am was placed around the hole at the one side
of the counter, while a photodiode was located around the
other side of the hole, to provide the start signals.
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The proportional counter was placed in the scattering
chamber. At first, the chamber was pumped down with a
turbo molecular pump to 0.1 Pa for 1 hours. Then the gas
of around 100 Torr was started to flow in the chamber. As
the gas, CF4 and mixture of Ar and CF4 were used, sepa-
rately. The mixture ratio of CF4 was changed from 10% to
100%. It was found that the gas flow needed to measure the
mobility. When the gas flow was stopped the mobility was
observed to decrease quickly because of the out-gas from
the chamber.

The circuit diagram is presented in Fig. 3. The time dif-
ference between the start and the stop signals were con-
verted to the analog output by Time to Analog Converter
and then recorded by the multi channel analyzer. To con-
firm the stability of the electron mobility, the measure-
ments were repeated five times. Each measurement time
was 2000 s.

Figure 3. The circuit diagram to measure the traveling time of
the electrons produced by the α particle from 241Am.

The electron velocity as a function of the reduced electric
field is shown in Fig. 4. The velocity with the pure CF4 gas
was around 9 cm/µs and peaked around E/P = 0.7 cm/µs.
On the other hand, when 40∼ 50% of Ar was mixed, the ve-
locity was observed to increase by 10%. When E/P value
increases, the velocity seems increase further. However,
when the reduced bias was higher than 0.8, discharge fre-
quently happened so that the data points were not measured.
On the other hand, once the CF4 gas was introduced, the
amplitude suddenly reduced and was observed to be inde-
pendent of the mixture ratio.

Although the dependence of the reduced electric field in
the literature are slightly different, the present result shows
that the mixture of Ar can increase the velocity, which was
observed to be consistent. Since the larger amplitude can-
not be expected with the mixture and the velocity won’t be
improved so much, we will adopt the pure CF4 gas in the
OEDO experiment.
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In NP1712-SHARAQ11, tri-neutron state will be studied
by the charge exchange reaction, 3H(3H, 3n)3He using the
SHARAQ spectrometer. The key device of the experiment
is a tritium-absorbed titanium target of 1.6 TBq which has
been developed by Tohoku and Toyama Universities. This
is the first experiment for SHARAQ to employ the unsealed
radioactive target.

Because tritium can be easily replaced with the hydrogen,
the legal regulation on the tritium is rather hard in Japan.
The highest possible radioactivity at the experimental vault
is 0.8 Bq/cm3 in the form of 1H3HO. The residual surface
activities needs to be less than 4 Bq/cm2.

The beam line must be in vacuum for the experiment,
namely the beam line will be always pumped by turbo
molecular pumps (TMPs). To limit the contamination of
3H to the beam line as small as possible, the vacuum of the
beam line, where the target is stored, should be separated
from the upstream beam-line. In the coming experiment,
a thin foil will be installed downstream of FE7. Down-
stream beam-line including four focal plane vacuum cham-
bers from FE8 to S2 will be pumped down only with the
TMP of 1000 L/s and a fore-line rotary pump of 1500 L/s
placed at S2. The valves in front of all other pumps will be
closed.

The tritium gas emerged from the target was taken care
at the hotlab in RIBF. The exhaust of the fore-line pump of
S2 was also stored and processed at the hotlab. At the ion
source of the isotope separator on-Line in Japan Atomic En-
ergy Agency (JAEA), the exhaust of the pumps was stored
in a buffer tank of 1000 L. By referring to the exhaust sys-
tem of JAEA [1], a buffer tank was designed and made for
the safety of the beam line at OEDO/SHARAQ.

As the first step, the out-gas rate from FE7 down to S2
was measured. The beam line from FE7 to S2 was con-
nected and the valves of all pumps other than S2 were
closed. The exhaust of the fore-line pump of S2 was con-
nected to a 30× 30× 30 cm3 buffer chamber, which was
in vacuum before the connection. Then, the pressure of
the buffer chamber was measured for 17 hours, as shown
in Fig. 1. It was found that the pressure increased gradu-
ally but that the ramping rate was not so high. The figure
indicates that even the small buffer chamber can store the
exhaust for several days until the pressure reaches an atom-
ospheric pressure. At the main experiment, a larger buffer
tank needs to keep exhaust for 1 month from the preparation
to the end of the main experiment. A large exhaust buffer
tank of 40 cm diameter and 100 cm length was made as
shown in Fig. 2. The stored gas which may include tritium
must be thrown away from the exhaust line of the hot-lab of
RIBF, which includes the special filter. To bring the buffer

Figure 1. The variation of the pressure of the beam line connected
from FE7 to S2 for 17 hours. The valves in front of the TMPs
except for S2 were closed.

chamber easily, the wheels were attached to the chamber.
To monitor the pressure of the buffer tank and the beam
lines, analog outputs of the vacuum gauges will be read and
recorded by the raspbery-pi. The logger is under develop-
ment.

Figure 2. The buffer tank of 40 cm diameter and 100 cm length.

Besides the buffer tank, to isolate the Ti-3H target at S0
from the beam line, two thin windows will be placed up-
stream and downstream of the target. Accordingly, to avoid
breaking the foils between the target chamber and the beam-
line, the differential pressure valves have been developed.
When the difference is larger 3 kPa, the vacuum lines to
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these two areas are closed not to break the thin foils.
The experiment will be conducted in the first half of

2021.
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1. Introduction
The OEDO system [1] was launched in the end of fiscal year
2016 at RI Beam Factory to promote experimental nuclear
studies via direct reactions induced by intense slowed-down
RI beams at around 50 MeV/u with BigRIPS separator [2]
and High-resolution beamline [3]. To obtain a slowed-down
beam with a small spot size and a small energy spread, the
system transforms the spreads of horizontal position and an-
gle of the beam to the timing spread. This ion optics cor-
responds to the rotation of the phase space ellipse on the
position-timing plane, as shown illustratively in Fig. 11 of
Ref. [1]. The main components of the OEDO system are an
aluminum degrader at the entrance of the system, a radio-
frequency electric-field deflector (RFD) synchronized with
the cyclotron’s RF (= 18.25 MHz) and 2 sets of supercon-
ducting triplet quadrupole (STQ) magnets. The degrader is
installed to control the beam energy, and the STQs provide a
stable magnetic field to transport beam particles effectively.
The RFD provides a sinusoidal electric field horizontally to
rotate the phase space ellipse on the lateral-timing plane,
where a voltage of ∼ 300 kV is typically applied between
the RFD electrodes.

To date, a lot of experimental proposals using OEDO are
under discussion. Among them, γ-ray spectroscopy is a po-
tential techniques for maximizing the performance of exper-
iments at OEDO. However, while operating the RFD, strong
x rays are produced by collisions between RFD electrodes
and electrons accelerated by the RF electric field. The X
rays from the RFD will introduce accidental coincidences
in the γ-ray spectra measured at the secondary target. With
the intention of performing γ-ray spectroscopy at OEDO,
we measured x-ray spectra at the secondary target location
as a function of RFD operation high voltage (HV), and ex-
amined the impact of a lead shield on reducing the x-ray
background.

2. Measurement
We obtained x-ray spectra by using a CeBr3 scintillator with
a photomultiplier tube. The detector setup is illustrated in
Fig. 1. A CeBr3 crystal of 1 inch in diameter and depth was
set at the S0 focus, the specified site for installation of sec-
ondary targets for RI beams. Signals from the crystal were
sharp with a decay time ∼ 70 ns, meaning the x-ray spec-
tra were collected with almost no pile-up events. To check

S0 STQ STQ
RFD

CeBr3 Pb
Beam

SHARAQ BigRIPS

1m

Figure 1. Detector setup for measurements around OEDO RFD.
Details are written in text.

effectivity of x-ray shielding at the RFD, a lead plate (Pb)
with a size of 1000 mm(H)×1500 mm(V)×8 mm(T) was
set downstream of the RFD (on the same side of CeBr3).
Figure 2 is a photograph of the lead shield with a part of
RFD. The vertical center of the plate was set to be the height

RFD

Lead shield

CeBr
3

Figure 2. A photograph of the lead shield of RFD.

of the beam axis. By using the detector setup, we measured
a time structure and energy spectrum of background x-rays
with and without the lead shield.

3. Results
The time structure of x-rays detected at S0 is shown in
Fig. 3. The x axis corresponds to a phase of the applied

Figure 3. Time structure of x rays from RFD at S0. The shown
spectrum was obtained without the lead shield.

RFD high voltage, and the colored hatches show half peri-
ods of operation frequency. The figure illustrates that the
x-ray intensity strongly correlates with the function of ap-
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plied voltage. Therefore, it is assumed that x rays from
the RFD reach the detector with minimal scatterings on the
wall, floor and/or roof of the experimental room.

Based on this assumption, the lead shield was positioned
to shade the view downstream from the RFD. Figure 4
shows x-ray energy spectra, where colors indicate operation
voltages of OEDO. The figure clearly illustrates a rapid in-

200

250

300 320

Figure 4. Energy spectra of x rays from RFD at several operation
voltages. Inset shows total count rate as the function of the
operation voltage.

crease of the x-ray background as the function of HV. As
shown in the inset, the total x-ray count rate closely follows
an exponential function. However, obtained x-ray energy
distributions are relatively similar for different HVs with
the exception of their intensity. The most frequent energies
of the distributions are ∼ 100 keV in all the spectra. There-
fore, to reduce the background x rays, the shielding of x
rays at ∼ 100 keV is considered to be most efficient.

For 100-keV x rays, the reduction ratios of 20-mm-thick
aluminum and 20-mm-thick iron are respectively estimated
to be 7% and 94%. Therefore, heavier elements, such as
lead, are suitable as a shield material for the RFD. Fig-
ure 5 shows a comparison between background x-ray en-
ergy spectra with and without the lead shield. Although the

without Pb shield

with Pb shield

320 kV

Figure 5. Energy spectra of x rays from RFD at 320 kV with and
without the lead shield.

shielding area was relatively small, it was confirmed that
this lead plate reduced the detection rate of background x
rays by 1/164. An energy dependence of x-ray reduction

is found to be almost constant. Also, it was confirmed that
a shielding of the view between RFD and photon detectors
was very effective. Now the background count rate of x
rays could be reduced down to about 500 counts/sec, and
this rate is acceptable to perform γ-ray spectroscopic stud-
ies at OEDO.

