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PREFACE

The RIKEN Accelerator Progress Report is the annual re-
port of all research activities conducted in RIKEN Nishina
Center for Accelerator-Based Science (RNC). This vol-
ume, No. 53, covers the activities conducted in the
Japanese fiscal year of 2019 (April 2019 to March 2020).
First, March 31, 2020 was the last day for Hideto En’yo
as the Director. Hideto led the RNC for a long period,
since October 2009. On this occasion, all RNC members
wish to express their gratitude and thank him for his man-
agement over ten and half years. During this period, one
of the many excellent achievements of RNC was the dis-
covery of Element 113, “Nihonium.” The year 2019 was
designated as the International Year of the Periodic Table
(IYPT). Hideto served as a member of the IYPT-Japan
Committee and organized a session for the Closing Cere-
mony in December, Tokyo, to demonstrate the world-wide
efforts in “Creation of superheavy elements,” with a focus
on period-7 elements including Nihonium. In April 2019,
David Morrison was appointed as the Deputy Director of

RIKEN Brookhaven Research Center.

The year 2019 was the first year of the new Japanese era “Reiwa,” which started on May 1. In RNC, this new period
was celebrated with the results obtained from the first spectroscopy of “®Ni, which was published in Nature, issued
on the second day of Reiwa, May 2. Other selected achievements are compiled in “Highlights of the Year” in this
volume, which showcase the multi-disciplinary activities of RNC in the field of science, technology, and innovation.
It should be noted that these achievements were made not just by in-house researchers and engineers in RNC; for
some of these projects, RNC collaborated with users at the RI Beam Factory (RIBF) and RIKEN Muon Facility at
the Rutherford Appleton Laboratory.

Two excellent progresses were made in the RIBF facility. The first progress is the record breaking beam intensities
achieved at the Super-conducting Ring Cyclotron (SRC); the maximum intensity achieved for 124Xe was 173 pnA, and
that for 233U was 94 pnA. The excellent beams at SRC make the fast-beam programs at BigRIPS more productive,
especially for the nuclear structure study in '°°Sn and its vicinity, and in neutron-rich nuclei produced via in-flight
fission. The second progress is the intensity- and energy-upgrade of the linear accelerator RILAC, which was achieved
by the recent installations of the 28-GHz ECR ion source as well as super-conducting radio-frequency cavities. The
first beam with the upgraded RILAC “SRILAC” was successfully extracted at the very end of FY2019. At the same
time, a new gas-filled recoil separator “GARIS-IIT” was installed to be coupled with SRILAC. The combination of
SRILAC and GARIS-III strengthens the scientific programs focused on super-heavy elements.

Two advisory committees, Nishina Center Advisory Committee (NCAC) and RIKEN Advisory Committee (RAC),
were organized. NCAC evaluated the RNC management with respect to organization, research achievement, and
planning, and they suggested that the intensity upgrade of RIBF was the first priority in the coming years to be
competitive with other facilities across the world. Based on the report of NCAC, RAC provided this advice to the
President of RIKEN.

Since the end of FY2019, the social situation in the world has changed dramatically because of the COVID-19
pandemic. According to the measures of governments, universities, and institutes, research activities have been
limited significantly. Remote-work and web-meetings using computer-network technology are highly recommended
and useful for organizing discussions and collaboration works. However, the importance of face-to-face discussions
and collaborations for increasing creativity has been recognized. It is hoped that research networks and relationships
over the world will become more involved in future to overcome this difficult situation by sharing ideas and wisdom.

SOV

Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science






CONTENTS RIKEN Accel. Prog. Rep. 53

CONTENTS

Page
PREFACE

I. HIGHLIGHTS OF THE YEAR

Strong one-neutron emission from two-neutron unbound states in £ decays of r-process nuclei *>*'Ga -+-+---+--eeeeeiaeees 1
R. Yokoyama et al.

Shell evolution towards ®°Ca: First spectroscopy of L TR T TR L e 2
M. L. Cortés et al.

™Ni revealed as a doubly magic stronghold against nuclear deformation «-«--«-««rwrerrmrrrerrrre 3
R. Taniuchi et al.

Inclusive cross sections for one- and multi-nucleon removal from Sn, Sb, and Te projectiles

beyond the N =82 Shell CLOSUIE -« +««rrrrrrrrrerer ettt ettt 4
V. Vaquero
g-Factor of the Zr isomer: monopole evolution in the shape-coexisting region «««««««««««-+ssserrrrrrr 5

F. Boulay et al.

Study of quasielastic barrier distributions as a step towards the synthesis of superheavy elements
Wlth hOt fusion reactions ............................................................................................................ 6
T. Tanaka et al.

Location of the neutron dripline at fluoring and NEOM ==+« «+x+xrererrrerrsrei i 7
D.S.Ahn et al.

Dineutron correlation and rotational excitations in neutron-rich Mg 1SOtOPES =+« +««x+xrerrrrrrerrrrsrreeeree e 8
M. Yamagami

x, dependence of the transverse single spin asymmetry of very forward z° production in 510 GeV p' + p collisions-------- 9
M. H. Kim et al.

Non-evaporable getter-based differential pumping system for SRILAC -+« seeerreereserrrerreee 10
H. Imao et al.

Calibration of the beam energy position monitor system for the RIKEN superconducting acceleration cavity - -------+-+-- 11
T. Watanabe et al.

Intermediate silicon tracker development for sSPHENIX experiment at RHIC -« veeerrerrrrreeeeen 12
I. Nakagawa et al.

Update of MOCO fOr the MPV SySHemL -« ««+++++++ s xrrrrttstssssetttttt ettt 13
H. Baba et al.

Offline measurement of mass and correlated decay properties using radioactive **Ra source
VIA MR TOFAHG-TOF QEteCtOr <« xxreerrrrrerreeeen ettt ettt ettt e et ettt s ettt a et etteeeaans 14
T. Niwase

Offline collinear laser spectroscopy of barium II toward measurement of RIs at SLOWRI facility -----coeoeverrereeeeeees 15
M. Tajima et al.

Angle-tunable wedge degrader for an energy-degrading RI beamline «+++++++++++++ssssssssssasamannnnnnnnnnnn 16
J. W. Hwang et al.

Effects of columnar defects introduced by 2.6 GeV U-ion irradiation on J, characteristics of 2H-NbSe,««+-+---eeeeeeeeee 17
T. Tamegai et al.

Impurity effects on magnetism of T*-type La,_, B ,ST CuQ, - rreererrremrsseee e 18
M. Fujita

Size-dependent magnetic behavior of LayCuO, NANOPartiCles: ««+++++«««xrrrrrtassssmmmiritttssaiiiiii e 19

S. Winarsih et al.

Targeted alpha therapy of thyroid cancer: Evaluation of [*"' At]NaAt treatment in the xenograft model -+ 20
T. Watabe et al.

Live mouse imaging with *"Sc by a multiple-iSotope PET:««««++++««rx+sssrrrsssmsimrtssiiiittsiiiii s 21
T. Fukuchi et al.

Production cross sections of ytterbium and thulium radioisotopes in alpha-induced nuclear reactions on natural erbium--- 22
M. Saito et al.



RIKEN Accel. Prog. Rep. 53 CONTENTS

Production cross sections of dysprosium-159 radioisotope from the deuteron-induced reactions
ON terbIUM=-159 UP 10 24 IMEV +- v v verrrrrrr e ettt st 23
D. Ichinkhorloo et al.

Non-homologous end joining is the major repair pathway for DNA double strand breaks in human fibroblast
after heaVy-iOn irradiation .......................................................................................................... 24
M. Izumi and T. Abe

Mutation analysis pipeline V2: an improved version of bioinformatics pipeline for plant
and microbial SEqUENCING ANALYSIS: <« +w v v wrrrrrr ettt 25
H. Ichida and T. Abe

II. RESEARCH ACTIVITIES | (Nuclear, Particle and Astro-Physics)
1. Nuclear Physics

Decay studies in the region of L+ et et e e e 27
A. Kubiela et al.
Study of the ﬂ—decay of 70K1’ ............................................................................................................... 28

A. Vitéz-Sveiczer et al.

Progress on the decay spectroscopy and measurement of half-lives and P, values in exotic nuclei
near the N: 50 Shell ClOSure ....................................................................................................... 29
C. J. Griffin et al.

Total absorption gamma spectroscopy Studies around P0G - v v e et 30
A. Algora et al.
New and comprehensive - and fip-decay spectroscopy results in the vicinity of '0Sn ««-«--ereeerrerr 31

J. Park et al.

Improved value for the Gamow-Teller strength of the 109 beta-decay -« 32
T. Faestermann and D. Lubos

p-delayed neutron emission probabilities for understanding the formation

of the r-process rare-earth abundance peak (REP) ««««««r«rrrrrrrrrrrrtrtrtriii 33
G. G. Kiss

Evolution of collectivity and Mirror SyMmetry @long N = Z:+++++++++s+sssssasssssasssssassssanasasansn 34
K. Wimmer

First attempt at in-beam y-ray spectroscopy B ey R LT PP 35
S. Chen et al.

Intermediate-energy CoULOMD EXCItation OF "2 -« v« v erreremren ettt ettt 36
M. L. Cortés et al.

In-beam y-ray spectroscopy of '3°Te at relativistic energies ........................................................................... 37
V. Vaquero

Study of Gamow-Teller transitions from R TR P 38

L. Stuhl et al.

Structure of ”Be probed via quasi-free scattering ...................................................................................... 39
Anna Corsi

Overview of the experimental setup of SAMURATII11 to measure the **Cr(p, n) and *Ge(p, n) reactions
in inVerSe kinemaﬁcs ................................................................................................................ 40
M. Sasano et al.

Role of “Se in the rp-process nucleosynthesis in type T X-ray BUISTS «««««-reweerrrrmssrrrriinii 41
V. Panin et al.

Particle identification of light charged particle by SzRIT-TPC in Sn-Sn isotopic reactions IT«« -« -wrererereeeeeeeeeeees 42
Masanori Kaneko et al.

Monte carlo simulation of collective flow analysis for STRIT-TPC <« -crvrrrrerrrrrerreec e 43
M. Kurata-Nishimura et al.

Measurement of the proton elastic scattering from P28 at 300 MeV/IUCIEON «+vwrerrersrmrsresreer et 44
J. Zenihiro et al.

TDPAD measurement for the 107 1SOmEr of Py «+« v eereereerntin i 45

J. M. Daugas et al.

Investigations of magnetic moments and spin alignment in Coulomb fission reaction -« «-««rrrrrrrrereneene 46
R. Lozeva et al.



CONTENTS RIKEN Accel. Prog. Rep. 53

Magnetic-moment measurement of the isomeric state of **Sn in the vicinity of the doubly—magic nucleus **Sn---------- 47
G. Georgiev, Y. Ichikawa et al.

Isomeric-to-ground state ratio of '**Sn measured by Rare RI Ring -+« +++eeeerereremmrrmii 48
H.F. Lietal.

Perfomlance Study Of electron Spectrometer for SCRIT eXperimentS ............................................................... 49

K. Tsukada et al.

Correlated measurement of mass and decay of fusion evaporation products for *'V+'"Tb reactions

Via MRTOF+G-TOF detector ....................................................................................................... 50
T. Niwase et al.

Half-life determination of nuclear excited states of **Th by the coincidence measurement between « particles

and y rays FEOI 2221+ v v v e ee v e e et et e e e 51
Y. Shigekawa et al.

Mass measurements of ZSZCf fission fragments Viad MRTIOF IS -« v e e veeeemememee ettt et ettt et et et 52
S. Kimura et al.

In-gas-cell laser ionization spectroscopy of Os isotopes using MRTOF-MS at KISS - «cccerrrereemrreeein 53
Y. Hirayama et al.

Calibration and simulation of LaBr,:Ce scintillator for analyzing 8Li(oz, n)“B—reaction data -coeeeeerereeeriiiiiee 54
Y. Mizoi et al.

Measurement of *Al+p resonant elastic scattering relevant to the astrophysical reaction “Mg(at, p) Al -+----------o-o-o 55
J.Hu et al.

S beam production and thermal durability test of gas target Window -« -« «rwerrrrerermerrer e 56
M. J. Kim et al.

Production of a high-intensity francium ion beam for the measurement of the electron electric dipole moment -«-«+-+-+--+- 57

H. Nagahama et al.

Development of f/~-NMR with spin-aligned beam <« -« -« xvrrererreeererrn 58
H. Nishiabta et al.