4. Perspective
The present measurement provided a positive result about
x-ray background reduction by using lead shielding of the
RFD. In order to effectively detect the de-excitation γ-rays
from the secondary target, a lot of γ-ray detectors will be
positioned to surround the secondary target at S0. There-
fore, it is mandatory to increase the number of lead shield
and shade direct photons from the RFD to the detectors.
Soon, we will prepare the additional lead shields and exam-
ine the background reduction by using a larger shield at the
RFD.
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Construction of the OEDO (Optimized Energy Degrad-
ing Optics) system [1] was completed in 2017. The prin-
ciple aim of OEDO is to provide medium-heavy energy-
degraded radioactive ion (RI) beams for both nuclear
physics and nuclear astrophysics studies. The system is
designed to slow down beams provided by the BigRIPS
SRC from ∼ 200 MeV/u to 15−50 MeV/u, thereby access-
ing a mass-energy region previously unreachable by current
RI beam facilities. Experiments performed at OEDO can
also incorporate the high-resolution SHARAQ spectrome-
ter located downstream of OEDO. Details of SHARAQ may
be found in reference [2]. The OEDO-SHARAQ system
has already been used in the study of transfer reactions on
77,79Se, 93Zr, and 107Pd. Data analysis of these studies is
ongoing and results are expected to be published soon.

Following this early success, a new experiment was ac-
cepted for machine time (MT) at BigRIPS-OEDO to mea-
sure the 130Sn(n,γ)131Sn reaction cross-section using the
surrogate technique. Situated close to the N=82 second
r-process peak, 130Sn is an essential probe to confirm as-
trophysical production sites of isotopes heavier than iron.
Results from this study are expected to expand our knowl-
edge of present reaction rates in the A=130, N=82 region of
the nuclear chart, thereby improving the r-process calcula-
tions. This report covers the work performed in fiscal year
2020 towards finding a good optics solution for the OEDO
experiment.

Beamtime is expected to be allocated during spring 2022.
A 130Sn50+ beam will be produced at F0 by bombarding a
3 mm thick 9Be target with a 345 MeV/u 238U86+ beam.
The 130Sn will be accelerated into the BigRIPS beamline at
energy 338 MeV/u and subsequently slow down through Al
degraders to an energy 20 MeV/u at the S0 focus in OEDO.
At S0 a solid CD2 target of thickness 0.3 mg/cm2 will be
installed, and surrounded by the TINA silicon-detector ar-
ray [3]. For this study the angle-tunable wedge degrader
at FE9 and the OEDO RF deflector (RFD) located at FE10
will be required to filter the beam energy at S0, and the first
half of SHARAQ (two quadrupoles and one dipole) will be
used to analyze the reaction fragments at S1.

The beam trajectories calculated by ion-transport code
COSY between F3 - FE9 are shown in figure 1. The beam
parameters (in 1 œ) at F3 were assumed to be x = 3 mm,
a = 20 mrad, y = 3 mm, b = 30 mrad, and δ = 3.5 %. The
1st order matrix elements are provided in table 1. The F3 -
FE9 focusing is set as dispersive focus, and for the present
study is described by (x|δ )F3-FE9 ≃ 12 mm/%.

Precise control over the secondary beam energy and fo-
cusing at S0 will be possible by using an angle-tunable

Figure 1. COSY-calculated 1st order beam trajectories in the X
and Y planes between F3 - FE9 for upcoming 130Sn study at
OEDO-SHARAQ.

Table 1. COSY matrix elements of F3 - FE9 for present OEDO
configuration. The reference particle is 132Sn at 279 MeV/u.
x and y in mm, a and b in mrad, and δ is energy dispersion in
%.

|x) |a) |y) |b) |δ )
(x| +1.03 +0.00 +0.00 +0.00 +12.03
(a| +1.07 +0.97 +0.00 +0.00 -0.97
(y| +0.00 +0.00 -5.00 +0.00 +0.00
(b| +0.00 +0.00 -1.69 -0.20 +0.00
(δ | +0.00 +0.00 +0.00 +0.00 +1.00

wedge degrader [4] installed at the FE9 focal position of
OEDO. The FE9 degrader consists of two aluminum plates
each with a quadratic cross section, with a total thickness x
given by the function:

f (x) = (4c1x0 +2c2)x+d0

where x0 is the horizontal offset between the two plates,
and c1 and c2 are coefficients 1/9000 mm−1 and 0.01,
respectively. The wedge angle, α , is calculated as
tan−1(4c1x0 +2c2) and the central thickness is d0 = 3 mm.
The wedge angle may therefore be varied between
0−40 mrad by adjusting x0 between −45 and +45 mm.
The central degrader thickness at FE9 may be increased
by d1 using additional Al flat plates downstream from the
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wedge degrader. For the planned BigRIPS degrader config-
uration an additional flat degrader of thickness ∼ 5.1 mm
at FE9 is required to slow down2 the 130Sn to the desired
20 MeV/u energy. The degrader angle is calculated as [4]:

(δ |δ )total = (δ |x)d(x|δ )F3-FE9 +(δ |δ )d

where we introduce [5]:

(δ |x)d =
−1

γR
(

1− d0+d1
R

) (
ffid
ffix

)
x=0

γ =
ln
(

1− d0+d1
R

)
ln
(

Ed
E0

)
(δ |δ )d =

1

1− d0
R

where R is the total range through the degrader, E0 and Ed
are the beam energies pre- and post-degrader, respectively,
and

(
δd
δx

)
x=0

is the degrader angle, tan(α). To achieve
the desired mono-energetic beam post-degrader, the condi-
tion (δ |δ )total ∼ 0 is imposed. For a 130Sn beam of energy
173.9 MeV/u incident on a 5.1 mm Al degrader, a calculated
degrader angle α = 6.9 mrad is required for (δ |δ )total < 0.1.
This wedge angle was independently verified with Monte
Carlo simulation code “beamsimu” originally written by
J.W. Hwang.

In addition to the FE9 degrader, the RFD parameters,
specifically voltage and phase, need to be tuned to filter the
desired 20 MeV/u 130Sn for this study. The optimal param-
eters were determined using the “beamsimu” code, which
models the RF effect on the beam position, x, and angle, a,
as a function of peak voltage, V0, and phase, ϕ [6]:

x =x0 + la0 +
1

Bρ
V0

dw
cos(ϕ)

+
1

Bρ
lV0

dw2T
[sin(ϕ)− sin(wT +ϕ)]

a =a0 +
1

Bρ
V0

dw
[cos(ϕ)− cos(wT +ϕ)]

where l is the RFD electrode length (1.2 m), d is the RFD
electrode separation (0.2 m), Bρ is the beam’s magnetic
rigidity, T is the time-of-flight through the RFD, w is the
angular frequency3, and x0 and a0 are the beam ion’s initial
position and angle, respectively. To determine ideal RFD
settings the “beamsimu” code simulated a range of phases
and voltages. Figure 2 shows the 130Sn horizontal position
at target position S0, gated on beam energy 20±2 MeV/u,
for different phases (V0 fixed at 180 kV) and voltages (ϕ
fixed at 80o). The optimal RFD settings simulated for this
study are ϕ = 80o and V0 = 215 kV, however the S0 hor-
izontal position of 1σ = 37 mm is broader than the CD2
target radius rtarg = 25 mm, which is clearly undesirable.

2Range and energy loss determined from ATIMA 1.2 stopping-power ta-
bles.
3w = 2ß f where f is the BigRIPS SRC RF = 18.25 MHz

7.3cm
(a) b

7.3cm
(b) b

Figure 2. Horizontal position at S0 determined by “beamsimu”
code when adjusting a) RFD phase or b) RFD voltage. An
RFD setting of phase = 80o and voltage = 215 kV looks op-
timal, however the width needs reducing to match the target
radius (25 mm).

The focusing power of the OEDO beamline is inhib-
ited by its weakest magnet, which is presently the QE19
quadrupole located between focal positions FE11 and
FE12. To remove this limitation the FE10 - FE12 section
of the OEDO beamline will be reconfigured in spring 2021
such that QE19 is no longer used. The planned setup is ex-
pected to both improve the horizontal focusing at S0 and
increase the F3 - S0 transmission by approximately three-
fold. This future setup will be used for the first time by
experiments during the BigRIPS-SHARAQ light-ion cam-
paign, scheduled between May - June 2021. Following this
campaign the optimal optics conditions will need to be re-
calculated for the 130Sn study, the MT of which is expected
to run during spring 2022.
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Strip Readout PPAC (SR-PPAC) is a tracking detector for
heavy ion aimed at high efficiency and position resolution
even for high intensity RI beams. SR-PPAC has a fast re-
sponce owing to correcting the signals of electrons from
each strip of cathode plane individualy and directly. We
have tested its parformance using 132Xe beam with inten-
sity of 700 kppp and obtained 230 µm (FWHM) reslution
which can be comparable to LP-MWDC [1,2].

For the position extraction, charge distribution on the
cathode plane is uesd. Figure 1 shows a induced charge dis-
tribution on a cathode plane. ID0, ID1 and ID2 denote the
highest charged-strip and the second-highest and the third
respectively, Define Q0, Q1 and Q2 as the amount of charge
of ID0, ID1 and ID2. There is a correlation between the
charge difference, Q0 - Q1, and the beam position. The
correlation is generally non-linear. However, assuming the
uniformity of the beam distriution, the integration value of
Q0 - Q1, define as δq, can be written as the single-valued
funciton of the beam position. The distance from the edge
of strip to the beam position, defined as δx, is given by the
following formula,

k(δq) =
∫ δq

0 f (q)dq∫ Q
0 f (q)dq

(1)

δx =
s
2
× k(δq) (2)

where k(δq) is the conversion coefficient as a function of
the charge difference given by a integral of a distribution of
charge difference f (q). Q represents the maximum value
of charge difference. s in the formula (2) is the strip size
of the cathode. For instance, in the case that a beam comes
to center of a strip, δq will be Q or δx is zero, and when
a beam comes to edge of a strip, δq will be zero or δx is
the half of a strip size. Figure 2 shows an example of a
distribution of charge difference which is corresponding to
f in the formula (1), and the conversion coefficient k derived
from f . In the end, the beam position will be given by the
following formula.

x = x0 ± (
s
2
−δx) (3)

where x0 is the position of the strip ID0. The pluse or
minus sign in the formula (3) is determined depending on
which side of ID0 a beam passed through.

In the previous study, we realized that the position dis-
tribution calculated by SR-PPAC has position dependence.
Figure 3 shows the correlation between beam position cal-
culated using LP-MWDC as a reference and its difference
between positoin calculated using SR-PPAC. The deviation

of Y-axis is correspoinding to the resolution of the detec-
tors. Top two figures are the correlations calculated in the
manner of formula (3). The right figure shows distribution
of one strip. There are peaks at center of the strips and the
distribution is discontinuous. When the beam comes around
center of a strip, the value of Q1 and Q2 is almost the same,
Therefore, the second highest charged strip can not be se-
lected correctly due to the fluctuation. Consequentaly, the
resolution become worse around center of strips, as seen in
Fig.3.

y

z

x

Figure 1. Illustration of charge distribution induced on the striped
cathode. ID0,ID1 and ID2 represents the highest-, the sec-
ond-highest, and the third-highest charged strip respectivly.x
is beam position and δx is distance from the edge of a strip.
The z axis is along the beam direction.

dq [ns]

C
o
u
n
ts

  
[a

.u
.]

dq [ns]

k
 (
d
q
) 

(i) (ii)

Figure 2. (i) Example of distribution of charge different between
Q0 and Q1 denoted as dq. The distribution is correspoinding
to f in formula (1). (ii) Conversion coefficient for calculating
position from charge difference.

This problem can be solved by using a method without
selecting Q1 strip considering the amount of charge. First,
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calculate the conversion coefficiant using a difference be-
tween Q0 and charge of the left side strip of ID0 and the
position. In the same way, calculate the position using dif-
ference between Q0 and charge of the right strip . Finally,
take the charge wighted average of xL and xR as following.

x =
(Q0 −QR)

(2Q0 −QL −QR)
× xL

+
(Q0 −QL)

(2Q0 −QL −QR)
× xR

(4)

where QL and QR are the charge of left or right side strip
and xL and xR are the position derived by Q0−QL and Q0−
QR.

The bottom two figures of Fig.3 show the result of the
calculation using formula (4). The position dependence as
seen in the top figures is improved and the distribution is
continuous. The position resolution overall is improved by
10 µm (σ ).

The position dependence of resolution within a strip can
be improved by this new method, but the distribution re-
mains zigzag corresponding to strip size as seen in left fig-
ure of Fig.3. This may be caused by the difference of gain of
each strips. We are now going to develop a way of calibrate
the charge of strips.
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Figure 3. (i) The correlation between reference position and
difference between the reference and position calculated by
SR-PPAC. The deviation of Y-axis is corresponding to the po-
sition resolution. The right figure shows the distribution of one
stip. The strip size was 2.55 mm. The distribution is discon-
tinuous at center of the strip. (ii) The result of new method
descrived as formula (4).
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One of the difficulties associated with in-beam gamma-
ray spectroscopy experiments is that the energy resolution
of gamma-rays emitted from nuclei deteriorates due to the
effect of Doppler shift. Therefore, it is important to develop
a position-sensitive gamma-ray detector that can compen-
sate for the Doppler shift accurately in order to study the nu-
clear structure with high resolution. The position-sensitive
Ge detector GRAPE (Gamma-Ray detecter Array with Po-
sition sensitivity and Energy) can derive the position of
gamma-ray interaction in the detector using waveform anal-
ysis.

GRAPE is a Ge detector array consisting of 18 detec-
tors with gamma-ray interaction position sensitivity. Inside
the hexagonal metal container, there is a cylindrical crystal
of 70 mm diameter and 20 mm thickness. Two Ge crys-
tals sandwich an anode of 70 mm diameter (applied voltage
2000 V). The cathode is circular in shape with a diameter
of 60 mm and is divided into 3×3 segments, each of which
reads the signal independently. x, y, and z axes are defined
as shown in Fig. 1.

Figure 1. Crystals in one detector of the GRAPE and definition of the spatial axis

For the data acquisition system, we used the APV7110
module from Techno AP, a VME-type radiation mea-
surement device equipped with Digital Signal Processing
(DSP).(Fig. 2.) It has a built-in internal clock and times-
tamps the event data at 10 ns intervals. The TCP/IP proto-
col is used for data communication between the module and
the CPU.

Figure 2. Schematic diagram of the elecrical circuits in APV7110.

In the experiment, we focused on the events where the
gamma rays entering the 6th segment caused 90 degree
Compton scattering and the scattered gamma rays were de-
tected at the 3rd and 9th segments in the Ge crystal. A dia-
gram of the setup is shown in Fig. 3. The incident gamma
rays are scattered through a lead collimator of 2 mm di-
ameter and 60 mm thickness to narrow down the scattering
angle. The gamma-ray source used was 2-MBq of 137Cs
(CS516CE, JRIA). The distance between the gamma-ray in-
teraction point and the anode (z-axis direction) was changed
to z=0, 4, 8, 12, 16, and 20 mm, and the z-dependence of
the waveform was confirmed. a two-axis electoric actua-
tor (EZHS6A-20 and EZHS4A-20M, ORIENTAL MOTOR
Co.,LTD) was used to change the z-axis direction. The elec-
tric actuator can move 0.01 mm per pulse, so we used a USB
GPIO to control the actuator with 0.01 mm accuracy.

Figure 3. Top view of the experimental setup

For the event construction and data analysis system, we
used“Fruit”and“Juice”, which are developed by Yamagu-
chi et al. [2]. The typical waveforms of the nsegments when
the gamma rays interacted with the sixth segment are shown
in Fig. 4. Here we can see that segments 3, 5, and 9, which
are adjacent to the sixth segment, also have characteristic
waveforms. The output waveforms of the nine segments af-
ter narrowing down the events are shown in Fig. 5 Here, the
scale of the vertical axis is changed between the waveform
of the segment where the gamma rays first interacted and
the waveform of the other segments.
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Figure 4. Waveforms of a 662-keV gamma ray interacting with
only the sixth segment.

Figure 5. Waveforms of a 662-keV gamma ray interacting in not
only the sixth segment but also the third segment.

Figure 6 shows the z-dependence of the waveform of the
sixth segment, where the averages of about 50 events were
drawn at z = 0, 4, 8, 12, 16, and 20 mm, respectively.

Figure 6. The z-dependence of the waveform of the sixth segment.

For machine learning, the success rate of waveform clas-
sification was 25% when 1st, 2nd, 3rd, and 4th order mo-
ments were used as features. The reason for the low clas-
sification success rate is the small amount of data and the
large uncertainty of the gamma-ray interaction point caused
by the angular fluctuation of the incident gamma rays. In

the future, We plan to perform experiments with setups that
allows us to minimize the uncertainty of the gamma-ray in-
teraction points as much as possible, and analyze the wave-
forms using deep learning libraries such as Keras. The
deep learning is a technology that can be used to learn data
without any human intervention, from feature design to fea-
ture selection. The relationship between the waveform and
the z position can be trained by using the teacher data of the
gamma-ray sources. By using the training results, the ac-
tual interacting points of the gamma rays emitted from the
nuclei in beam will be deduced.
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Development of neutron radiation shielding at CRIB
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CRIB [1–3], a low-energy radioactive isotope (RI) beam
separator of the Center for Nuclear Study, has been in op-
eration for almost 20 years since it was launched. With ac-
cumulating experience and developments of experimental
devices such as the Wien filter and the cryogenic system for
the primary gas target [4], the beam intensity is increasing
year by year. Currently, the primary gas target body, in-
stalled in the F0 chamber, is also under further development
aiming at higher heat durability against beam injection. Al-
though maximizing beam intensity is preferred for RI beam
experiments in general, it may also poses a challenge to the
experimental devices. One of the serious problems that we
face is the damage of the electronics involving semicon-
ductor devices presumably by radiation of fast neutron-rays
(> 500 keV) associated with the secondary beam produc-
tion. Such problems often interrupt the machine time for
losing communication to these devices (such as the pro-
grammable logic controllers of the CRIB touch panel for
the drive and vacuum systems). Therefore, controlling neu-
tron radiation to protect them is particularly important in
recent and future CRIB experiments with increase of beam
intensity.

We firstly surveyed neutron radiation distribution in
Room E7 of RIKEN Nishina Building, where CRIB set-
tles, to identify the main neutron-ray source. The measure-
ment was done with an actual beam (24Mg, 7.5 MeV/u,
0.39 pµA) impinging on the primary target (3He gas at
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Figure 1. Neutron dose distribution in Room E7 of Nishina
Building with the 24Mg beam, surveyed by TLDs and the per-
manent neutron area monitors. The stars indicate the TLD po-
sitions and the numbers identify the TLDs used in the neutron
shield test with the 16O beam.

230 Torr confined by 3-µm-thick Ti windows) at F0 us-
ing eight thermoluminescence dosimeters (TLDs) and two
permanent area monitors. The position arrangement of the
TLDs and the area monitors and the measured doses after
the machine time are shown in Fig 1. It clearly shows that
F0 chamber is the main neutron-ray source with the highest
dose of 7756 µSv rather than the bending magnet between
F0 and the AVF cyclotron or the beam dump inside the D1
magnet. The distribution of the dose measured at each po-
sition is written in Fig. 1.