Production of isomers around Fe nucleus via projectile fragmentation «««««-«-«+++ewermeesmmerri 59
K. Kawata et al.

79Se(n, y)SOSe reaction cross section through 77, 79Se(d’ p)78' 0G0 LEACTIONS + -+ + v+ v v v v e e v e m e eme e e et et et et 60
N. Imai et al.

Production-cross-section measurement and new-isotope search for very neutron-deficient RIs produced
from "*Kr beam at 345 MeV/nucleon by BigRlPS SEPATALOT *++# =+ vv =+ v re s rmrsssers st sttt sttt 61
H. Suzuki et al.

Database of radioactive isotope beams produced at the BigRIPS separator -« -« «-worororererrerrreeeeeeee 62
Y. Shimizu et al.
RI beam prOduCtiOn at BlgRIPS in 2019 ................................................................................................ 63

Y. Shimizu et al.

First success of RI-beam separation and particle identification for nuclei with atomic number Z>82
at RIKEN RI beam factory .......................................................................................................... 65
T. Sumikama et al.

Analysis Of fake asymmetry fOr the MTV experiment ................................................................................ 66
F. Goto et al.

2. Nuclear Physics (Theory)

Non-relativistic expansion of Dirac equation with spherical vector and scalar potentialg: -« «-«-wreermrrerrereeeaeeen 67
Y. X. Guo and H. Z. Liang

Renomalizing random_phase appl‘OXimation by using eXaCt pairing ............................................................... 68
L. Tan Phuc et al.

Quenching factor of Gamow-Teller and spin dipole TESONANCES <+« +«+xtxtxsrrrrrrrrrrr ettt 69
Li-Gang Cao, H. Sagawa ef al.

Pairing in eXCited nuclei: a reVieW ....................................................................................................... 70
N. Quang Hung et al.

Canonical base in self-consistent constrained HFB in odd-A nuclei ««-««-wereererrrererermnneeeees 71
K. Sugawara-Tanabe and K. Tanabe



RIKEN Accel. Prog. Rep. 53 CONTENTS

S-Shaped heat Capacity in an Odd_odd defonned nucleus ............................................................................. 72
B. Dey et al.
Evidence for three-particle correlations in nuClear MAatter ««« -+« -« v rrrrrerrrrrrr e 73

W. Bentz and I.C. Cloet

Double charge-eXchange PHOMON SHALES «++«« =+« <+ st s rs st 74
X. Roca-Maza, H. Sagawa et al.

3. Nuclear Data
EXFOR Compilation Of RIBF data in 2019 ............................................................................................. 75
T. Tada
4. Hadron Physics

Unfolding the transverse momentum distribution for very forward neutron production in pAu collisions

at W D00 GEV # v v vvre e st e et e 77
B. Mulilo et al.

Update of single and dihadron cross sections for light hadrons in e’e” annihilation at Vs =10.58 GeV in Belle: -+ 78
Ralf Seidl

Preparation status Of the J_PARC E16 experiment in 2019 ........................................................................... 79
S. Yokkaichi

Measurement of nuclear effects on anti-quarks via Drell-Yan process at FNAL-SeaQuest -+« «-vveerrrreerrrmreeeeeeeneee 80
K. Nakano et al.

Progress of the polarized Drell-Yan experiment at Fermilab, SpinQuest (E1039) -+« «crereerrrrrerremrreerei 81
Y. Miyachi et al.

Development Of Zero-degree Calorimeter for EIC ...................................................................................... 82
Y. Goto et al.

INTT Silicon Modules and Ladders Assembly for SPHENIX Project -« -« xccrrrrrrrrreerrreeeeeeeeee 83

C. Miraval et al.

6. Particle Physics

Empirical formulas for the standard-model PAramEters «««««««++++rrrrrerrrrrsrtrartttttttttiitii s ]5
Y. Akiba

Quarternion-spin-isospin model for the standard-model PAramMELErs =+« ssssssssssssii i 86
Y. Akiba

R=12 Ho2 and its implications to gravity and Cosmology ............................................................................. ]7
Y. Akiba

7. Astrophysics and Astro-Glaciology

Experimental equipment for exploring reactions of low energy ions with an ice surface as an interstellar dust analog ----- 89
Y. Nakai et al.

Commissioning of a prototype novel laser melting sampler for analyzing ice cores with high depth resolution
and hlgh throughput .................................................................................................................. 90
Y. Motizuki et al.

8. Accelerator

Revaluation of beam orbit calculation method for the injection line of AVF cyclotron
after tuning pepper—pot emittance monitor ........................................................................................ 91
Y. Kotaka et al.

Non-thermal equilibrium effect on plasma window with large diameter- -« -« -« «xorerererrrrseeeee 92
N. Ikoma et al.

Status report on update of alarm system and control system of magnet power supplies for RIBF -+« ccoeeeeeerereeeneeeeenn 93
M. Komiyama et al.

Power supply backup system for injection and extraction magnets of Cyclotrons <« -« -« «wrrrrrerreeeereeene 94
K. Kumagai and N. Fukunishi

Improvement of beam stability by stabilizing the cooling-water temperature for the main and trim coils of IRC--+------+-+ 95
R. Koyama et al.

Interlock signal application from radiation monitoring ion chamber for SRC <« - v vrvrrrrrrrrriee 96
M. Nakamura et al.



CONTENTS RIKEN Accel. Prog. Rep. 53

Nishina RIBF Water-cooling System Operational report 2019 ........................................................................ 9’7
T. Maie et al.

9. Instrumentation

Development of ZeroDegree Large Acceptance DiSpersive mode <« -« xrwrerrrrsrerrrererirneeieeeeee 99
H. Takeda et al.

Large-acceptance achromatic mode with mono-energetic wedge degrader for ZeroDegree spectrometer- -+« -+« ww---+ 100
S. Chen et al.

New ion-optical operating modes of BigRIPS and ZeroDegree spectrometer for production and separation
of high-quality rare isotope beams and high-resolution spectrometer eXperiments - ««««««««««-xxxoxorrrrrreeee. 101
H. Takeda et al.

Puriﬁcation Of Slowed-dOWn RI beam ................................................................................................... 102
T. Sumikama et al.

Thermal model simulation of high-power rotating target for BigRIPS separator: -« -« -« «rwrrrrereeeeens 103
K. Yoshida et al.

Incidents involving the DMT3 magnet in the beam transport line from SRC to BigRIPS «+--voevevrereereeeereeeeeens 104
K. Kusaka et al.

First confirmation of stopped Rls at parasitic gas cell with new approach -« -« ««rwrerrmrrrerrrrrnee 105
T. Sonoda et al.

Stopping examination for high-energy RI beams in the parasitic gas cell =+« «-wrerrrrrrerrmrrieee 106
T. Sonoda et al.

Second report on offline tests for RF carpet transportation in RF ion guide gas cell at the SLOWRI facility < ------------ 107
S. limura et al.

The 3rd report on offline test for RF carpet transportation in RF ion guide gas cell at the SLOWRI facility-----------oo- 108
A. Takamine et al.

Battery-operated Compact iOl’l source for beam transport B vt e 109
T. M. Kojima et al.

Present status Of ERIS at the SCRIT electron scattering faClllty ..................................................................... 110
T. Ohnishi et al.

Latest performance of FRAC at SCRIT facility -+« -« cvererrrrrrrrrrrtiiiiii it 111
S. Sato et al.

3D magnetic field measurement of the SCRIT electron Spectrometer-« -« -« - xxrrrrrrrrsrrr e 112
H. Wauke et al.

Measurement of the luminosity of electron scaterring at SCRIT «v v vrerreerrrrrerrrrreere e 113
D. Taki et al.

Yleld development Wlth in_gas_jet laser iOniZatiOn at KISS .......................................................................... 114
Y. X. Watanabe et al.

Observation of charge-stripping of 20 keV/g ions upon injection into gas cell cooler-buncher at KISS «-----vevemvmeeeeee 115
P. Schury et al.

Reliable connection methods for gas piping and signal cabling of PPAC in focal-plane vacuum chambers at BigRIPS ---- 116
H. Sato et al.

Performance of a none-isochronous position-sensitive detector for the Rare-RI Ring -« -« -cvrrererrerereeeeeeenne 117
R. Crane and S. Naimi

Intemediate Tracker Integration in SPHENIX ......................................................................................... 118
R. Nouicer, I. Nakagawa et al.

Assembly of Intermediate Silicon Tracker in Taiwan -« «- -« «crrrrrerrrrrrter e 119
C. Shih et al.

Development status of long data cable for SPHENIX-INTT detector -+« -« «xerrrrrrrrerrersrerereeeeeeeeeee 120

T. Hachiya et al.

Performance evaluation of a sensor module for INTT at SPHENIX <+ cceveereeerreererierieiiiiiiiieeee 121
A. Suzuki et al.

Sensor testing of Intermediate STHEON TrACKET «++«++++«+++r+ rss s re sttt 122
K. Cheng et al.
Geant4 simulation of INTT Phase-2 Test Beam at Fermilab <« cccccvoreereeemee s 123

C. Shih et al.



RIKEN Accel. Prog. Rep. 53 CONTENTS

Development of high-resolution hard X-ray detector system by using transition-edge sensor

for accelator-based EXPETIIMEIITS «+«+«+«rwrrtrrrr ettt ettt ettt ettt ettt 124
T. Isobe et al.

SAMURAI DAQ Speed imprOVement ................................................................................................... 125
J. GAO et al

ngh-stablhty high—VOltage pOWCr Supply fOr MRTOF ................................................................................ 126
P. Schury et al.

Eliminating mass-dependent inaccuracies in MRTOF-MS for the study of RI using arbitrary reference masses -+« +-+----+ 127
M. Rosenbusch

On-line mass measurement using multi-reflection time-of-flight mass spectrograph (MRTOF-MS) at KISS +-«---eceveveeee 128
J. Y. Moon et al.

Collinear laser spectroscopy of Ba' in 6s 281/2-6p me ELANISTHION “ v+ v v v v ve e rere e ettt e et ettt 129
Y. Sasaki et al.

LIF observation of Rb atoms in superfluid helium by picosecond pulsed laser pumping « -« «-«-vceerrrerrrmreeeeeeeees 130
Y. Takeuchi et al.

Measurement of stopping-position width of highly energetic Rb ion beams in liquid nitrogen <=« «««-«-eeemrrreerereeeeees 131
M. Nishimura ef al.

Investigation of the secondary rubidium beam profile at HIMAC towards laser spectroscopy in an optical cryostat ------+ 132
K. Tsubura et al.

Degrader SyStem for ZD_MRTOF ........................................................................................................ 133
J.J. Liu et al.

FirSt test Of graphenic Carbon vacuum WindOWS Wlth heaVy ions .................................................................... 134
S. Purushothaman et al.

HeaVy-iOn irradiation test Of radiOChrOmiC ﬁlms ....................................................................................... 135
T. Kambara et al.

Computing and network environment at the RIKEN Nishina Center <« -« «rvecerrrerrrrrrrermiee 136
T. Ichihara

CCJ Operations in 2019 .................................................................................................................... 137

S. Yokkaichi et al.

. RESEARCH ACTIVITIES Il (Material Science and Biology)
1. Atomic and Solid State Physics (lon)

Control of electrical conductivity in diamond by boron implantation—application of high-temperature
and high-pressure annealing <« -« -« v w wr e 139
H. Yamazaki et al.

Superconducting proximity effect in epitaxial Nb(110)/Au(111)/Nb(110) trilayers -« ----c-wreeerorrrerrrreeeeeeeeees 140
H. Yamazaki et al.

Simultaneous cluster dissociation and optical pumping of Ag in superfiuid helium using a single UV laser--------------- 141
T. Yamamoto et al.

Baseline correction system for precision measurement of the hyperfine structure of Rb atoms in superfluid helium -------- 142
M. Doi et al.

Profile measurement of laser microbeam produced by glass capillaries: tilt dependence -« -« «veeerrrrreerreeeenns 143
M. Mori et al.

2. Atomic and Solid State Physics (Muon)

Study on magnetism Of defective reduced graphene OXideS .......................................................................... 145
R. Asih et al.

Magnetic ground state of J,; = 0 Mott insulator Ag;LiRUu,Oq under pressure <+« ««««xeeerrrerrrrsreereeeeeeeee 146

T. Takayama et al.

Non-magnetic ground state of IHZRUZO7 probed by muon spin 171810 s RER R R R R R R PP PP PPR RPN 147
T. Takayama et al.