The result suggests that there is a possibility to reduce the
neutron radiation by surrounding the F0 chamber with ma-
terials to primarily slow down neutron rays. Polyethylene
(PE) is commonly used for this purpose because it contains
many hydrogen atoms which effectively absorb neutron ki-
netic energy by elastic scattering. The energy of the neu-
tron ray at CRIB is considered as of the order of MeV at
most because the typical primary beam energy is less than
10 MeV/u. The dose of a-few-MeV neutron rays may be
reduced to 1/10 by PE blocks with a thickness of 20–30 cm
[5]. Once the neutron velocity distribution are moderated,
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with B-PE shield
TLD+PD #3&6

with B-PE shield

Touch panelTouch panel

#2&3: without F0 shield - (a)

#5&6: with F0 shield - (b)
#2&3: without F0 shield - (a)

#5&6: with F0 shield - (b)

TLD+PD #2&5

without shield

TLD+PD #2&5

without shield

(a) (b)

(c)

TLD+PD #1TLD+PD #1
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F0 chamber 

without shield

TLD+PD #4TLD+PD #4

Figure 2. Photographs of the setups for the neutron shield test
with the 16O beam. The TLD numbers (TLD+PD #1, etc.)
correspond to those in Fig. 1 and Table 1. (a) TLD+PD set
by F0 chamber without neutron shield. (b) That with neutron
shield of the pure PE blocks. (c) Two TLD+PD sets with and
without neutron shield of the B-PE blocks in front of the touch
panel.
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Table 1. Neutron doses and the counts of the fast (FN) and slow
(AN) neutrons with several neutron shield settings. The TLD
numbers are according to those in Fig. 2. Note that the values
with the F0 shield are normalized by the total injected beam
charge to that without the F0 shield.

TLD
No.

F0 PE
Shield

TLD B-PE
Shield

TLD dose
(µSv)

PD dose
(µSv)

FN
counts

AN
counts

1 2511.8±9.5 1150 72 431
2 78.0±7.4 62 2 42
3 Yes 6.9±4.5 13 1 3
4 Yes 1552±100.0 429.1 20 231
5 Yes 36.8±2.5 38.0 0 38
6 Yes Yes 7.9±2.2 7.1 0 7

the slowed-down neutrons can be absorbed more easily by
neutron-absorbing material such as boron. Boron-added PE
blocks (B-PE, B2O3 content of 10%) are suitable for this
purpose, surrounding the electronic devices to protect them.

To verify this assumption, we made another beam test
with pure PE and B-PE blocks actually mounted, directing
an 16O primary beam (6.8 MeV/u, 0.3 pµA) on the F0 tar-
get (4He gas at 230 Torr confined by 3-µm-thick Mo win-
dows). We repeated measurements without and with putting
PE blocks covering the F0 chamber for comparison. For
each F0 shield setting, we put one TLD by the F0 cham-
ber and two TLDs in front of the touch panel as shown in
Fig. 2, of which positions indicated by star marks in Fig. 1.
One of the two touch-panel TLDs had no shield, and the
other was covered by B-PE blocks to compare their effect.
A personal dosimeter (PD) is accompanied with each TLD
for reference.

The results of the measurement are listed in Table 1. It
shows neutron doses measured by the TLDs and the PDs
for TLD#1–6, corresponding to different setting positions
and neutron shield conditions. The PDs also measured the
counts of the fast (> 500 keV) and slow (< 200 keV) neu-
trons, labeled as FN and AN in Table 1, respectively. Note
that the values with the F0 shield (TLD#4–6) are normal-
ized by the total injected beam charge to that without the F0
shield (TLD#1–3), namely, 1.97 pµAh/1.56 pµAh ∼ 1.26.
Figure 3 visualizes the results of the TLD and PD doses.
There is a clear trend that the dose decreases with the F0
shield; F0 dose (#1 → #4) was reduced to 40–60%, touch-
panel dose without the B-PE shield (#2 → #5) to about 50%.
The touch-panel dose with the B-PE shield (#3 → #6) was
close to the detection limit of about 10 µSv, thus has larger
errors than the other measurements and does not show a sig-
nificant change. The reduction by the F0 shield was not a
factor of 10 even with the PE thickness of 20 cm as men-
tioned above, but this is understandable because the cover-
age of the F0 chamber by the PE blocks is mostly limited to
the horizontal direction (i.e., 1/4–1/3 of the total solid an-
gle). By comparing doses of #2 to #3 or #5 to #6, we con-
firmed that the dose was reduced to 10–20% thanks to the
B-PE shield. Another important fact was that the number
of fast neutrons was reduced to about a half by taking ratios
of FN/AN counts; at F0, FN/AN ratio was 0.17 (#1) and
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Figure 3. Neutron doses measured by the TLDs and the PDs with
several neutron shield settings.

0.0087 (#4) without and with the F0 shield, respectively; at
the touch panel, the FN counts (#5 and #6) were even zero
with the F0 shield although the statistics were limited.

In conclusion, we have newly installed PE blocks sur-
rounding the F0 chamber of CRIB to slow down the beam-
induced neutron-rays, and B-PE blocks to protect principal
electronic devices by further deceleration and absorption of
neutrons. Since the coverage of the F0 shield is limited to
the horizontal direction, it only offers the reduction of neu-
tron dose of about 50% or so. However, we also confirmed
that it significantly reduces the percentage of fast neutrons,
so that the neutron dose would be more efficiently reduced
by the B-PE blocks to about 1/5–1/10. The result suggests
that the combination of the PE and B-PE blocks is useful
to protect electronic devices in CRIB experiments, which
should be evaluated in the actual future beam times. A fur-
ther reduction of neutron radiation is possible in principle
by thicken PE blocks and/or improving the coverage of the
F0 chamber in case of necessity.
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1. Introduction
To increase the beam intensity of AVF Cyclotron, it is

necessary to optimize the injection beam transport system.
Therefore, we have developed a pepper-pot emittance mon-
itor [1] (PEM IH10) and a method of calculating the beam
trajectory by using the (x, y, x’, y’) distribution measured
with PEM IH10 [2, 3] as the initial distribution.

Our next step is to evaluate the space charge effect due
to the beam compression in the longitudinal direction at the
axis-buncher. To estimate this effect, the equations of 3-
dimensional (3D) motion of ions need to be solved. Al-
though some existing calculation codes of beam transport
was considered, it was found that they did not fit our pur-
pose. For example, OPAL is 3D beam transport calculation
code [4] , but it meets only one bunch of beams and does not
meet the change from DC beam to bunching beam. Thus,
we decided to calculate the effect by macro-particle model.

Figure 1. The schematic view of AVF cyclotron The axis-buncher
is located just above AVF cyclotron. After axis-buncher, beam
goes through 2 Glaser-Coils in the hole of iron yoke and reachs
inflector.

2. the calculation with macro-particle model
A macro-particle is composed of multiple ions. In our

case, we use the positions, angles, and electric charge mea-
sured by PEM IH10 for the initial value of macro-particles.
This time, 15.4 keV 4He2+ ion beam of 261 eµA is mea-
sured. And the measured values are transported to the po-
sition of axis-buncher by our beam trajectory calculation.
Then, the horizontal position (x, y) distribution at axis-
buncher shown in Fig. 2 is given as initial values for the
calculation of macro-particle model. In addition, macro-
particle model needs to expand the (x, y) distribution, which
we call“ layer”, into the longitudinal direction (z). The

interval between layers should be shorter for reliability but
it costs longer calculation time.

Figure 2. The horizontal position (x, y) distribution at ax-
is-buncher transported from PEM IH10 by our beam trajec-
tory calculation.

To consider the longitudinal expansion length, we intro-
duce“ λ ”as the flight length of ion beam during 1 cy-
cle of periodic buncher voltage. Figure 3 shows the peri-
odic buncher voltage with a cycle of 60 nsec, which is used
for this calculation of macro-particle model. By the way,
λ does not depend on the cycle and is always 52 mm for
RIKEN AVF Cyclotron. Then, the longitudinal expansion
length is set as 3 λ (=156 mm) like 3 hatching squares indi-
cated in Fig. 1 because the macro-particles in the center λ
indicated as the checked region in Fig. 1 are affected by the
previous and next λ indicated as the striped region in Fig. 1.
For analysis, only center λ region is used because it is close
to real beam condition. The interval between layers is set as
5 mm so that 31 layers are used for the calculation of macro-
particle model. The motion of a macro-particle is governed
by the electromagnetic forces caused by all the other macro-
particles. The equations of motion of all the macro-particles
are solved. Then, they are sequentially moved forward at 5
mm interval from axis-buncher to the inflector of AVF Cy-
clotron indicated in Fig. 1. The initial beam intensity is
assumed to be 500 eµA at the axis-buncher. The charges
of macro-particles are given in proportion to their measured
signal strength. This 500 eµA is two or three times as much
as a typical injection beam intensity. Buncher voltage in-
dicated in Fig.3 is given to every layer depending on the
time(phase) only when evrey layer goes through the axis-
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buncher.

Figure 3. A cycle of buncher voltage.
V = V0·{sin(2π f· t) - sin(4π f · t)/3 + sin(6 π f · t)/9}
In this figure, V0 = 1 V and f = 16500000 Hz

Figure 4. The comparison of beam envelope between our beam
trajectory calculation (black dotted curve) and macro-particle
model (gray heavy curve) for V0 = 0 from axis-buncher to the
inflector of AVF Cyclotron. Ion beam is 4He2+ 15.4 keV of
500 eµA. The curve at the center (third one from the top in
each panel) indicates the average of the position distribution
at each z position along the beam direction. The curves on
both sides of the curve at the center are the standard deviation
of position distribution. Both outer curves are the orbits of
the outermost particles. Top and bottom figures are X and Y
envelopes, respectively. GLI37 and GLI38 are Glaser coils.

To see that the calculation of macro-particle model is re-
liable, it is compared with the result of our beam trajectory
calculation indicated in Fig. 4. When V0 defined in Fig. 3
is 0, both results are comparable and should be same. In
Fig. 4, the beam envelope of our beam trajectory calcu-
lation is black dashed curves and macro-particle model is
gray heavy curves. They are described from axis-buncher
to the inflector of AVF Cyclotron. Although the degree of
focusing by two Glaser Coils is a little different between
them, both envelopes are very similar. From this result, the
calculation of macro-particle model is found to be consis-
tent to our beam trajectory calculation.

3. Estimating the effect of axis-buncher
As the calculation of macro-particle model is found to be

reliable, the effect of axis-buncher is estimated. Using only
macro-particle model in this comparison, we calculated the
envelope with V0 = 200 V and compared it with the enve-
lope without buncher voltage (V0 = 0). V0 = 200 V is a little
higher than typical buncher voltages. The result is shown in
Fig. 5. The envelope of V0 = 0 overlaps the envelope of V0
= 200 V. This means that the beam envelope is not affected
by axis-buncher if the beam intensity is less than 500 eµA
and V0 less than 200 V. Therefore, our beam trajectory cal-
culation is valid with beam intensity of less than 500 eµA
and standard buncher voltages.