Short-range magnetic order in the frustrated antiferromagnet Cus(PO,);(OH), (pseudomalachite) -« ------cerereeereeeeeenes 148
H. Kikuchi et al.

4SR investigation of spin liquid states in magnetic properties of MgTi,O, sample -« cvorerrrrrrereeeeee 149
U. Widyaiswari et al.



CONTENTS RIKEN Accel. Prog. Rep. 53

Zero-point vibrational energy in the muon sites of LayCu), ««««-+-rwwxxrreresrrrrmisiiiii i 150
M. R. Ramadhan et al.

Investigations of the quantum critical behavior of the S =1/2 J,-J, square lattice antiferromagnets Sr,Cu(Te, \W,)O; -+ 151
Sungwon Yoon et al.

Magnetic Ordering and Spin dynamics Of NdzRu207 Smdled by IUSR ................................................................ 152
U. Widyaiswari et al.

Muon spin relaxation study of solute-vacancy interactions during natural aging of AI-Mg—Si—Cu alloys =-------w-ereeeeeeee 153
K. Nishimura et al.

Muon spin rotation study on the new organic spin liquid candidate A-(STF),GaCl, -+« reoerrererrrrrreeeeeees 154
T. Minamidate et al.

Zero-field SR on single-crystal organic superconductor A-(BETS),GaCl, -+« reeererrreereeeeee 155
D. P. Sari et al.

Relationship between the structure and electrical conductivity of 12-mer single-stranded polyadenine studied
by Scanning tunneling miCrOSCOpe ................................................................................................. 156
H. Rozak et al.

Electron transfer in 12-mer double-stranded DNA by muon spectroscopy and scanning tunneling microscopy--------+--: 157
H. Rozak et al.

4SR study of the electron transfer mechanism of a blue copper protein, Pseudoazurin ««««-«+wverrrrerrmrreereen 158
A.D. Pant et al.

Temperature dependence of the total muonium emission yield from silica aerogel using #SR method «- -+ weememeeeeee 159
K. Ishida et al.

3. Radiochemistry and Nuclear Chemistry

Relativistic density functional theory with the finite-light-speed correction for Coulomb interaction:«««««=«-«-x-eoeeeeeeees 161
T. Naito and R. Akashi et al.

On-line anion-exchange experiment of Nb and Ta in HF/HNO; mixture solution for Db chemistry «««««-woerereeeeereeees 162
S. Adachi et al.

Anion-exchange behaviour of Nb, Ta and Pa in HySO, -« vveerrrrrerrrrsmei e 163
M. Kato et al.

Anion exchange of Nb and Ta in HF/HCI mixture solution for Db chemistry <=« ««reerereerererrrerreeee 164

T. Yokokita and H. Haba

Anion exchange of element 104, Rf, at 0.11 M H,SO, by using batch-type solid-liquid extraction apparatus, AMBER ---- 165
T. Yokokita et al.

Anion exchange of Zr, Hf, and Th by the automated extraction apparatus: toward the chemical study of ,,Rf in HNO; --- 166
E. Watanabe et al.

“Ru and *"Fe Méssbauer spectroscopic studies of Na,Ru,_ Fe, O, of sodium-ion battery electrodg:---«-«-----weseeereeeees 167
H. Hamano et al.

Development of an RF-carpet gas cell for the chemistry of superheavy elements: -+« cceeerererrrrrree 168
Y. Shigekawa et al.

Al’l attempt to modlfy the membrane degasser (MDG) ................................................................................ 169
Y. Komori et al.

Preparation of Gd targets for in-beam fission measurements as a step towards the handling of ***Am targets
With ultra-thin backings <« -« wvrrrrrrrr e 170
T. Tanaka et al.

Preparation of [*" At]-labeled sodium astatide (NaAt) by reducing with ascorbic acid for the treatment
Of thyr()ld (o8 Te s SRR R R e 171
Y. Shirakami

Development of radioimmunotherapy with astatine-211-counjugated antibodies -« -+« <« xxxrerrrrrrrrerereeeee 172
H. Takashima et al.

Anti-cancer effect of *'' At-labeled antibody on xenografted mice with intravenous injection -««----+-++-wereeeveaeeeieeenn 173
Y. Kanayama et al.

Dispersion rates of astatine-211 from aqueous solutions and chloroform <« -« «ovrrerrerreere e 174
A. Toyoshima et al.

Usability of “’Cu as a therapeutic radioisotope for peptide receptor radionuclide therapy -««--+++++-eeeereeesssereeeeeiieee 175
Y. Fujisawa et al.



RIKEN Accel. Prog. Rep. 53 CONTENTS

Quality evaluation of RIKEN Cu for labeling peptide COmMPOUNA - -+« ++-rereerrrrreeeiiiii 176
S. Oshikiri et al.

Simultaneous imaging of Na”/K” by semiconductor Compton camera GREL -+« -« -xeseerremsem 177
S. Motomura ef al.

Research progress on double-photon-emission coincidence imaging with cascade gamma-ray-emitting nuclide -----------+ 178
M. Uenomachi et al.

Production of Np-236 in the *Th + "Li reaction for standard material in accelerator mass spectrometry ««-----«---------+- 179

Y. Hayakawa et al.

Excitation function measurement of the TI(d, &)*”Hg reaction for carrier-free **’Hg tracer production ««««-----=-====------o 180
Y. Takahashi et al.

Activation cross sections of alpha-induced reactions on natural tungsten for '*Re and '®Re production:----+------+-e---+- 181
N. Ukon et al.

Activation cross sections of alpha particle-induced reactions on natural hafnium up to S0 MeV - +-vreeereeerreeeeeeeens 182
S. Takacs et al.

Activation cross sections of alpha-induced reactions on natural ytterbium up to 50 MeV ««-c-coeeererererereeeeeeeeeee. 183
M. Saito et al.

Measurement of excitation functions for '“Ho(a, x72)'®Tm reactions «=+++««++wrreeeessmmmmrr 184
A.R. Usman et al.

Production cross sections of (d, x) reactions on natural @rbium -« «+wxxxsrrreesrrreis 185
M. U. Khandaker et al.

Activation-cross-section measurement of alpha-induced reactions on natural dySprosium «««««««cceeeerrrrrrrree.. 186
T. Murata et al.

Production cross sections of '*'Dy in alpha-particle-induced reactions on natural gadolinium ----«-«---ooeeeeeeeeeeeeieee 187
D. Ichinkhorloo et al.

Activation cross sections of alpha-particle induced nuclear reactions on natural palladium -« -« -« -c-eoererereerreeeeees 188

M. Aikawa et al.

Excitation function measurement for zirconium-89 and niobium-90 production using alpha-induced reactions
on yttrium-89 ......................................................................................................................... 189
T. Murata et al.

Production cross sections of ®Ga via deuteron-induced reactions on natural Zing =+««««++««++ressrerarrmrrar, 190
Ts. Zolbadral et al.

Production cross sections of *'Ti via deuteron-induced reaction on #Sc--------------oorerrrrrrse 191
Ts. Zolbadral et al.

Present status of "' At production at the RIKEN AVE CyClOtron ««««««++- s serrrrsssssssiiiiiis 192
Y. Wang et al.

Decontamination of Po in the 2'Rn/*"" At GEMETALOT SYSTEINY -+ -+ v =+ s v e s s e eome s s ettt 193
K. Aoi et al.

Separation and purification of *’Ce tracer for metallofullerene Synthesis -««««««««««««««xxxeeremmmmmmmmmmmiiiii 194
K. Akiyama et al.

Separation of 121mTe from antimony WIthOUL TEAOX TEACTION *# v v v v xx v e e e e e et e 195
T. Kubota et al.

Chemical separation of theranostic radionuclide ""'Ag produced in "™Pd(d, x)'"" Ag reactions -+ +++++++eeeereeereseeeeeeein 196
K. Ooe et al.

Preliminary investigation of nanoclay-gel-based fluorescent gel dosimeters under carbon-ion beam «----+---oeoeeeeeeeeees 197

T. Maeyama et al.

4. Radiation Chemistry and Biology

Mutants of the ectomycorrhizal mushroom 7richoloma matsutake that exert detrimental effects
on itS symbiotic partner Pmus densiﬂora ......................................................................................... 199
H. Murata et al.

Effect of heavy-ion-beam irradiation on mycelial growth of medicinal mushrooms -« «-«-«-«rorreeeeeeene 200
M. Hatashita, K. Takagi et al.

Yield improvement of starch-degrading enzyme in fungi by ion-beam mutagenesis ««««-«---r-wrrrrrrrrr e 201
H. Iwahara et al.



CONTENTS RIKEN Accel. Prog. Rep. 53

Mutation breeding Of Sake yeast using heaVy-iOn'beam irradiaﬁon ................................................................. 202
K. Baisho et al.

Isolation of morphological mutants in a bryophyte model Marchantia polymorpha using heavy-ion mutagenesis «=+*-+-+-+ 203
S. Sakai et al.

Breeding of summer-autumn-flowering small-flowered spray-type chrysanthemums cultivar ‘Nagasaki SWC1’
by heavy-ion-beam TETAGIALION « v« v v v e e em e e e e e e e et et e et et e e et ettt et 204
A. Hisamura et al.

Mutation induction in strawberry of original Saitama cultivar by C-ion irradiation -« ««««c-eeeesrrerereeeeeeee 205
H. Uchida et al.

Characteristics of heavy-ion mutagenesis in cultivated Strawberry « -+« «««wrerrrrrrrerrrrrrrn e 206
T. Wada et al.

Improvement of the Brix content of the sweet potato “Anno-Beni” by mutation induced
using heavy-ion-beam TETAAIATION v« # v v v e e e e e e e e e e e e e e e et et e 207
T. Hashiguchi et al.

Development of mutagenesis technique for leguminous crops using heavy-ion-beam irradiation
and screening Of USETUL MULANTS -+« + v+ v v rrerrrrrrre e 208
P. Siviengkhek et al.

Mutants of sorghum variety “WRAY” induced by heavy-ion irradiation -« -« -« rerrrerrrrreeceee 209
H. Cai et al.
Genetic analysis of an early flowering rice mutant induced by argomn 101 <+« -+« werrrrrrerrrrrerrre e 210

R. Morita et al.

Approach toward isolating early-heading mutants from Tana Toraja local aromatic rice “Pare Bau” irradiated
with argon- and carbon-101 DEAMIS -« +«+«« v v rr e rrrerr et 211
A. M. Okasa et al.

A novel domain of LONG GRAIN 1 in rice possesses transcriptional activation activify «-«-««wowererrrsrrrsraeeeeeeeeeee 212
H. Abe et al.
Establishment of large mutant lines on rotifer using heavy-ion-beam irradiation < -« «-wreerrrrreerrrie e 213

K. Tsunezumi et al.

Contribution of multiple DNA repair pathways in Arabidopsis thaliana dry seeds after heavy-ion-beam irradiation ----- 214
K. Ishii et al.

Ion-microbeam irradiation to damage DNA in RPE cell nucleus with tapered glass capillary optics at Pelletron facility--- 215
T. Ikeda et al.

IV. OPERATION RECORDS

Electric power Consumption Of RIKEN Nishina Center in 2019 ..................................................................... 21’7
E. Ikezawa et al.

Operation report of the ring cyclotrons in the RIBF accelerator complex =« ««««wreerrrerrrrmrrreeeteeee 218
N. Tsukiori et al.

RILAC Operation ........................................................................................................................... 2 l 9
E. Ikezawa et al.

Operation report on the RIKEN AVF CyClOtrOn for 2019 ............................................................................. 220

M. Hamanaka et al.

Present status Of the llquld-hellum Supply and recovery system ..................................................................... 221
T. Dantsuka et al.

Operation Of the BlgRIPS CI'yOgeniC plant .............................................................................................. 222
K. Kusaka et al.

Radiation safety management at RIBF .................................................................................................. 223
K. Tanaka et al.

Operation Of the Pelletron tandem accelerator .......................................................................................... 225
T. Ikeda et al.

Fee-based activities operated by the Industrial Application Research Team <« ««ccoeeoeeerrererereeen 226
A. Yoshida et al.



RIKEN Accel. Prog. Rep. 53 CONTENTS

V. EVENTS

Nishina School 2019 ....................................................................................................................... 227
H. Ishiyama et al.

Creation of superheavy elements highlighted at the closing ceremony of IYPT 2019 -+« -cevvrrerrrerreremreeeienieienees 228
H. En’yo

The 3rd “Hodan-kai” meeting for the future of exotic nuclear physics «««««w«wrrrrrrrrrrrrrr e 229
W. Horiuchi et al.

SHE2019—The 4th International Symposium on Superheavy Elements -« «-wxxcovrrerrrrrrereeeeeeeeee 230
H. Haba

RIKEN Symposium “Trends in ion-beam breeding over the last two decades and future research” ««-«-««voveeeerrereeeeeeee 231
T. Abe et al.

RIKEN Open Day 2019 .................................................................................................................... 232

H. Haba and K. Takahashi

Outreach activities outside the Wako Campuis: -« -+« -« xrrrrrrrerersrererentrei 233
N. Miyauchi

VI. ORGANIZATION AND ACTIVITIES OF RIKEN NISHINA CENTER
(Activities, Members, Publications & Presentations)

| ORGAMZAON «++++++++++++++1s1s1ssssmmmmmeeemee 235
2. FHBIGOS +++++++++++111 oo eeess s 236
3L SHRFIDE -+ 236
L, ReSCATCh PUDIGAION. <+ 237
5. MBIAGEMENE -+ 238
6. T0CINAtONA] COLAOTALOR ~+++++++++++---rrrss111errr e oeeeeeesss e 241
TUAWAIS -+ 243
8. Bricf overview of the RI BEam FaCory «----------+-----+-+---1-1-1111111 1111111111111 245

Nuclear Science and Transmutation Research Division

Radioactive ISotope PRySiCs LabOIAtory ««««+++++«rrrrrrrttsssssmssnrtrt ittt 247
SPIN ESOSPIN LADOTALOTY +++« =+ s+ s 257
NuClear SPectroSCOPy LaDOIALOTY =+« ««««««rrttsss s rmrrrrrt sttt bttt 264
High Energy AStrophysics LabOrAtory «««««+++««rrtss erttesmimtttes ittt ittt 270
Superheavy Element ReSearch GrOup <+« +«swesersrssrrsrssrssretsttti ittt ittt 274
Superheavy Element Production TEam ««««« -« rerrresrrrsrresr sttt sttt 276
Superheavy Element Device Development TEam <« « -« xwrrrrrrreretserataettiiiteeeeees 281
AStro-Glaciology RESEArch GIOUp «+«««««+++++++++ s srrsstttsssssiiiiiitttttt ettt 283
Nuclear Transmutation Data ReSEarch GO «++«+++««=++«=+rss s rsmmssmmte ittt 286
FaSt RT DAta TEAMY =+« cv«+rrerrrrrrmmmmmmmn et et oo 287
SIOW RI DAL TEAI =+« -+ wrersrrmrmemnam e e et 289
IVIUON DA2 TEAIM -+ -+ v+ r e e e mesree e e e e e e 290
High-Intensity Accelerator REID GIOUP ««+++ s+ ssrrrestsssssmssiestttttss bbbttt 292
High-Gradient Cavity RE&D TEam «+ -+« ««rrtssssssmssrsrtttstsssiiiiiitt sttt 293
High-Power Target R&DD TEAIL ++ e« wrrrtttssssssssrtnttttta sttt 294
Research Facility Development Division
ACCELETAOT GIOU *+# 77+ w2+ 295
ACCElErator RED) TEAIIL -+« -+« rrrrrrrmrmmnmenetn ettt et et ettt e e e e e 297
LM SOUECE TEAINL =+« v+ rr srrrrrmrrenmen et et e et e e et e e e 299

RILAC TTEAITL v v v v s v s s e e e et s ettt ettt 300



CONTENTS RIKEN Accel. Prog. Rep. 53

Cyclotron TEAIIY v v v e e et et e e e e 301
Beam Dynamics & Diagnostics TQAIMY v e e e e e e e e e 303
Cryogenic Technology TTEAIIL w v v v v v v s e r s e e e et et 305
Infrastructure Management TEAIML v v v v r e e r e e et 306
Instrumentation Development Group ............................................................................................. 308
SLOWIRI TEAIT # v v v v rrreeees e e ettt ettt ettt e ettt e e et ettt e ettt e e et e ettt e attaaaeeees 310
Rare RI—ring TTEAIIL v v v s v e m e e e e e e e e e 314
SORIT TEAIM v v v v v s rrre s e e e s e e e ettt ettt ettt s et e e et s e et e et e et ettt e et s ettt e e tteaaeeeens 317
Research Instruments Group ....................................................................................................... 320
BlgRIPS TEAIIL * v v v v v v s e e et e e e e e e 321
SAMURATL TEAIIY * v v v v s e e e e e e ettt e ettt ettt et e et e sttt e sttt s et sttt e et s ettt e e tteaaeeeens 326
Computing ANA NEEWOTK TEAM # v v v v v s e et ettt ettt ettt et e e et e e et eeeens 330
DIEtECtOr TEAIN « vt v v v s s s et sttt ettt 332

Accelerator Applications Research Division

Beam Mutagenesis GIOUP -+« -« rwsrresrrrsrssese sttt ettt ettt et 335
Ton Beam Breeding TEam ««« -« xwrrrerr sttt sttt sttt 336
Plant Genome EVOlution ReSEarch TEATT <+« -+« -« rxrtsrrerrsnrsnsmntmnttnttettt ettt ettt e et et 340

RIApPlication ReSEArch GIOUp «+++««=++«++«+=srsmress et 342
Nuclear Chemistry ReSEarch TEam «+««+««++««++rssrremrsamstesi et 343
Industrial Application ReSEarch TEaMm «««+++«+=++«+ - rsssremrsss et 352

Subnuclear System Research Division

Quantum Hadron PRySics LabOTatory ««+-««+ =+ «cssrtsmre sttt 354
Strangeness NUcClear PhySics LabOIatory «««««+««++««+ s rtssrssmrt ettt 358
RAGIAtON LADOTALOTY +++++++r s s s e 361
MESON SCIENEE LADOTALOry «««++«+++r+ st st ee st 366
RIKEN BNL RESEArCh COIEr <+« cr nerrserrrrmnemnemnmtn ettt et e et et et e et e e e 371

TREOTY GEOUP +++ 7+ s e e 372
EXPEIIMENtal GLOUD “« 7w+ r s s s rs s e 377
COMPUEILE GIOUP + 777+t 382
RIKEN Facility Office @t RAL ««+«rssrssrrsssrs st 387

Safety MaNAEMENt GIOUP ++«+ -+« -+ s st st 391

USEE LAGISON GIOUP «+ 7+ # s 393
RIBF USEE LiZISON TEAITL -+ -+« v+ v rrrrmrmmmnmmnetn ettt et e e 394
OULEEACH TOAIM «+++ - v# - eer e eeem e eem e e e et e et e 395

Office of the Center DIreCtor -« «-«rx e rrrrrrrrer ettt 396

Partner INSTITULIONS ««« v v veerrrrrr s e ettt et et 399
Center for Nuclear Study, Graduate School of Science, The University of Tokyo ««-«ccceeeerrrerrrrreeeeeeeen 400
Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies),

KEK (High Energy Accelerator Research Organization) «««+-««= -+ «s=srsmmmmmmmitaisi 413

Events (April 2019 — March 2020) «++«+++«++rsssremrsams et 417

Press Releases (April 2019—March 2020) «««++««+-«rsxrsssremmse sttt 418

VI. LIST OF PREPRINTS
List of Preprints (Aprll 2019—March 2020) ........................................................................................... 419



RIKEN Accel. Prog. Rep. 53 CONTENTS

VII. LIST OF SYMPOSIA, WORKSHOPS & SEMINARS
LlSt Of Symposia & WOrkShOpS (Aprll 2019_March 2020) ......................................................................... 421
LlSt Of Seminars (Aprll 2019_March 2020) .......................................................................................... 421



l. HIGHLIGHTS OF THE YEAR

<< Selection process of highlights >>

Highlights are selected by a two-step process. In the first step, a referee who reviews a manuscript decides
whether she/he would recommend it as one of the highlights.

Members of the editorial board then make additional recommendations if they think an important contribution
has not been recommended by the referee.

The second step involves the editor-in-chief proposing a list of highlights based on the recommendation given
above to the editorial board. After discussing the scientific merits and uniqueness of the manuscripts from
viewpoints of experts/non-experts, the editorial board makes the final decision.






I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 53

Strong one-neutron emission from two-neutron unbound states in
B decays of r-process nuclei 86:37Ga/l

R. Yokoyama,*! R. Grzywacz,*!*2 B. C. Rasco,*"*? N. T. Brewer,*"*? K. P. Rykaczewski,*? I. Dillmann,*?
J. L. Tain,** and S. Nishimura*> for the BRIKEN collaboration

Delayed neutron emission after 5 decays is found in
neutron-rich nuclei in which the energy window of 5~
decay (Qg) is high enough to populate excited states
of the daughter nucleus above the neutron separation
energy (S,). All of the neutron-rich nuclei on the 7-
process path are either one or multi-n S-delayed pre-
cursors. Delayed neutron emission shapes the final
abundance pattern owing to the modification of the
isotopic population through the modification of the de-
cay path back to stability and by contributing signif-
icantly to the neutron flux after freeze-out. However,
experimental data that enable the evaluation of the
role of multi-n emission for the r-process nuclei are
almost non-existent. Often, predictions for neutron
emission probabilities are based on a simplified cut-off
model that neglects y-decay competition and assumes
that only the higher-multiplicity neutron emission pre-
vails in the energy regions open to multiple neutron-
emission channels.

We studied neutron-rich Ga isotopes by means of
[B-neutron-vy spectroscopy at RIBF using the in-flight
fission of a 345 MeV /nucleon 238U%6* beam on a 4-
mm-thick °Be production target. For decay mea-
surement, 7 x 10* and 6 x 10% ions of 86Ga and
87Ga, respectively, were transported to the final focal
plane. Double-sided silicon-strip detectors (DSSSDs),
AIDA,Y WAS3ABi,? and a YSO scintillator®) were
employed for ion and (8 correlation measurements. The
3He neutron counter array, BRIKEN,» was used for
neutron measurement.

The half-lives and P,,, values were obtained through
the analysis described in Ref. 6). The Py, and Ps,
values obtained in this work for 8¢Ga are consistent
with the data reported by Miernik et al.”) We discov-
ered new 3-delayed two-neutron emitters, 84 85:87Ga,
and measured their two-neutron branching ratio for
the first time. Figure 1 shows a comparison of the ex-
perimental neutron branching ratio with shell-model
calculations based on the cut-off model reported by
Madurga et al.?) and shell-model calculations based on
the Hauser-Feshbach statistical model.®) When com-
paring the new experimental results with the predic-
tions from the shell-model calculations, we notice a
discrepancy between the cut-off model and experimen-
tal data for all investigated $2n gallium precursors,

1
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*2
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*4

Condensed from article Phys. Rev. C 100, 031302(R)
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Fig. 1. Comparison of the experimental data and the pre-
dictions from the shell-model calculations by Madurga
et al.’) “GT” and “GT+FF” in the legend denote shell-
model calculations with pure Gamow-Teller and GT +
first forbidden transitions, respectively. The GT+FF
predictions, when coupled with the statistical model
(stat.), provide a much better agreement with the data
than the cutoff model.

which is most dramatically manifested in 87Ga.

In contrast to the cut-off model, the inclusion of
the statistical model correctly reproduces the domi-
nating role of one-neutron emission from two-neutron
unbound states. This result is the first clear case in
medium /heavy nuclei where the effects of statistical
emission must be considered to model S-delayed multi-
neutron emission, which is of particular importance for
r-process modeling. The strong 1n emission from 2n
unbound states will require more detailed studies of
neutron and ~-ray spectra to establish the details of
the emission process. The detection of neutron ener-
gies and -ray energies is required to better constrain
both the strength-distribution models and statistical
model parameters.
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Shell evolution towards ®°Ca: First spectroscopy of ¢2Til

M. L. Cortés,**2 W. Rodriguez,*!*3 P. Doornenbal,*! A. Obertelli,***> J. D. Holt,*® S. M. Lenzi,*”
J. Menéndez,*® F. Nowacki,*® K. Ogata,*1%*!1 A, Poves,*!? T. R. Rodriguez,*'? A. Schwenk,*®*13*14
J. Simonis,*'® S. R. Stroberg,*®*'¢ and K. Yoshida*!” for the SEASTAR2017 collaboration.