Figure 5. Same as Fig. 4, but with the buncher voltage setting of
V0 = 200 V.
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1. Introduction
There are 3 experiment courses performed by CNS in the

E7 room of RIKEN Nishina Center shown in Fig. 1. The
first one is CRIB experiment on the E7A beam course. The
second is EDM experiment on the C12 beam course. The
third is experiment for undergraduate students in the Uni-
versity of Tokyo on the E7B beam course. E7B and C12
are more and more used for RI production of RIKEN in
recent years. Accordingly, requests of ion beams to AVF
Cyclotron are increasing.

Figure 1. Experiment and beam course in E7 room.
Ion beams accelerated by AVF Cyclotron are bent down to E7
room to supply for 3 experiment courses. CRIB experiment
is on the E7A beam course. EDM experiment is on the C12
beam course. Undergraduate student experiment is on the E7B
beam course.

2. The problem of beam transport efficiencyt
Figure 2 shows the beam transport efficiencies from AVF

Cyclotron to CRIB, C12, and E7B as a function of beam
intensities since 2019. At first, it is found that all of effi-
ciencies cannot reach 1. When the beam intensity is less
than 10 eµA, the average beam transport efficiency is 0.73.
When the beam intensity is larger than 10 eµA, the aver-
age beam transport efficiency is 0.66. It is found that the
stronger beam intensity tends to lower beam transport effi-
ciency. We imagine that this reason is beam emittance is

expanded in proportion to the beam intensity. However, we
cannot understand the relation between the beam intensities
and the emittance until we can measure a large amount of
emittance of the strong intensity beam.

We have a plan to increase RI production yield. Increas-
ing Francium (Fr) yield is necessary for EDM experiment.
As a way of it, the intensity of 18O ion beam must be more
than 4 pµA and up to 25 pµA which is limited by shield-
ing ability of building. Fr is produced by exposing 100MeV
18O ion beam to Gold (Au) target and fusing 18O with Au.
Furthermore, the size of 18O ion beam on the target is re-
quested to be 1 mm diameter.

Figure 2. The beam transport efficiency from AVF Cyclotron to
CRIB, C12, and E7B in relation to beam intensity.

Estimating the beam transport efficiency with Fig. 2, it
would be less than 0.6 for 18O ion beam at 25 pµA. In order
to optimize the beam transport system for the high intensity
beam, we must understand the reason of the decrease of the
beam transport efficiency as a function of the beam inten-
sity. To solve this problem, it is important to measure the
strong intensity beam emittance.

3. Development of the emittance monitor for high
power beam
We already have 2D emittance monitor located on the

beam line at a distance of 3546 mm from the exit of AVF
Cyclotron, which is shown by the circle in Fig. 1. However,
this monitor cannot be useful for more than 100 or 200 W
beam because the cooling power is not sufficient. Therefor,
we need the emittance monitor which can be operated under
high power beam and we start to develop the pepper-pot
emittance monitor [1–3] for the accelerated beam of AVF
Cyclotron.

Pepper-pot emittance monitor does not need cooling be-
cause the time for measurement is less than 1 sec. The mea-
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surement process is described in detail. At first, beam is
stopped, and pepper-pot emittance monitor is inserted into
beam center. Then, beam is exposed and the beam image
on the fluorescent plate is immediately recorded by digital
camera. At last, beam is stopped. By this set of processes,
cooling is not thought to be necessary. The measurable high
limit of beam power depends on the speed of remote-control
system. About it, we will test by exposing high power beam
to the pepper-pot emittance monitor.

Figure 3 shows the prototype of pepper-pot emittance
monitor for high power beam. The thickness of peeper-pot
mask is 1 mm. The beam energy to stop the beam is esti-
mated from the relation between the range of charged parti-
cle and momentum [4]. The stoppable energy is less than 18
MeV for H+, 11 MeV/u for 2H+, and 16MeV/u for 4He2+.
To see the accelerated energy region of AVF Cyclotron, we
have unmeasurable energy region for H+ and 2H+ but they
are little. The other specifications of the prototype of the
pepper-pot emittance monitor are shown Table 1.

Figure 3. Prototype of the pepper-pot emittance monitor.

Table 1. specification of pepper-pot emittance monitor

Radius of hall in mask 0.3 mm
Interval of hall (horizontal: x) 2 mm

Interval of hall (vertical: y) 1 mm
Effective area of fluorescent plate 55×50 mm2

Distance between mask and
the center of fluorescent plate 100 mm
Promising position accuracy 0.1 mm
Promising Angle accuracy 2.5 mrad

In this fiscal year, we produced the prototype of pepper-
pot emittance monitor for high power beam and its remote-
control system. However, digital camera is easy to be dam-
aged by radiation from ion beams. Before beam test, we
decide to introduce the methods to mitigate the radiation
damage of the digital camera. After we finish it, we will
test the performance of the pepper-pot emittance monitor.
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1. Introduction
14 GHz Hyper ECR ion source (ECRIS) was first intro-

duced in 1989 at Institute for Nuclear Study, the University
of Tokyo. In 2004, it was relocated to RIKEN Nishina Cen-
ter, and has been providing various ion beams to RIKEN
AVF cyclotron ever since. Over the course of past thirty
years, the performance has been vastly improved. At the
moment, it can be operated at high beam intensity to match
the requirement of recent experiments, yet further improve-
ment is expected to meet the requirement of higher intensity
and more stable operation. In general, the beam intensity is
determined by two factors; the amount of ions produced in
the ECR plasma and the efficiency of beam extraction from
the plasma chamber. In this report, recent research and im-
provements on both factors will be discussed.

2. Beam Extraction System
Extraction systems consist of several electrodes. The

shapes of first two electrodes (Plasma Electrode and Ground
Electrode) define the electric field distribution to extract
ions from the plasma chamber. It determines not only inten-
sity but also emittance of the extracted beam which plays a
crucial role in beam transmission. Recently, beam trajec-
tory analysis with space charge effect has been performed.
As a result, a novel strong-convergence extraction system is
introduced to improve the extraction efficiency (Figure 1).
As a consequence, beam current of various ion species has
been doubled compared to the conventional extraction sys-
tem. [1]

Following the success of strong-convergence extraction
system, it has been used in every injection to the AVF cy-

Figure 1. Cross-sectional view of the strong-convergence extrac-
tion system. Plasma Electrode forms the end of the plasma
chamber on the right. Ground Electrode is located next to
Plasma Electrode. A voltage of 7.5∼15 kV is applied between
them.

clotron since April 2020, greatly contributing to RIKEN
AVF cyclotron operation. [2]

3. ECR Plasma
Principally, a state of plasma is characterized by physi-

cal quantities such as electron density, electron temperature
and confinement time of ions. Those can be controlled by
various operating parameters; flow rate of main and sup-
port gasses, current induced in two mirror coils, RF power,
position of RF tuner rod. Recent studies show voltage of
Einzel electrode outside the plasma chamber also affects
the plasma boundary and subsequently the plasma state.
Observables are beam current, beam profile, emittance and
visible light emitted from ECR plasma. Operating at its
highest capability is a task of maximization problem with
six to seven parameters. The most difficult part of operat-
ing ECRIS is that the relations between physical quantities
of plasma, observables and controllables are intertwined.
For example, when gas flow is increased, electron density
increases, on the other hand, average electron temperature
decreases. Operation of such a system always has the risk
of parameters being trapped in a local maximum.

Figure 2. Beam current of 86Kr7+ vs. RF power. Trends are
measured with three sets of mirror coil currents. MC1 and
MC2 are the current applied to upstream and downstream mir-
ror coil, respectively. The rest of the parameters are kept the
same.

Figure 2 shows RF power dependencies of 86Kr7+ beam
current. Under a certain condition (upstream mirror coil:
560 A, downstream mirror coil: 477 A), local maximums
are located around 90 W and 300 W.

Using krypton as the ionization gas (main gas), charac-
teristics of operating parameters for each charge state have
been studied. Furthermore, various support gasses have
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been tested to evaluate the efficiency of mixing effect.

4. Beam Production using Solid Samples
Providing beams to AVF cyclotron using solid samples

such as iron and lithium is one of the important roles of
Hyper ECRIS.
4.1. Iron

The iron beam provided by Hyper ECRIS plays an im-
portant role in experiments for ion beam breeding in agri-
cultural science. During last year, the beam intensity on
target has been significantly improved due to developments
of ECRIS and AVF cyclotron.

56Fe15+ beam is extracted from Hyper ECRIS and ac-
celerated up to 5.01 MeV/u via AVF cyclotron. After go-
ing through a charge stripper, 56Fe24+ beam is injected to
RIKEN Ring Cyclotron (RRC). Table 1 and Figure 3 show
a trend of improvement on transmissions through cyclotrons
over the course of the past year. Beam current on target in-
creased by a factor of 10.

Date 56Fe15+ [pnA] 56Fe24+ [pnA]
IH10 I36 C01 D50

Dec. 11, 2019 140.0 106.7 14.0 0.7
Jul. 3, 2020 300.0 266.7 53.3 2.8
Sep. 16, 2020 506.7 266.7 45.3 4.0
Feb. 16, 2021 386.7 346.7 106.7 8.0

Table 1. Particle current of iron beam at Faraday cups from Hy-
per ECRIS to the target. IH10: Hyper ECRIS. I36: before in-
jection to AVF. C01: after extraction from AVF. D50: before
target.

Figure 3. Beam current of 56Fe15+ from low energy beam trans-
port through AVF cyclotron to extraction. 74 to 825 indicates
the radius of orbit in the AVF cyclotron in millimeters, mea-
sured by phase probe.

4.2. Lithium
Lithium-7 is used for astrophysics experiment at CNS

RI beam separator (CRIB). 7Li2+ and 7Li3+ beams are re-
quired for different energies. Lithium sample is stored in a
crucible and heated by ECR plasma. Lithium has low melt-
ing point of 180 ◦C. On the other hand, the boiling point
is around 350∼400 ◦C in a vacuum of 10−4 ∼ 10−5 Pa.

When the lithium sample boils, it blows out in the plasma
chamber and be lost instantly. Controlling vaporization and
ionization at the same time had been a difficult task. How-
ever, recent studies made it possible to maintain the optimal
condition by observing color distribution of ECR plasma
through a view port (Figure 4).

Figure 4. Image of an 7Li2+ plasma observed through view port.
Yellow star appears in the middle surrounded by green light.
Parameters were adjusted to 7Li2+ and the beam current at this
time was 186 eµA (and that of 7Li3+ was 110 eµA).

After extraction from the AVF cyclotron, maximum par-
ticle currents of 7Li2+ and 7Li3+ are improved up to 3.6
pµA and 5.2 pµA respectively. They have been doubled
since 2018. [3]
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1. Introduction
Nuclear shell model calculation is a configuration in-

teraction method to describe any many-body correlations
inside the valence shell on equal footing, and it is quite
useful for the description of the ground and low-lying ex-
cited states of nuclei. However, the dimension of the shell-
model Hamiltonian matrix to be diagonalized increases ex-
plosively depending on the model space and the number
of the active particles, and thus it hampers the applica-
tion of shell-model calculations to the medium-heavy nuclei
severely.

In order to overcome this difficulty, a lot of efforts have
been paid to develop various theoretical frameworks to ob-
tain shell-model solutions where the conventional Lanc-
zos diagonalization method cannot reach. Among them,
the Monte Carlo shell model (MCSM) is one of the most
successful schemes and has been applied to various mass
regions [1]. The MCSM wave function is expressed as
a linear combination of the angular-momentum and par-
ity projected Slater determinants, which are determined by
the variational and stochastic ways to minimize the pro-
jected energy. However, in the study of medium-heavy nu-
clei where the density of single-particle states per energy
increases and the pairing correlation becomes important,
a large number of the Slater determinants for the MCSM
wave function are required in principle to describe pair-
correlated many-body wave functions, which often makes
the precise estimation of exact shell-model physical quanti-
ties difficult.

In the present report, we introduce quasi-particle vacua
as a replacement of Slater determinants of the MCSM to
study medium-heavy nuclei by treating pairing correlations
efficiently. We perform the variational calculation to min-
imize the energy after the angular-momentum, parity, and
number projections and superposition. We call this scheme
the quasi-particle vacua shell model (QVSM). This report
is condensed from Ref. [2].

2. Theoretical Framework
In the QVSM, the variational wave function is defined as

a superposition of the angular-momentum, parity, and num-
ber projected quasi-particle vacua:

|ΨNb⟩=
Nb

∑
n=1

J

∑
K=−J

f (Nb)
nK PJπ

MKPZ |ϕ (π)
n ⟩⊗PN |ϕ (ν)

n ⟩ (1)

where the PJπ
MK , PZ , and PN are the angular-momentum and

parity projector, the proton number projector, and the neu-

tron number projector, respectively. |ϕ (π)
n ⟩ (|ϕ (ν)

n ⟩) denotes
the quasi-particle vacuum of protons (neutrons). Nb is the
number of the basis states, or the projected quasi-particle
vacua. fnK is a coefficient of the linear combination of
the basis states and determined by solving the generalized
eigenvalue problem of the (2J +1)Nb × (2J +1)Nb Hamil-
tonian and norm matrices in the subspace spanned by the
projected basis states.

The quasi-particle vacuum |ϕn⟩ is parametrized by com-
plex matrices U (n)

i j and V (n)
i j as

β (n)
k |ϕn⟩ = 0 for any k

β (n)
k = ∑

i
(V (n)∗

ik c†
i +U (n)∗

ik ci) (2)

where βk denotes a quasi-particle annihilation operator and
c†

i is the creation operator of the single-particle orbit i. Note
that we do not assume any symmetry for this state except
that proton-neutron pair is not considered for quasi parti-
cles.

As Nb increases from 1, the variational parameters U (Nb)

and V (Nb) are determined at every Nb so that the energy ex-
pectation value, ENb = ⟨ΨNb |H|ΨNb⟩, is minimized using the
conjugate gradient method iteratively. Obeying the varia-
tional principle, ENb is the variational upper limit for the
exact shell-model energy, and ENb decreases gradually as
Nb is increased. We increase Nb till ENb converges.

3. Benchmark Test
We perform the benchmark test of the QVSM taking

132Ba with the SN100PN interaction [3] as an example. The
model space is taken as the 50 < N,Z < 82 valence shell,
which consists of the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2

orbits with the 100Sn inert core. Although its M-scheme
dimension is huge, 2.0×1010, it is tractable by the conven-
tional Lanczos diagonalization method [4].

Figure 1(a) shows the QVSM energy as a function of the
number of the basis states Nb, which is defined in Eq. (1).
As Nb increases the QVSM energy decreases gradually and
approaches the exact values, which are shown as the hori-
zontal dotted lines.

For comparison, the solid black lines in Fig. 1(a) show
the MCSM energy expectation values as a function of the
number of the basis states, Nb. Since Slater determinants
cannot describe pairing correlations efficiently, the MCSM
energy converges rather slowly in comparison with the
QVSM. Even at Nb = 1, the QVSM energy is closer to the
exact one than those of the MCSM.
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Figure 1. (a) Energy expectation values ENb of the 0+1 (red),
2+1 (blue), 4+1 (green) states of 132Ba by the QVSM and the
MCSM as a function of the number of the basis states Nb. The
horizontal dotted lines show the exact shell-model energies.
(b) The 0+1 , 2+1 , 4+1 energies of 132Ba obtained by the conven-
tional Lanczos method with t = 2 truncation, by that with t = 4
truncation, by the exact calculation without truncation, by the
MCSM with 50 basis states, and by the QVSM with 20 basis
states are shown from left to right.

Figure 1 (b) shows the energies obtained by the QVSM,
the MCSM, and the Lanczos diagonalization method in
truncated spaces. The diagonalization was performed in the
truncated space restricting up to t-particle t-hole excitations
across the Z = N = 64 shell gap from the filling configu-
ration. The truncation scheme is taken as t = 2 (2.3× 108

M-scheme dimension), t = 4 (3.4× 109 M-scheme dimen-
sion), and the full space without truncation for the exact
energy. The t = 2 (t = 4) energy is 2.3 MeV (0.7 MeV)
higher than the exact one. The rightmost part of Fig. 1
(b) shows the results of the MCSM with Nb = 50 and the
QVSM with Nb = 20. The MCSM result overcomes the
truncated results, but it is still 440 keV higher than the ex-
act one. The QVSM agrees with the exact one quite well
within 50 keV. This small gap between the QVSM and ex-
act ones can be filled by the energy-variance extrapolation
method [2]. While the MCSM underestimates the excita-
tion energies 100 keV, the QVSM excitation energies agree
with the exact ones quite well.

While the QVSM converges as a function of Nb faster
than the MCSM, the computational cost of the QVSM with
the same Nb is heavier than that of the MCSM because of
the necessity of the number projection. In practice, the total
computational of the QVSM whose result is shown in Fig.
1 is about 10 times heavier than that of the MCSM. Even
considering such difference, the QVSM is more efficient
than the MCSM in the 132Ba case since the QVSM energy
with Nb = 1 is already lower than the MCSM energy with
Nb = 50.

4. Summary
We have developed a variational method after the super-

position of the fully projected quasi-particle vacua, named
the QVSM for shell-model studies of medium-heavy nu-
clei. In Ref. [2], the capability of the QVSM to obtain other

physical quantities such as the quadrupole moment and
B(E2) transition were discussed. In addition, we can intro-
duce the energy-variance extrapolation to the QVSM frame-
work to overcome the variational limit in the same way
as the MCSM framework [5]. This extrapolation method
enables us to estimate the energy eigenvalue precisely [2].
Since the QVSM wave function describes the pairing cor-
relations efficiently, it is expected to be useful especially in
heavy-mass nuclei. This proof-of-the-principle study opens
a way to investigate the medium-heavy nuclei with config-
uration mixing utilizing nuclear shell-model calculations.
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Low-lying states of deformed nuclei are one of the most
important properties of the nuclear structure. Many even-
even nuclei are considered to be a prolate shape and have
a ground-state rotational band of spin J = 0,2,4, . . . states.
There is also another low-lying band of J = 2,3,4, . . . states.
This band is conventionally considered to be a γ-vibrational
band, where axially asymmetric vibration and rotation of a
purely prolate nucleus are combined, and many nuclei have
been described in this picture [1]. A triaxially deformed
nucleus near prolate shape also has low-lying rotational
bands of J = 0,2,4, . . . states and of J = 2,3,4, . . . states.
Whether these bands come from γ-vibration or triaxiality
has been discussed, e.g., in a review paper of experimental
data [2]. Our recent paper [3] shows results of the Monte
Carlo shell model (MCSM) calculations of the triaxially de-
formed 166Er nucleus. We discuss triaxiality of 166Er by us-
ing a simple model of the Bohr Hamiltonian [4, 5], which
describes quadrupole deformations of a nucleus. This re-
port is based on Ref. [6].

The Bohr Hamiltonian has 5 degrees of freedom of
quadrupole deformations. They are represented as a magni-
tude of deformation β2, a triaxiality of deformation γ , and
Euler angles θi (i = 1,2,3) of rotation of a deformed nu-
cleus. γ = 0◦(60◦) corresponds to a prolate (oblate) shape
and 0◦ < γ < 60◦ implies a triaxial shape. The Bohr Hamil-
tonian is written as

HB =− h̄2

2B

[ 1
β 4

2

∂
∂β2

β 4
2

∂
∂β2

+
1

β 2
2 sin3γ

∂
∂γ

sin3γ
∂
∂γ

− 1
4β 2

2
∑
κ

Q2
κ

sin2(γ − 2
3 πκ)

]
+V (β2,γ),

where B is a parameter, Qκ (κ = 1,2,3) imply angular mo-
mentum operators in the body-fixed frame, and V (β2,γ) de-
notes the potential. The Schrödinger equation is written as

HBΨ(β2,γ,θi) = EΨ(β2,γ,θi),

where E is the energy eigenvalue. For simplicity of calcula-
tion, we assume that β2 is a constant. With this assumption,
the above Schrödinger equation is reduced to

h̄2

2Bβ2

[
− 1

sin3γ
∂
∂γ

sin3γ
∂
∂γ

+
1
4 ∑

κ

Q2
κ

sin2(γ − 2
3 πκ)

+Vγ(γ)
]
Φ(γ,θi) = EΦ(γ,θi),

where Vγ(γ) is an appropriate potential. The wave function
is represented as

Φ(γ,θi) = ∑
K

gI
K(γ)DI

MK(θi),

where I is the angular momentum of the eigensolution in
the laboratory frame, DI

MK(θi) means the Wigner D func-
tion, and gI

K(γ) is the K-component of the wave function.
K corresponds to the z projection of the angular momentum
in the body-fixed frame. K is even integer with |K| ≤ I and
gI

K(γ) = (−)IgI
−K(γ). The E2 transition operator is given,

in the lowest order, by

T (E2) = tβ2

[
D(2)

µ,0 cosγ +
1√
2
(D(2)

µ,2 +D(2)
µ,−2)sinγ

]
,

where t is a parameter.
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Figure 1. Energy levels of 166Er nucleus. Experimental val-
ues (exp.) [7] are compared to various calculations by Monte
Carlo shell model (MCSM) [3], constrained Hartree-Fock
with the angular-momentum and parity projections after vari-
ation (CHF), Bohr Hamiltonian with the square-well poten-
tial (γ=4–14◦) and rigid triaxial model (γ=9◦). Taken from
Ref. [6].