The study of N = 40 isotones can provide insight
into the mechanisms governing shell evolution. Along
this isotonic chain different behaviors are observed: 58Ni
shows a high E(2]) and a low B(E2)|.") For Fe and Cr,
a monotonous decrease of the E(2]) when approach-
ing N = 40 has been observed,!) while the F(2]) of
58,60 shows a moderate decrease towards N = 40.%3)
The very exotic 5°Ca, where the Ca isotopic chain meets
the N = 40 isotones, is difficult to reach experimentally
and only recently its existence has been established.)
Theoretical calculations in the shell-model framework®
concluded that quadrupole correlations in the N = 40
isotopes give rise to deformed ground states dominated
by intruder neutron orbits beyond the pf shell, leading
to an island of inversion below ®*Ni. On the other hand,
symmetry conserving configuration mixing calculations
with the Gogny interaction predict a conservation of the
N = 40 gap leading to spherical 2Ti and %°Ca.% In this
work, the first spectroscopy of 2Ti is presented.

A 345 MeV /nucleon beam of "°Zn with an average in-
tensity of 240 pnA was fragmented on a Be target to pro-
duce %3V. The isotopes were identified using BigRIPS”
and delivered to the 151.3(13) mm long liquid hydro-
gen target of MINOS® placed in front of the SAMURAI
magnet. Outgoing 2Ti fragments were identified us-
ing SAMURALI and associated detectors.? MINOS was
surrounded by DALI2", composed of 226 NaI(T1) detec-
tors.10:11)

Two peaks were clearly identified in the Doppler cor-
rected y-spectrum, and were found to be in coincidence.
Using a 2-dimensional y? minimization the energies of
the transitions were deduced to be 683(10) keV and
823(20) keV, which were tentatively assigned to the
2{ — 0f, and 47 — 27 transitions, respectively. The
evolution of measured E(2]) and E(4]) energies for the

T Condensed from Phys. Lett. B 800, 135071 (2020)
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Fig. 1. Systematics of E(2]) and E(4]) for even-even N =
40 isotones, including the present measurement. The
black, green, and purple lines represent LSSM, SCCM,
and VS-IMSRG calculations, respectively.

N = 40 isotones between Ti and Ge! is presented in
Fig. 1. The E(2]) and E(4]) of %2Ti have a similar
value than the ones measured for *Fe, higher than those
of %4Cr. This shows the first increase of F(2]) along
the N = 40 isotones towards °°Ca. Large Scale Shell
Model (LSSM) calculations using the LNPS interaction
reproduce very accurately the data, indicating that the
island of inversion in this region extends down to %°Ca.
Symmetry conserving configuration mixing (SCCM) cal-
culations using the Gogny D1S effective interaction pre-
dict E(2]) for %Cr and 5°Fe which lie very close to
the LSSM predictions. However, for 52Ti a larger in-
crease of the E(2]) is obtained. For the E(4]) energies,
the calculations overestimate the experimental values by
about 500 keV, although the minimum value for 64Cr
is maintained. Ab initio valence-space in-medium sim-
ilarity renormalization group (VS-IMSRG) calculations
overestimate the F(2]) and E(4]) excitation energies in
62T, 64Cr, and 5Fe, predicting all states as spherical.
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"8Ni revealed as a doubly magic stronghold against nuclear
deformation’

R. Taniuchi,***? C. Santamaria,*>*2 P. Doornenbal,*?> A. Obertelli,*3*2** and K. Yoneda*?
for SEASTAR?2014 Collaboration

The doubly magic character of "®Ni was investigated
for the first time via the in-beam ~-ray spectroscopic
technique at the RIBF. Vital to the experiment was
a high intensity 23%U primary beam, accelerated by
the RIBF’s cyclotron complex and followed by the Bi-
gRIPS spectrometer?) for the production of the sec-
ondary cocktail beams. BigRIPS was centered on 7*Cu
and 89Zn ions, which are bound by one and two protons
more than the target isotope "®Ni. Excited states of
"8Ni were populated by one- and two-proton knockout
reactions, respectively. To produce the excited states
in sufficient numbers, a new secondary target system,
MINOS,? was implemented. It consisted of a 10-
cm long liquid hydrogen target surrounded by a time-
projection chamber to trace outgoing protons following
the proton knockout reactions. Reaction residues were
tagged by the ZeroDegree spectrometer') installed be-
hind MINOS. De-excitation v rays emitted in prompt
coincidence with the secondary reactions were detected
by the large volume ~-ray scintillator array DALI2.)

The ~-ray spectra of the (p, 2p) and (p, 3p) reactions
are shown in Fig. 1. The energies of the peaks indicated
in the figure were deduced by maximum-likelihood fits
with simulated response functions. As a result, a clear
high-energy ~-ray transition observed at 2,600(33) keV
in the (p, 2p) reaction illustrates the persistence of the
doubly magic nature of ®Ni. However, another transi-
tion at a similar energy, 2,910(43) keV observed in the
(p,3p) channel, questions the stability of the proton
and neutron shell closures.

The obtained levels of the excited states have been
compared with several state-of-the-art calculations.
Two large-scale shell-model calculations, LSSM and
MCSM, employing phenomenological interactions well
reproduced the experimentally observed transitions
just below 3 MeV as two excited 2% states feed-
ing the ground state independently. These theoret-
ical predictions interpret the experimental result as
"8Ni having two coexisting shapes, spherical in the
ground-state band and prolate for the excited band,
respectively. Other theoretical approaches, such as
the QRPA, Coupled-Cluster, and In-Medium SRG cal-
culations, could solely reproduce the first 27 state at
2,600 keV as spherical shape. The absence of the sec-
ond 27 state found at 2,910 keV is understood as due

t Condensed from the article in Nature 569, 53-58 (2019)
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Fig. 1. Doppler-corrected ~-ray spectra of "®Ni for the
(p,2p) and (p,3p) channels. These histograms are
fitted with simulated response functions (light blue
lines) and double-exponential background curves (blue
dashed line). The labels indicate the energies of the
respective peaks. Solid response function lines had sig-
nificance levels above 30, while the dotted ones did not.
The magenta line in each panel shows the summed curve
of the simulated functions.

to the limitations of these models such that they do
not incorporate the deformed, or collective phenom-
ena. This study suggests that the neutron-rich isotope
"8Ni cannot be envisaged as a simple doubly closed-
shell nucleus, but rather having a competing deformed
structure that prevails for more neutron-rich Ni iso-
topes and N = 50 isotones.
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Inclusive cross sections for one- and multi-nucleon removal from Sn, Sb,

and Te projectiles beyond the N = 82 shell closure'

V. Vaquero,*! A. Jungclaus,*! J. L. Rodriguez-Sanchez,*? J. A. Tostevin,** P. Doornenbal,** K. Wimmer,*>*4
S. Chen,***6 E. Nacher,*! E. Sahin,*” Y. Shiga,*® D. Steppenbeck,** R. Taniuchi,***® Z. Y. Xu,*® T. Ando,*?
H. Baba,** F. L. Bello Garrote,*” S. Franchoo,"'® A. Gargano,*'! K. Hadynska-Klek,*” A. Kusoglu,*!?*13 J. Liu,**
T. Lokotko,* S. Momiyama,*® T. Motobayashi,** S. Nagamine,*®> N. Nakatsuka,*'* M. Niikura,*> R. Orlandi,*'®
T. Saito,*® H. Sakurai,***® P. A. Séderstrém,** G. M. Tveten,*” Zs. Vajta,*!® and M. Yalcinkaya*!*!2

Inclusive one- and multi-nucleon removal cross sec-
tions have been measured for several Sn, Sb and Te iso-
topes just beyond the N = 82 neutron shell closure.
The beams were produced in the projectile fission of a
238U beam at the Radioactive Isotope Beam Factory at
RIKEN. The experimental cross sections were compared
to predictions from two different versions of the Liege in-
tranuclear cascade (INCL) model™?) as shown in Fig. 1.
This figure shows an overall good agreement between
the calculations and the experimental results. In partic-
ular for the Opzn removal from the N = 83 projectiles
133Gn, 1348} and 135 Te as well as the stable 112Sn3) both
the magnitude and the gentle odd-even staggering of the
cross sections is nicely reproduced by both calculations.
In contrast, none of them correctly describes the mea-
sured cross sections for one- and two-neutron removal
from the N = 84 isotones 34Sn and '3°Sb. This fail-
ure of the INCL model could be traced to the peculiar
structure of these nuclei with only a few valence neutrons
above the N = 82 shell gap.

Turning now to the one-proton knockout cross sec-
tions, Fig. 1(b) clearly shows that both calculations fail
to reproduce the experimental values for all three stud-
ied N = 84 projectiles, i.e. >4Sn, 135Sb and 36 Te. Note,
however, that in this case the refinements, which have
been introduced in the modified version of the INCL
code, have a much stronger effect as compared to the
case of one-neutron knockout, reducing the calculated
one-proton knockout cross sections by roughly a factor
of two. The underlying reasons for the overestimation of
the cross section for the removal of the stronger bound
nucleon species by the INCL model, which had already
been recognized in the past, are still awaiting explana-
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Fig. 1. Comparison between experimental inclusive removal
cross sections and the results of calculations performed
with two different versions (standardl) as dashed blue
and modified? as solid black lines) of the INCL code
for a) the Opzn and b) the 1pzn removal channels. The
experimental cross sections for Opzn removal from ''?Sn
shown in a) are taken from Ref. 3).

tion. The present data for multi-nucleon removal in-
dicate that an ad-hoc increase of the excitation energy
in the INCL model at the end of the cascade process,
an approach which has been suggested to cure the in-
capacity of the model to correctly describe the removal
of deeply bound nucleons, does not address the origin of
this problem.

Finally, we mention that the experimental inclusive
cross section for one-proton removal from semi-magic
13481 was also compared with calculations based on
eikonal direct reaction theory with structure informa-
tion from the nuclear shell model and refer to the origi-
nal publication for further details.
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g-Factor of the ?°Zr isomer: monopole evolution in the shape-coexisting
region’

F. Boulay,*"*2*3 G. S. Simpson,** Y. Ichikawa,*? S. Kisyov,*> D. Bucurescu,*® A. Takamine,*? D. S. Ahn,*?
K. Asahi,*>*6 H. Baba,*? D. L. Balabanski,*>*7 T. Egami,*?*® T. Fujita,*>*? N. Fukuda,*? C. Funayama,*?*6
T. Furukawa,*>*10 G. Georgiev,*'' A. Gladkov,*?*!2 M. Hass,*'3 K. Imamura,*?*!4 N. Inabe,*? Y. Ishibashi,*2*!°
T. Kawaguchi,*>*8 T. Kawamura,*® W. Kim,*!? Y. Kobayashi,*'6 S. Kojima,*?*% A. Kusoglu,*'"*17 R. Lozeva,*!!
S. Momiyama,*'® I. Mukul,*'* M. Niikura,*'® H. Nishibata,*>*9 T. Nishizaka,*?*® A. Odahara,*® Y. Ohtomo,*?*6
D. Ralet,*'! T. Sato,*?>*¢ Y. Shimizu,*?> T. Sumikama,*? H. Suzuki,*? H. Takeda,*? L. C. Tao,*>*!9 Y. Togano,*S
D. Tominaga,*?*® H. Ueno,*? H. Yamazaki,*?> X. F. Yang,*?° and J. M. Daugas*!*2

A rapid change of the ground-state shape has been
known to occur in neutron-rich Zr isotopes between the
spherical 98Zr and deformed '°°Zr.") This change has
been described as a quantum phase transition (QPT)
with the neutron number as a control parameter. The
997r nucleus closest to the critical point of the QPT has
an isomer (?9™Zr) with a spin parity of 7/27 at 252 keV.
The interaction between the mgg,2 and vgy /5 orbitals has
been thought to be important for this QPT to occur,?
and the 7/2% state may be key to this mechanism. In
the present study, the nature of %™Zr was investigated
through the magnetic moment.

The magnetic-moment measurement was performed
at the BigRIPS at RIBF. *™Zr was produced and spin-
aligned via the abrasion-fission of a 345-MeV /nucleon
238U beam impinged on a 100-um-thick ?Be target. The
g-factor of 99™MZr was measured by the time-differential
perturbed angular distribution (TDPAD) method. Fig-
ure 1 shows the R(t) ratio evaluated using v rays of
130 keV and 122 keV by assuming pure M1 and E2 tran-
sitions, respectively, where a degree of spin-alignment of
1.5(4)% was extracted. The g factor of ¥™Zr determined
was determined as |g| = 0.66(4); thus, the magnetic mo-
ment is |p| = 2.31(14) pn.

This value is far from the Schmidt value of gfee =
+0.425 for the vg; o orbital, indicating that 99m7y s
not in a pure (Vg7/2)1 state. A comparison of the exper-
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Fig. 2. Comparison between experimental and theoretical
values. The IBFM-1 calculation is based on the tran-
sition probabilities among the lowest three states and the
magnetic moments of the lowest two states.?)

imental values with the results of the interacting boson-
fermion model (IBFM-1), as shown in Fig. 2, suggests
that this state is strongly mixed with the main composi-
tion being vds 5. Furthermore, we found that monopole
single-particle evolution changes significantly with the
appearance of collective modes.*?)
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Study of quasielastic barrier distributions as a step towards the
synthesis of superheavy elements with hot fusion reactions’

T. Tanaka,*'*2*3 K. Morita,*"*? K. Morimoto,*! D. Kaji,*! H. Haba,*! R. A. Boll,** N. T. Brewer,**
S. Van Cleve,** D. J. Dean,** S. Ishizawa,**> Y. Ito,*"*¢ Y. Komori,*! K. Nishio,*"*6 T. Niwase,*!>*2
B. C. Rasco,** J. B. Roberto,** K. P. Rykaczewski,** H. Sakai,*! D. W. Stracener,** and K. Hagino*"*&*9

The excitation functions of quasielastic scattering
cross sections for reactions relevant to the synthe-
ses of superheavy nuclei, that is, the ?2Ne+2%¥Cm,
26Mg+243Cm, and *¥Ca+238U systems, were measured
using the gas-filled recoil ion separator GARIS to un-
derstand systematically the reaction dynamics of the
hot fusion reactions. From the measured cross sections,
the barrier distribution was extracted, which shows a
distribution of the barrier height in the entrance chan-
nel. The experimental data were well reproduced by
the coupled-cannels calculations.!) The calculated re-
sults indicate that the shape of barrier distribution is
affected dominantly by deformation of the actinide tar-
get nuclei, but also by vibrational/rotational excita-
tions of the projectile nuclei as well as neutron trans-
fer processes before capture. Contribution from each
colliding angles to the barrier distribution is system-
atically shown in Fig. 1 (black thin solid curves) by
showing the barrier distribution from each colliding-
angle range with 10° interval. Here, the distribution
for the side collision 80-90° is highlighted by the red
dashed curve. The total barrier distributions, which
are the sum of the black thin solid curves and the red
dashed curves, are also shown by the blue solid curves.
The peak of the sum of the evaporation residue cross
sections for Sg (Z = 106),2°% Hs (108),” Cn (112)%9
and Lv (116)%192 coincide not only with the barrier
distribution for 80-90°, but also with that for 70-80°
etc. However, the overlap with the barrier distribution
for the tip collision, such as 0°-20°, is negligibly small,
indicating that these hot fusion reactions take advan-
tage of the compact collision, where the projectile ap-
proaches along the short axis of a prolately deformed
nucleus, as was discussed in Refs. 11-13).

For hot fusion reactions, the optimum incident en-
ergy, at which the evaporation residue cross section
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Fig. 1. A comparison between the measured quasielastic
barrier distributions (the upper panels) and the evapo-
ration residue cross sections reported at different center-
of-mass energies for the syntheses of Sg, Hs, and Cn% 9
(the lower panels). The red symbols indicate the exper-
imental data from this work. The detailed explanations
of the calculated results are described in main text.

is maximized, can be estimated by an experimentally
determined barrier distribution, if the trend of com-
pact collision is not changed. Importantly, it would
take only about one day to measure a barrier distri-
bution for one reaction, which is much shorter than a
typical experiment to synthesize new superheavy ele-
ment, e.g., more than one hundred days using one puA
beam. This new method will significantly contribute
to future experiments to synthesize both new super-
heavy elements and superheavy nuclei in the island of
stability.
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Location of the neutron dripline at fluorine and neon'

D. S. Ahn,*! N. Fukuda,*! H. Geissel,*> N. Inabe,*! N. Iwasa,** T. Kubo,*1® K. Kusaka,*! D. J. Morrissey,*5
D. Murai,*® T. Nakamura,*> M. Ohtake,*! H. Otsu,** H. Sato,*! B. M. Sherrill,*® Y. Shimizu,*! H. Suzuki,*!
H. Takeda,*! O. B. Tarasov,*S H. Ueno,*! Y. Yanagisawa,*! and K. Yoshida*!

The location of the neutron dripline has been a long-
standing issue, and it is only known up to oxygen (atomic
number Z = 8) so far. No confirmed extensions of the
dripline above Z = 8 have been made for nearly 20 years,
since 240 (neutron number N = 16) was determined to
be a dripline nucleus.

In order to investigate the neutron dripline for higher-
Z elements such as fluorine (Z = 9), neon (Z = 10), and
sodium (Z = 11), we conducted a search for the new iso-
topes 32 33F, 35:36Ne, and 3% 3?Na at the RIKEN RIBF.
We attempted to observe isotopes beyond the line of the
mass number A = 3Z + 4, where the most neutron-rich
isotopes known so far are located. The search was per-
formed using the projectile fragmentation of an intense
48Ca beam at 345 MeV /nucleon on a 20-mm-thick beryl-
lium target. The projectile fragments were separated
and identified in flight by the large-acceptance two-stage
fragment separator BigRIPS.1?) The “8Ca-beam inten-
sity was as high as ~450 particle nA (~ 3 x 102 parti-
cles/s).

Particle identification was performed at the second
stage of the BigRIPS separator, relying on the combi-
nation of time of flight (TOF), magnetic rigidity (Bp),
and energy loss (AF) measurements, from which the Z
and A/Z of the fragments were deduced.?> The TOF was
measured between two thin plastic scintillators installed
at the intermediate and final foci of the second stage.
The AE was measured using a stack of four identical sil-
icon semiconductor detectors installed at the final focus.
The Bp was determined from a position measurement at
the intermediate focus using the same plastic scintillator.
The measurement was conducted with two Bp settings
of the BigRIPS separator, the central particle of which
was tuned to be 33F and the middle of *®Ne and 3°Na,
respectively. In these settings, their neighboring isotopes
also had a reasonably good transmission.

a)

After extensive running, we observed no events for
32,33 35,36Ne, and 3®Na and one event for 3°Na, im-
plying that these unobserved isotopes were particle un-
bound. In order to assess the confidence level of the im-
plication, production cross sections were systematically
measured as a function of mass number, and the data
were compared with the predictions from the EPAX 2.15
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Fig. 1. Section of the nuclear chart showing the location of
the neutron dripline determined in the present work.

systematics®) and the Qg systematics.?) These systemat-
ics allowed us to extrapolate the observed cross sections
and, hence, estimate the expected yields of the unob-
served isotopes. The comparison of no observed events
with the expected yields revealed that the existence of
bound 3% 33F, 35:36Ne, and 38Na was excluded with high
confidence levels. Thus, we concluded that the most
neutron-rich and heaviest bound nuclei, corresponding
to the dripline nuclei, are >'F and 3*Ne for fluorine and
neon, respectively. The location of the neutron dripline
has thus been extended up to Z = 10 for the first time
in nearly 20 years, as shown in Fig. 1.

The location of the neutron dripline is sensitive to the
underlying nuclear structure of neutron-rich exotic nu-
clei, such as the evolution of nuclear shell structure and
occurrence of nuclear deformation, which are caused by
the characteristic effects of complex nuclear forces.6®)
We compared the present results with various nuclear
mass and structure models, and we found that no mod-
els could consistently account for the nuclear binding of
neutron-rich nuclei in the present Z region.

The present results provide new keys to understanding
the nuclear stability at extremely neutron-rich conditions
and also present a new challenge to nuclear mass models
as well as nuclear structure theories and calculations.
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Dineutron correlation and rotational excitations in neutron-rich Mg
isotopes

M. Yamagami *

The spatial two-neutron correlation between two
weakly-bound neutrons, called dineutron correlation, is
one of the unique features of nuclei around the neutron
drip line. It is considered to be a universal phenomenon
that appears over all mass-number regions. However,
experimental probes for this phenomenon are still under
intense debate, except for light-mass nuclei such as ' Li.
In this study, the influences of the novel pairing effect
on rotational excitations in neutron-rich Mg isotopes are
clarified.

The experimental moment of inertia (MOI), which
can be extracted from the excitation energy E(27), is
smaller than the rigid-body values by a factor of 2 to 3.
The most important influences in this respect are pair-
ing correlations. I calculate the Thouless-Valatin (TV)
MOI, which includes the pairing correlations and resid-
ual interactions within the framework of the quasiparti-
cle random phase approximation (QRPA).

The Hartree-Fock-Bogoliubov (HFB) equation with
the Skyrme energy density functional (EDF) is solved
in the three-dimensional wave-number mesh space.?) On
top of the HFB states, the QRPA equation in the A-B
matrix form!) is solved for the TV MOL:

Jpy =2 Z (T (A + B) o e (o - (1)
Kk 11/

The Skyrme SkM* EDF predicts the neutron drip
line at #Mg.  The quadrupole deformations of
34,36,38,40,42, 44\ [0 are 8 = 0.35, 0.30, 0.28, 0.28, 0.21,

— 2 T T T T T T
> SkM*
]
S Mg E')=10 MeV
= *
<
5 1 :
en
en
g —a— Surface pairing
g —e— Volume pairing
[aW * Exp
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Fig. 1. Neutron pairing gaps 4A,, in neutron-rich Mg isotopes.
The results obtained using the surface-type and volume-
type pairing forces are compared with the experimental
data.
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Fig. 2. Same as Fig. 1 but for the Thouless-Valatin (TV),
Belyaev, and experimental MOIs. They are divided by
the empirical value.

and 0.15 respectively. Figure 1 shows the neutron pair-
ing gaps A4, in neutron-rich Mg isotopes. The pair-
ing gaps A, are almost constant in calculation using
the surface-type pairing force. This pairing force has a
strong continuum-coupling effect and creates dineutron
correlation around °Mg.?) The continuum-coupling ef-
fect is weak in the volume-type pairing force, and the
neutron pairing gaps 4, decrease as a function of mass
number A.

Figure 2 shows the TV MOIs in neutron-rich Mg
isotopes. The Belyaev MOIs, in which the residual
interactions in QRPA are neglected, are also shown.
They are divided by the empirical value Jemp =
B2A7/3 /400 [MeV~']. The TV MOIs using the surface-
type pairing force agree well with the experimental val-
ues, whereas the Belyaev MOIs underestimate the ex-
perimental values by about 20%.

The ratios of TV MOISs Jpy /Jemp are almost constant
in Mg isotopes with A < 40, but they are substantially
enhanced in 42 *Mg owing to the weak-binding effect.

In conclusion, it is emphasized that the experimental
MOIs in neutron-rich Mg isotopes are well reproduced by
the TV MOIs using the surface-type pairing force, which
creates dineutron correlations. The difference between
the TV MOIs using the surface-type and volume-type
pairing forces increases on approaching the neutron drip
line, and the difference is 20.7% in **Mg.
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xr dependence of the transverse single spin asymmetry of very forward
70 production in 510 GeV p' + p collisions

M. H. Kim*"*2 for the RHICf collaboration

The transverse single spin asymmetry, Ay, of very
forward (n > 6) 7° was first measured in the RHICf
experiment? in June, 2017 from polarized p + p colli-
sions at /s = 510 GeV. The Ay is defined as (dopes —
doRight)/ (doLeft +dORight ), Where opefi(Rignt) 1S the par-
ticle production cross sections in the left (right) side of
the polarization direction of the proton beam. The Ay
of very forward 70 is a powerful observable to investi-
gate the contribution from the non-perturbative process
to the non-zero Ay of 7°, which has been measured in
many experiments® %) thus far.

In order to measure the very forward 7° precisely, an
electromagnetic calorimeter, the RHICf detector, was
installed at the zero-degree area of the STAR experi-
ment at Relativistic Heavy Ion Collider, which was 18 m
away from the beam collision point. The configuration
of the RHICT detector can be found in Ref. 5). The
RHICf detector has an energy resolution of 2.5-3.5%
for 100250 GeV 7° and a transverse momentum (pr)
resolution of 0.005-0.025 GeV /¢ for 0.0-0.8 GeV /c 7°.