Figure 1 shows low-lying levels of 166Er nucleus. The
MCSM calculations reproduce experimental values well.
The analysis using T-plot shows that the MCSM wave func-
tions contain components of γ=4–14◦ [3]. The constrained
Hartree-Fock calculations with the angular-momentum and
parity projections after variation with β2 = 0.29 and γ = 9◦
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show similar results with lower energies. We use a square-
well potential of γ=4–14◦ with virtually infinite depth for
Vγ(γ) of the Bohr Hamiltonian. The parameter B of the
Bohr Hamiltonian is fitted so as to reproduce the observed
excitation energy of the 2+2 state. Results of the Bohr
Hamiltonian calculations show the higher 4+3 level and
other levels are reproduced. The rigid triaxial model with
γ = 9◦ shows similar results to the Bohr Hamiltonian calcu-
lations.
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Figure 2. B(E2) values between low-lying states in 166Er nu-
cleus. Experimental values (exp.) are included [7]. Theoret-
ical calculations are labelled similarly to Fig. 1. Taken from
Ref. [6].

Figure 2 shows B(E2) values between low-lying states
in 166Er nucleus. Large values of intraband transition and
small values of interband transition are shown separately.
We fit the value of t in the E2 transition operator of the Bohr
Hamiltonian so as to reproduce the observed B(E2;2+1 →
0+1 ) value. All four theoretical calculations show similar
results and reproduce experimental values well.

Figure 3 shows gI
K(γ) functions of the Bohr Hamiltonian

calculations. Although the K quantum number is mixed
generally for γ ̸= 0, the mixing is weak with the present
square-well potential. All non-zero gI

K(γ) functions show
similar shapes. This means that the nucleus is deformed
similarly and rotates with different J and K values in all
calculated low-lying states. Thus, the calculations of the
Bohr Hamiltonian with square-well potential show low-
lying states of the rotation of triaxially deformed 166Er nu-
cleus and reproduce experimental values.
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Screening of nucleon electric dipole moments in atomic systems
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The observation of a permanent electric dipole moment
(EDM) of an atom implies the presence of parity (P) and
time-reversal (T ) violating interactions between constituent
particles. The atomic EDM is defined by

dddatom =−
Z

∑
i=1

errr′i, (1)

where e is the elementary charge and rrr′i indicates the coordi-
nates of the atomic electrons. The interaction of the atomic
EDM with an external electric field causes an energy shift
to be measured.

In principle, the nuclear EDM dddnucl and the EDMs of
electrons ddd(e)

i and nucleons ddda are independently coupled
to the external electric field EEEext as

Vext =−

[
dddatom +dddnucl +

Z

∑
i=1

ddd(e)
i +

A

∑
a=1

ddda

]
·EEEext. (2)

According to the Schiff’s theorem [1], the energy shift due
to the EDM of a point-like nucleus is canceled by the con-
tribution from the atomic EDM induced by the internal in-
teraction of the nuclear EDM with the electrons. However,
the P, T -odd meson-exchange NN interactions and the nu-
cleon EDM allow a finite-size nucleus to have the nuclear
Schiff moment (NSM) as well as the nuclear EDM. Since
the atomic EDM induced by the NSM survives the screen-
ing, the atomic EDMs particularly of diamagnetic atoms are
sensitive to those P, T -odd interactions.

In Ref. [2], I revisited the screening theory that involves
the nucleon EDM and suggested the importance of the next-
to-leading order contribution to the NSM. I briefly present
the results in this report.

The screening of nucleon EDMs themselves in a finite-
size nucleus causes the well-known form of the NSM. Us-
ing a numerical evaluation of this leading-order contribu-
tion, a recent measurement of the 199Hg atomic EDM has
provided the constraint on the neutron EDM [3]. The next-
to-leading order contribution stems from the screening of
the nuclear EDM induced by the internal interaction of the
nucleon EDMs.

The atomic EDM induced from the NSM gives rise to the
energy shift

∆E = ∑
m

1

E(e)
g.s. −E(e)

m

〈
ψ(e)

g.s.
∣∣−dddatom·EEEext

∣∣ψ(e)
m

〉
×
〈
ψ(e)

m
∣∣VNSM

∣∣ψ(e)
g.s.

〉
+ c.c., (3)

where
∣∣ψ(e)

g.s.
〉

and
∣∣ψ(e)

m
〉

represent the ground state and the
excited states of the electron system, respectively. The in-
teraction of the NSM with the atomic electrons is of the
form:

VNSM =−4π
〈
SSS
〉
·∇∇∇δ (rrr), (4)

where the NSM SSS = SIII/I for spin-I nuclei. The NSM de-
pends on the nucleon EDMs dN and the P, T -odd pion-
exchange coupling constants gT as

S = S2 +S3, (5)

S2 = ∑
N=n,p

sNdN , (6)

S3 = ∑
N=n,p

aNdN + ∑
T=0,1,2

aT gT . (7)

where the existence of the first term in the third-order con-
tribution (7) was suggested in Ref. [2].

The external interaction of the nucleon EDMs, the last
term in Eq. (2), is obscured by the internal interaction of the
nucleon EDMs with the atomic electrons. Consequently,
the atomic EDM induced by the NSM as illustrated in Fig. 1
can be measured. The second-order contribution of the nu-
cleon EDM to the NSM is given by〈

SSS2
〉
=
〈
ψ(N)

g.s.
∣∣SSS2

∣∣ψ(N)
g.s.

〉
, (8)

where

S2,k =
1
6

A

∑
a=1

da,k
(
r2

a −
〈
r2〉

ch

)
+

2
15

A

∑
a=1

da, j
(
Qa, jk −

〈
Q jk

〉
ch

)
, (9)

and
∣∣ψ(N)

g.s.
〉

represents the nuclear ground state.

nucleus

electron system

P T

Figure 1. Schematic illustration of the leading order contribution
of the nucleon EDMs to the atomic EDM dddatom.

The nuclear EDM induced by the nucleon EDM is
screened by the interaction of the nucleon EDMs with the
protons. The third-order contribution illustrated in Fig. 2 is
given by〈

SSS3
〉
=∑

n

1

E(N)
g.s. −E(N)

n

×
〈
ψ(N)

g.s.
∣∣SSS3

∣∣ψ(N)
n

〉〈
ψ(N)

n
∣∣Ṽ (NN)

∣∣ψ(N)
g.s.

〉
+ c.c. (10)

where ṼNN represents the P, T -odd meson-exchange NN
interaction and the interaction between the nucleon EDM
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and the protons. The NSM operator is defined by

S3,k =
e

10

Z

∑
a=1

[
r2

ara,k −
5
3

ra,k
〈
r2〉

ch −
4
3

ra, j
〈
Q jk

〉
ch

]
,

(11)

where
〈
r2
〉

ch and
〈
Q jk

〉
ch denote the charge mean squared

of radius and the charge mean value of the quadrupole mo-
ment.

electron system

nucleus

P T

P T

Figure 2. The next-to-leading order contribution to the Schiff
moment from the nucleon EDM.

Using the independent particle model (IPM) [4], one ob-
tains S2

(
199Hg

)
= 2.8dn (fm2) and the correction S3 is of

the order of 5%. Here, the next-to-leading order contribu-
tion S3 would be enhanced by orders of magnitude thanks to
octupole correlations and the parity doubling of the ground
states. The dependence of the Schiff moment on the nu-
cleon EDM may then be dominated by S3 rather than S2 for
actinide nuclei.
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The 19th CNS International Summer School CNSSS20
N. Aoia, T. Gunji, N. Imai, H. Liangb,c, S. Michimasa, H. Nagahama, S. Ota, T. Otsukab,

H. Sakaib, Y. Sakemi, H. Sakuraib,c, N. Shimizu, S. Shimoura, H. Uenob, T. Uesakab, Y. Utsunod,
K. Yako, H. Yamaguchi, K. Yoneda

Center for Nuclear Study, Graduate School of Science, University of Tokyo
aRCNP, Osaka University
bRIKEN Nishina Center

cDepartment of Physics, Univ. of Tokyo
dAdvanced Science Research Center, Japan Atomic Energy Agency

The 19th CNS International Summer School (CNSSS20)
was hosted by Center for Nuclear Study (CNS) from 17th to
21st in August, 2020. The school was co-organized by JSPS
A3-Foresight program and supported by RIKEN Nishina
Center and Asian Nuclear Physics Association (ANPhA).

Though we were aiming to hold the school in the country-
side of Tokyo, due to the COVID-19 pandemic, we decided
to hold the school only on-line for the first time.

The summer school was the nineteenth one in the series
which aimed at fostering graduate students and postdocs
by providing basic knowledge and perspectives of nuclear
physics. It consisted of lectures by leading scientists in the
fields of both experimental and theoretical nuclear physics.
Each lecture started with an introductory talk from the fun-
damental point of view and ended with up-to-date topics in
the relevant field.