The experiment was conducted for 28 h with three
vertical detector positions, where the beam propagated
towards the center of the large tower, center of the small
tower, and a point 24 mm below the center of the small
tower of the detector before the collisions. With the
three detector positions, we requested radial polariza-
tion, which was the direction at an angle of 90° from
the usual vertical polarization at RHIC, and a large g*
= 8 m so as to measure the wide pr range with higher
resolution. The kinematic coverage of the measured 7°
iszp > 0.25 and 0.0 < pr < 1.0 GeV /¢, where the non-
perturbative process was expected to mainly contribute
to the 7% production.

Figure 1 shows our preliminary result for the Ay of
very forward 7° as a function of a2y for five different
pr ranges. The line and box error bars represent sta-
tistical and systematic uncertainties, respectively. The
estimation; of the polarization; beam center, which is
defined as the extrapolated zero-degree position of the
beam to the detector; and background (mostly from the
two-photon coincidence of different 7°) were the three
main systematic sources. See Ref. 6) for more details
on the analysis procedure and systematic study.

In Fig. 1, the Ayns are consistent with zero at a very
low pr < 0.09R GeV /c. However, its slope with respect
to the xp-axis becomes steeper as pp increases. When
pr > 0.36 GeV/c, the increasing Ay shows the same
slope with the previous forward (2 < 1 < 4) ¥ mea-
surements® %) even in the low-py region where only the
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Fig. 1. Preliminary result of the Ay of very forward 7° pro-
duction as a function zr. The five different colors cor-
respond to different pr ranges.

non-perturbative process is expected to be dominant.
It might be possible that the non-perturbative process
can contribute to the non-zero Ay of 7° at a higher pr.

The result also raises the necessity of further experi-
mental efforts to compare the roles of the perturbative
and non-perturbative processes in the Ay of 7% and
the measurement of the intermediate kinematic region
where both processes possibly contribute (0.8 < pr <
2.0 GeV/c). Combined analysis with STAR forward and
Roman pot”) detectors is useful to separate each pro-
cess by measuring the rapidity gap or tagging a proton
scattered at a very low angle, which are the character-
istics of the diffraction of the non-perturbative process.
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Non-evaporable getter-based differential pumping system for SRILAC

H. Imao,*! K. Yamada,*' N. Sakamoto,*! T. Watanabe,*! Y. Watanabe,*! K. Oyamada,*?> A. Yusa,*?
and O. Kamigaito*!

Upgrades of the RIKEN heavy-ion linac (RILAC) in-
volving a new superconducting linac (SRILACY) are in
progress. High-vacuum (<1078 Pa) and particulate-free
conditions are strictly necessary for keeping the perfor-
mance of the superconductive radio frequency (SRF)
cavities of SRILAC. It is crucially important to develop
neighboring warm sections to mitigate the large differ-
ence in the vacuum and clean conditions with respect to
the existing old RILAC and beamlines built almost four
decades ago. In the present study, a non-evaporable get-
ter (NEG)-based differential pumping system (DPS) has
been developed.

The three-stage DPS (Fig. 1) was designed to achieve
a pressure reduction from the existing beamline vacuum
(1075-10~°% Pa) to an ultra-high vacuum of less than
1078 Pa in the SRF cavities within a very limited length
of only 75 cm, ensuring a beam aperture greater than
40 mm. The properties of pumps we used for the DPS
are summarized in Fig. 1. Optimizations of the design
were performed with Molflow+2). We measured the pres-
sures of three stages in a prototype DPS when we leaked
Ny and Hy with three different leak rates, respectively.
The observed pressures are in good agreement with the
calculated ones (Fig. 2). The DPS also has fast clos-
ing gate valve (Series 75.2; VAT Group AG) responses
within 10 ms after receiving the signal of the pressure rise
of three distributed cold-cathode gauges to protect the
SRF systems from unexpected vacuum breaks. Compact
electrostatic particle suppressors (EPSs) were equipped
at the inside of the first-stage chambers of the DPSs to
suppress the scattering of particles and reduce possibili-

~750 mm

cryomodules
<~10% Pa
existing beamline

105~10%Pa beam aperture >440m™

Fast closing valve  Gate valves (VAT series 10)

(< 20 ms)
3rd
2nd
Ist <
1 3-stage DPS
) | Type Model Vendor _Nominal pumping speed [L/s
1st. Stage | Turbo Mol. Pump HiPace700 Pfeiffer 685 (N2), 555 (H2)
~5x107 Pa Roots Pump NeoDry60E Kashiyama 500 L/min (N2)
. Crvo Fump ~ ULVAC-UeH ULVAC 750(N2) 1100(Hz) 2100 (H20)

Zml&ﬂ,g?-‘ High Vacuum NEG Wﬂm SAES 0
~5x10°Pa|  lonPump. , Agilent 180 (N: i
3rd. Stage NEG Capacltorr 2400 SAES 500 (H2), 125 (Nz) 210 (CO)

<10°Pa

Fig. 1. Design of three-stages DPS and pump properties.
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Flg 3. Photograph of the DPS and the EPS.

ties to transport particles to the SRF cavities. The EPS
consists of two electrodes, each of which consists of 6
stainless-steel bars, as shown in Fig. 3. Some particle
tests with the EPS in air and vacuum were performed
with a vacuum particle sensor (VACUUM PARTICLE
SENSOR; Wexx Co., Ltd). Ceramic and metal parti-
cles were artificially generated by scraping blocks. The
counts were significantly reduced when we applied a high
voltage on the electrodes. The vacuum in the beamlines
becomes an ionizing environment due to the energetic
heavy ions passing during the operation. We expect that
the EPS can suppress particle transport to the SRF cav-
ities.

All components (chambers, pumps, valves, vacuum
gauges, etc.) were cleaned and assembled in a clean
room of ISO class 1. The installation of the pair DPSs
was completed in December 2019. Some pumps are
equipped in the horizontal direction to prevent parti-
cle falls (Fig. 3). We already confirmed that the desired
pressure reductions were successfully achieved, and ac-
tual operations will start soon.
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Calibration of the beam energy position monitor system for the RIKEN
superconducting acceleration cavity'

T. Watanabe,*! H. Imao,*! O. Kamigaito,*! N. Sakamoto,*! N. Fukunishi,*! M. Fujimaki,*! K. Yamada,*!
Y. Watanabe,*! T. Toyama,*? T. Miyao,*?> A. Miura,*> K. Hanamura,** T. Kawachi,** R. Koyama,*®
and A. Kamoshida*!+*6

Upgrades for the RIKEN Heavy-ion Linac that involve
a new Superconducting Linac (SRILAC) are currently
underway to promote super-heavy element searches and
the radioactive isotope (RI) production of astatine
(?'1At) for medical use.'?) We have developed a beam
energy position monitor (BEPM) system?®) that can si-
multaneously measure not only the beam position but
also the beam energy by measuring the time of flight of
the beam. By using parabolic-shaped electrodes (Fig. 1),
we realized the ideal linear response of the quadrupole
moments while maintaining good linear position sensi-
tivity. We fabricated 11 BEPMs and a position calibra-
tion system employing the wire method that we used to
obtain the sensitivity and offset of the BEPMs.

Destructive monitors generate outgassing; if they are
used, it becomes difficult to maintain the Q value and
surface resistance of the superconducting radio frequency
(SRF) cavities over a long period of time. It is, therefore,
crucial to develop nondestructive beam measurement di-
agnostics. With the aim of measuring the beam position
at an overall accuracy of £ 0.1 mm, a calibration mea-
surement was performed at the KEK campus in Tokai.

Because there are 3 types of BEPMs for the SRILAC,?)
we designed and fabricated dummy pipes that surround
the wire and jigs to mechanically fit the calibration de-
vice. The calibration device is shown in Fig. 2. The
BEPM to be calibrated is connected to a dummy pipe
with an inner diameter equal to that of one of the BEPMs
(Fig. 2(a)). The assembly is fixed to an XY stage that
moves within the measurement region in 2-mm steps. A
wire acting as a signal source is fixed. Round crimp ter-
minals are attached by crimping and soldering at both

Cross
Section

Ceramic
Insulator

Fig. 1. Parabolic-shaped electrodes.

T Condensed from the the proceedings in 2019 International
Beam Instrumentation Conference (IBIC 2019)

*1 RIKEN Nishina Center

*2 KEK/J-PARC, Tokai

*3  JAEA/J-PARC, Tokai

*4 Mitsubishi Electric System & Service Co., Ltd., Tokai

*5 SHI Accelerator Service Ltd., Wako

*6  National Instruments Japan Corporation, Tokyo

Fig. 2. Photographs of the calibration measurement device,
jigs, and dummy pipes.

ends of a copper-plated piano wire. The dummy duct
has a double-pipe structure that can be expanded and
contracted. When the round-crimp terminals are con-
nected to the electrode on both end plates, the inner
dummy pipes are made to slide into the outer dummy
pipe to provide sufficient space for the connection of the
electrodes. After that operation is completed, the in-
ner dummy pipes are restored to their original position
and fixed to the double pipe by fastening bands. Ade-
quate tension can be applied by moving one of the end
plates outward with fine adjustment. The dummy pipes
are connected to the end plates with an RF contact fin-
ger and are held to the ground potential (Fig. 2(b)).
When the measurement was repeated, it was found that
both the required electrical characteristics and flexibility
could be achieved simultaneously by reducing the num-
ber of RF contact fingers and applying copper tape to
the end plates. As a result, measurement errors were
drastically reduced.

By using the calibration device, the calibration was
completed to within +0.05 mm mechanical accuracy. We
will continue to analyze the measurement results of all
the BEPMs, which will be used to measure the beam
position and energy using the calibration values when
the beam is accelerated at SRILAC.
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Intermediate silicon tracker development for sSPHENIX experiment at
RHIC

1. Nakagawa,*! Y. Akiba,*! D. Cacace,*? K. Cheng,*® E. Desmond,*? T. Hachiya,*!** S. Hasegawa,*®
T. Kondo,*® C. Kuo,*3 M. Lenz,*?> E. Mannel,*? C. Miraval,*> M. Morita,** R. Nouicer,*? R. Pisani,*?
M. Shibata,** C. Shih,*> A. Suzuki,** T. Todoroki,** X. Wei,*” and R. Xiao*”

The construction of sSPHENIX detector!) has been
started since the sPHENIX was approved for the
Project Decision-2/3 (corresponds to DOE’s Critical
Decision-2/3) in May, 2019. The subsystem detectors
are now under mass production. We have been de-
veloping the one of the tracking devices of sSPHENIX
called INTermediate Tracker (INTT), which consisted
of 2 layers of a silicon strip sensor. The INTT is the
only tracker which has better than 1 beam clock reso-
lution in sSPHENIX trackers. It provides thus the tim-
ing of particle trajectories. A telescope was assembled
with 3 layers of prototype ladder for the first beam test
in March, 2018 at Fermilab test beam facility (FTBF).
The prototype detector demonstrated satisfactory po-
sition resolution as designed and about 96% detection
efficiency using well focused 120 GeV proton beam.

The design of silicon sensor and the high density in-
terconnect readout cable were finalized after the first
beam test. The next prototypes were considered as
pre-production versions and new silicon ladders were
assembled again to be tested in the next round beam

Fig. 1. The INTT collaboration at the Fermilab test beam
facility in June 2019.
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Fig. 2. The latest stave design (liquid cooling type).

test at FTBF in June, 2019. The performance of
the pre-production ladders are discussed in Ref. 2).
The attempt to reproduce observed performance by
a GEANT MC simulation is in progress. The very
first attempt was made in this beam test to accumu-
late data with the full chain of the INTT readout sys-
tem including the 1.2 meter long bus extension cable.?)
Technologically, it is the most challenging R&D of the
INTT project.

The stave is the support structure of the INTT mod-
ule which consisted of silicon sensors and HDI. It re-
quires not only the stiffness, but also high thermal
conductivity in order to remove heat generated from
the read out chips mounted on the HDI. The stave is
made of a carbon fiber reinforced plastic and its pro-
totyping has been proceeded in Asuka Co. in Japan
and Lawrence Berkley National Laboratory in paral-
lel. The latest stave is designed to be (Fig. 2) a liquid
cooling type using a carbon fiber composite tube laid
out in the middle of the stave. The fabrication of the
latest design has been procured in Asuka Co.