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

• Prof. Or Hen (MIT, USA), “Nuclear correlation via
electron beams”

• Prof. Hiroari Miyatake (WNSC, KEK, Japan),
“Energy-dissipated nuclear reactions”

• Prof. Kazuyuki Ogata (RCNP, Osaka University,
Japan), “Knockout-reaction with RIB”

• Prof. Kazuyuki Sekizawa (Niigata University.
Japan), “Time-Dependent Microscopic Approaches
for Nuclear Dynamics: From Nuclei to Neutron
Stars”

• Dr. Tetsuya Sato (JAEA, Japan), “Nuclear Chemistry
of super heavy elements”

• Dr. Thomas Chillery ( Univ. of Edinburgh, UK),
“Nuclear astrophysics at LUNA”

• Dr. Sarah Naimi (RIKEN, Japan), “Overview of
RIBF”

At the classes by Prof. Ogata, the lectures were given
including the exercises with the knock-out reaction code
which he developed. Participants tried to perform the cal-
culation by themselves to deepen their understanding.

Seven lecturers and 193 participants registered at the
school. This is the largest number of registrants ever. Be-
cause the school was held on-line, participants joined not
only from Japan, Korea, China and Vietnam but also from
India, Malaysia, south Africa. The time of each class

Figure 1. A group photos of the participants of CNSSS20 with
the lecturers.

was 50 minutes. There was 10 minutes break between the
classes. The actual average number of participants is around
100. Figure 1 is a group photo of all the participants with
the lecturers.

As traditional, there were four “Young Scientist Ses-
sions”, where oral and poster presentations were given by
graduate students and postdocs. There were twenty-one oral
presentations and nine poster presentations. Since 2017,
we have the CNSSS young scientist awards (CNSSSYS
awards) for the good presentations. A few winners were
selected from each young scientist session by the members
of organizing committee and the lecturers. The winners of
the second CNSSSYS award were;

• Dr. Junki Tanaka (RIKEN Nishina Center, Japan),
“Probing surface alpha clustering in the ground state
of stable heavy nuclei”

• Mr. Tri Toan Phuc Nguyen (University of Science,
Vietnum), “Analysis of (p,pN) reactions with light
nuclei in inverse kinematics”

• Mr. Masaaki Tokieda (Tohoku Univ., Japan), “Phe-
nomenological modeling of energy dissipation in
near-barrier fusion reactions”

• Ms. Atumi Saito (Titech, Japan) “Coulomb and Nu-
clear breakup of 6He”

• Mr. Siwei Huang (RIKEN Nishina Center/Peking
Univ.), “Experimental study of 4n with 8He(p,2p) re-
action”

• Mr. Tomoya Naito (Univ. of Tokyo/Riken), “Effects
of nucleon electric form factors to nuclear binding en-
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ergy”
• Mr. Yixin Guo (Univ. of Tokyo), “Non-relativistic

expansion: A potential bridge to connect the relativis-
tic and non-relativistic density functional theories”

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

The best presenter among them, Mr. Masaaki Tokieda,
was also awarded the APPS-DNP/ANPhA prize for young
physicist, which was sponsered by AAPPS-DNP/ANPhA.
He received the certificate as well as the prize money as
prestend from Prof. W. Liu, the chair of ANPhA.

We are grateful to supports from ANPhA. We thank ad-
ministration staffs of the CNS for their helpful supports.
We also thank graduate students and postdocs in the CNS
for their dedicated efforts. Finally we acknowledge all
the lecturers and participants for their contributions to the
CNSSS20.
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Laboratory Exercise for Undergraduate Students
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aDepartment of Physics, University of Tokyo
b RIKEN Nishina Center

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 2020, 32 students attended this program.

The 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 cyclotron. The alpha beam extracted from the AVF
cyclotron was transported to the E7B beam line in the E7
experimental hall. The scattering chamber has two separate
target ports which enable us to perform two independent
experiments 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 197Au, to learn how to determine nuclear
size.

2. Measurement of gamma rays emitted from the cas-
cade decay of highly excited 154Gd and 184Os, 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. They also joined a tour to
the RI beam factory at RIKEN.

In this year, due to the situation of COVID-19, we had
to limit the number of participants. One group for the mea-
surement of the elastic scattering came to RIKEN for the
preparation on the first day and performed the measurement
remotely from the hongo campus with the help of the local
teacher and its assistant on the second day. The other group
for the measurement of gamma rays had a remote lecture
of the experiment preparation and came RIKEN to perform
the experiment onsite.

In the α+197Au measurement, α particles scattered with
the Au target with a thickness of 1 µm 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 α
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 θlab = 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 197Au nucleus was discussed.
Some students obtained the radius of ∼10 fm by using a
classical model where the trajectory of the α particle in the
nuclear potential is obtained using the Runge-Kutta method.
Others tried to understand the scattering process by calcu-
lating the angular distribution using the distorted wave Born
approximation method with a Coulomb wave function and
a realistic nuclear potential.

In the measurement of gamma rays, excited states in
154Gd and 184Os nuclei were populated by the 152Sm(α ,2n)
and 182W(α ,2n) reactions, respectively. The gamma rays
emitted from the cascade decay of the rotational bands were
measured by a high-purity germanium detector located 30-
cm away from the target. The energy of the gamma ray were
recorded by the MCA system. The gain and the efficiency
of the detector system had been calibrated using standard
gamma-ray sources of 22Na, 60Co, 133Ba, and 137Cs. The
gamma rays from the 10+ and 8+ states in 154Gd and 184Os,
respectively, were successfully identified. Based on the en-
ergies of the gamma rays, the moment of inertia and the
deformation parameters of the excited states were discussed
by using a classical rigid rotor model and a irrotational fluid
model. The students found that the reality lies between the
two extreme models. The initial population among the lev-
els in the rotational band was also discussed by taking the
effect of the internal conversion into account.

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

A. Symposium and Workshop

1. OEDO/SHARAQ collaboration meeting 2020
on-line, September 7, 2020.

2. International mini-workshop on ”Physics in resonant reaction induced by low-energy RI beam”
web meeting hosted by CNS, the University of Tokyo/ IBS Center for Exotic Nuclear Studies/ Department of Pure
and Applied Physics, Kansai University/ Research Center for Nuclear Physics (RCNP), Osaka University. February
22, 2021.

B. CNS Seminar

1. N. Kitamura (oral), ”In-beam spectroscopy of 30Mg: structural evolution approaching the island of inversion,” CNS
seminar, on-line, July 29, 2020.

2. S. Koyama (oral), ”Spectroscopy of resonance states in light proton-rich nuclei via missing mass method,” CNS
seminar, on-line, August 7, 2020.

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

1. The 21st NP-PAC meeting
Date: December 14-16, 2020
on-line
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N. Cieplicka-Oryǹczak, D. Cline, C. Clisu, H.L. Crawford, I.E. Dinescu, J. Dudouet, D. Filipescu, N. Florea,
A.M. Forney, S. Fracassetti, A. Gade, I. Gheorghe, A.B. Hayes, I. Harca, J. Henderson, A. Ionescu, L.W. Iskra,
M. Jentschel, F. Kandzia, Y.H. Kim, F.G. Kondev, G. Korschinek, U. Köster, Krishichayan, M. Krzysiek, T. Laurit-
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16. 鎌倉惠太 (Oral),「東大 HyperECRイオン源の現状」,第 19回 AVF合同打ち合わせ,オンライン講演, 2021年
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1. Y. Sakemi, H. Yamaguchi: ”Nuclear Physics III”, Summer, 2020.

2. T. Gunji (with K. Fukushima, K. Ozawa, H. Liang): ”Hadron Physics”, Summer, 2020.

3. K. Yako (with M. Yokoyama): ”Experimental Techniques in Particle and Nuclear Physics”, Summer, 2020.

4. N. Imai: ”Nuclear Physics I/II”, Autumn, 2020.

5. K. Yako: ”Classical mechanics A for undergraduate students”, Summer, 2020.

6. S. Ota: ”Physics Experiment II”, Autumn, 2020.
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Awards, Press Releases, and Others

A. Awards

1. 関畑大貴,第 15回日本物理学会若手奨励賞 (実験核物理領域).

2. 関畑大貴,第 27回原子核談話会新人賞.

B. Press Releases

1. 道正新一郎,小林幹,下浦享,上坂友洋,井手口栄治,西村太樹,「チタン同位体でおこる新たな安定化現象を発
見—質量測定で迫る原子核存在限界」, 2020年 9月 16日.

2. 大塚孝治,角田直文,高柳和雄,清水則孝,鈴木俊夫,宇都野穣,吉田聡太,上野秀樹,「原子核の存在限界（中性
子ドリップライン）の新たなメカニズム」, 2020年 11月 5日, https://www.s.u-tokyo.ac.jp/ja/press/2020/7074/

C. Others

1. 道正新一郎,「質量から探る原子核の秩序と存在限界」,学部生に伝える研究最前線,東京大学理学部ニュー
ス 2021年 1月号.
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SEKIGUCHI, Yuko KITAMURA, Noritaka

KAWATA, Keita KOYAMA, Shumpei
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MASUOKA, Shoichiro HANAI, Shutaro

SHIMIZU, Hideki SHIMIZU, Natsuki

TSUNODA, Rieko NAGASE, Shintaro

OZAWA, Naoya KOHARA, Ryotaro
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LI, Jiatai

Administration Staff

SHIMANE, Noriko

YAMAMOTO, Ikuko KISHI, Yukino

ENDO, Takako

72



Committees

Steering Committee
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HOSHINO, Masahiro Department of Earth and Planetary Physics, Graduate School of Science, UT
YAMAMOTO, Satoshi Department of Physics, Graduate School of Science, UT
SAKURAI, Hiroyoshi Department of Physics, Graduate School of Science, UT
MORI, Toshinori International Center for Elementary Particle Physics, UT
TAKAHASHI, Hiroyuki Department of Nuclear Engineering and Management, Graduate School of Engineering, UT
SHIMOURA, Susumu Center for Nuclear Study, Graduate School of Science, UT
SAKEMI, Yasuhiro Center for Nuclear Study, Graduate School of Science, UT
YAKO, Kentaro Center for Nuclear Study, Graduate School of Science, UT
TAMURA, Hirokazu Department of Physics, Graduate School of Science, Tohoku University
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