The development of the INTT detector is thus in the
final stage, the preparation for the mass production
is in progress. Produced all silicon sensors are to be
tested and evaluated in National Central University,
Taiwan.?) The ladder assembly is to be performed in
both National Taiwan University? and BNL.® The
mechanical design of the INTT ladders, readout chain,
and support structure is discussed in Ref. 7).
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Update of MOCO for the MPV system

H. Baba,*! T. Ichihara,*! T. Isobe,*! T. Ohnishi,*! K. Yoshida,*! Y. Watanabe,*! S. Ota,*? H. Shimizu,*?
S. Shimoura,*? S. Takeuchi,*? D. Nishimura,*3*2*! J. Zenihiro,***! A. O. Tokiyasu,*® and R. Yokoyama*®

We have been developing a data acquisition (DAQ)
system. VME-bus-based DAQ systems are widely uti-
lized in RIBF. To speed up the VME DAQ system,
a mountable controller (MOCO)") was developed and
introduced in some experiments? in 2016. We could
achieve very good DAQ performance; at the same time,
problems on the usability and robustness were found.
To establish a robust and easy-to-use system, we de-
veloped a new MOCO with parallelized VME (MPV),
which is a type of parallel readout extension of VME.?)
The system architecture is described in Ref. 3). In this
contribution, we report the update of MOCO to adopt
the MPV system.

The original MOCO and new versions (prototype and
production) of MOCO-MPYV boards are shown in Fig. 1.
In the original MOCO, trigger and data communications
are performed using the LVDS I/0 and USB interface.
On the other hand, these communications between the
MPYV controller and MOCO-MPYV are realized through
four differential lines (LVDS I/0) that are patterned on
the MOCO-MPV board. These differential lines are
assigned as follows: 1) 100-MHz clock, 2) command
packet, 3) data packet A, and 4) data packet B. The
100-MHz clock and the command packets are distributed
from the controller. All commutations are synchronized

(a) Original (a) Prototype

MOCO-MPV

(a) Production
MOCO-MPV

1/0 Pin
Differential
lines for
LVDS

Fig. 1. Photograph of different versions of MOCO. The func-
tionalities of the prototype and production MOCO-MPV
boards are the same. However, the positions of the JTAG
and debug port connectors are different.
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Fig. 2. Monitor signals between MOCO and CAEN V792
QDC captured by Tektronix MDO3034 through the de-
bug port of the prototype MOCO-MPV board.

with this 100-MHz clock. MOCO-MPYV sends 200-Mbps
data at maximum by using two data packet lines to the
controller. This 200-Mbps data throughput is sufficient
because the maximum data rate of a typical 32-bit VME
module is 160 Mbps (in experiments at RIBF, this data
rate is usually much less than 20 Mbps per VME mod-
ule). An eight-port debug interface is additionally imple-
mented on the MOCO-MPV board to monitor the bus
signals between MOCO and a VME module. Figure 2
shows the signals of MOCO-MPYV reading out data from
CAEN V792 QDC. MOCO-MPYV waits for the interrupt
signal of V792, and the block transfer is started when
the interrupt signal is issued. After 34 x 32-bit data read
out, the BERR signal is generated from V792, following
which this block transfer is terminated. Including the
conversion time of V792, the duration of the one event
busy is only 15 us. In the original MOCO case, DC
power is supplied via the DIN41612 female connector
(right-side connector) because the board is designed to
place the front side of the VME backplane. In contrast,
since the MOCO-MPYV board is installed at the rear side,
both DC power and VME bus signals pass through the
DIN41612 male connectors (two left-side connectors).

The MPV system with the prototype MOCO-MPV
board was successfully introduced in the NP1512-
RIBF79R1-02 experiment® in November 2019 for the
first time. Legacy VME DAQ systems in RIBF will be
gradually replaced by the MPV system together with
the production MOCO-MPYV board.
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Offline measurement of mass and correlated decay properties using
radioactive 224Ra source via MRTOF+a-TOF detector
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H. Miyatake,*3 K. Morimoto,*? K. Morita,*"*> M Rosenbusch,*?> H. Wollnik,*® T. Shanley,*” and Y. Benari*”

Recently, we newly developed a detector called the “a-
TOF” detector? for the measurement of mass and corre-
lated decay properties by using a multi-reflection time-
of-flight mass spectrograph (MRTOF-MS).2) We per-
formed realistic performance tests using a 22*Ra source.
The source, produced by a chemical separation from a
228Th source,) was placed in a cryogenic gas cell.

Ions of 229Rn and 2'6Po produced by the decay of
224Ra were thermalized in the gas cell and extracted
using an RF carpet, transported to the MRTOF-MS
preparation traps, and injected into the MRTOF-MS for
the correlated measurement of the time of flight (ToF)
and a-decay. 2?°Rn and 2'6Po have half-lives of 55.6 s
and 145 ms with characteristic a-particle energies of
6.29 MeV and 6.78 MeV, respectively. During this mea-
surement, the MRTOF was operated for only 2 laps in-
side the MRTOF reflection chamber. This was sufficient
to unambiguously determine the A /¢ value with a mass
resolving power of R,, ~ 1500 with a wide mass band-
width.
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Fig. 1. (a) Singles ToF spectrum. (b) ToF spectrum in coin-
cidence with ??°Rn a-decays obtained using a time gate
of T. = 180 s. (c) ToF spectrum in coincidence with '®Po
decays with T, = 450 ms.

*1 Department of Physics, Kyushu University

*2 RIKEN Nishina Center

*3  Wako Nuclear Science Center (WNSC), KEK
*4 Japan Atomic Energy Agency

*5  Yamagata University

*6 New Mexico State University

*7 ETP Ion Detect

14 -

Counts

0 RGN

' 10-1 10°
decay time [s]

Fig. 2. Distribution of decay time of >*®PoCO™™. The solid
line indicates a distribution curve drawn with values ob-
tained from the literature.

Figure 1 shows the ToF spectrum of 22°Rn and 2'6Po.
ToF and a-decay signals were recorded event by event
with absolute time stamps. Figure 1(a) shows the sin-
gles ToF spectrum. By using a coincidence time gate
(T.) prior to the detection of an a-decay signal, it is pos-
sible to discriminate between ToF events corresponding
to 22°Rn and ?'Po, as shown in Fig. 1(b) and (c), re-
spectively. To identify the peak of 2'6Po, a 4150 keV
energy gate was used for the a-decay signal at approx-
imately 6.78 MeV with T, = 450 ms corresponding to
three half-life periods. To identify the peak of 22°Rn, a
similar gate was made on the 6.29 MeV a-decay signal
with T, = 180 s.

Using the a-decay correlated ToF event, we deter-
mined that the ToF peak occurs at A/¢ = 118 and 120
from 22°Rn events and A/q = 122 from 215Po events.
The limited mass resolution of the wide mass band-
width measurement precluded precise molecular iden-
tification. However, based on past experience, we have
tentatively assigned the A /g = 118, 120 and 122 peaks to
220RnO++, 220RnHF*+ and 2'PoCO*™, respectively.
In addition, by defining the decay time as the time inter-
val between the a-signal and the ToF event, we demon-
strated the ability to measure half-lives with the a-TOF
detector. Figure 2 shows a plot of the measured decay
time of 2!PoCO** ions along with the expected decay
time distribution function based on the value reported
in the literature. We evaluated the half-life of 215Po as
T /2 = 123(22) ms, which is in good agreement with the
literature value of 145(2) ms.
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Offline collinear laser spectroscopy of barium II toward measurement of
RIs at SLOWRI facility

M. Tajima,*! A. Takamine,*! Y. Sasaki,*>*! T. Asakawa,*?*! H. Iimura,*3*! M. Wada,** H. A. Schuessler,*>*!
Y. Matsuo,*?*! and H. Ueno*!

The laser spectroscopy of atomic transitions is sen-
sitive to nuclear structures in ground or metastable
states. In particular, the measurement of isotope shifts
and hyperfine splittings by collinear laser spectroscopy
has been a powerful tool to study Rls. Charge radii,
quadrupole deformation, and electromagnetic moments
have been elaborately measured at ISOL-type facilities
such as ISOLDE at CERN. However, the available nu-
clei are limited by chemical properties and lifetime with
the ISOL technique. On the other hand, the gas cell de-
celerator facility, SLOWRI," which is being developed
in RIKEN, will supply low-emittance and low-energy
RI beams including refractory elements and short-lived
(210 ms) nuclei, which are difficult to obtain from the
ISOL-type facility. We are preparing for collinear laser
spectroscopy by taking advantage of slow RI beams de-
livered from SLOWRI.

As a test of the system for collinear laser spectroscopy,
we performed the spectroscopy of barium ions. Bar-
ium was chosen because its ion production is relatively
easy and an existing dye laser is capable of inducing one
of the strong transitions, 5d?Ds/o-6p2P3/5 (614 nm).
A surface ionization source was constructed to obtain
Bat based on the design previously used at JAEA.?
Barium oxide was heated up to approximately 2000 K
and a few nA of Ba™ were constantly produced. It was
extracted at 10.5 keV, focused by electrostatic lenses,
isotope-separated by a magnet, and focused again to
enter an observation region. A continuous-wave (CW)
dye laser (Coherent 899 Ring Laser) with Kiton Red
pumped by a solid-state laser (Verdi V10, 6 W) was ir-
radiated collinearly with the Ba™ beam. The power was
~0.3 mW in the observation region. The laser wave-
length was locked at 614.10433 nm by utilizing feedback
signals from a wavelength meter (HighFinesse WS-U-
10). The full width at half maximum (FWHM) of the
laser frequency was ~5 MHz. In the observation region,
the velocity of ions was changed using a set of electrodes.
When the velocity was tuned according to the Doppler
shift, the ion was at resonance, and spontaneous emis-
sion from 6p2P3/2 to 6s 281/2 (455 nm) successively oc-
cured. This fluoresence signal was detected by a photo-
multiplier (Burle 8850). The quantum efficiency of the
photomultiplier was about 20% at 455 nm, but the ef-
ficiency was less than 1% at 614 nm. Therefore, this
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Fig. 1. Resonance spectra for the isotopes show-

ing the transition 5d*Ds;2-6p *P3 2.

measurement is almost free of background counts due to
stray laser light. Figure 1 shows the count rate of the
fluoresence signal as a function of the voltage applied to
the Doppler-shift-tuning electrodes. Isotope shifts and
hyperfine splittings for 3% 137Bat with the nuclear spin
I = 3/2 were successfully observed.

Trajectory simulations suggest that the resonance
spectrum becomes asymmetric due to misalignment of
the laser and ion beams, which can be a main system-
atic error. Detailed analysis is ongoing. We plan to in-
troduce a fine-tuning system of alignment before online
measurement.
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Angle-tunable wedge degrader for an energy-degrading RI beamline’

J. W. Hwang,*! S. Michimasa,*! S. Ota,*! M. Dozono,*! N. Imai,*! K. Yoshida,*? Y. Yanagisawa,*?
K. Kusaka,*2 M. Ohtake,*?> D. S. Ahn,*? O. Beliuskina,*! N. Fukuda,*? C. Iwamoto,*! S. Kawase,*>
K. Kawata,*! N. Kitamura,*! S. Masuoka,*! H. Otsu,*? H. Sakurai,*? P. Schrock,*! T. Sumikama,*?
H. Suzuki,*> M. Takaki,*! H. Takeda,*?> R. Tsunoda,*! K. Wimmer,** K. Yako,*! and S. Shimoura*!

The Optimized Energy-Degrading Optics (OEDO)
beamline!) was established at RIBF to produce 10-50-
MeV /nucleon beams by slowing down secondary beams
from the BigRIPS separator. This beamline can ex-
tend the energy range of RI beams that can be pro-
duced in RIBF to optimize nuclear reactions such as
nucleon transfer and Coulomb excitation.

The angle-tunable degrader, one of the key elements
in the OEDO beamline, is a monoenergetic degrader
that reduces the beam energy and spread of a beam.
It consists of two Al sheets with a quadratic cross sec-
tion, the quadratic coefficients of which have opposite
signs. While its central thickness is fixed at 3 mm,
the wedge angle varies from 0 to 40 mrad according to
the relative positions of the two sheets. The effective
area is £30 mm (H) x £50 mm (V), which is wide
enough for the typical beam width, 20 mm. The av-
erage thickness deviations for sheets 1 and 2 are 33
and 58 um, respectively. The total central thickness
can be increased by introducing an additional Al flat
degrader immediately behind our system.

Figure 1 shows the whole system. For parallel and
separate movement of the sheets, the system includes
guides for the sheets, two parallel rails, and two linear
stepper motors. Each motor drives each Al sheet along
the corresponding rail. Because the motors operate
independently by remote control, we can optimize the
wedge angle using real-time data.

Degraders

Guides

Vacuum
Motors
1,

Horizontal Rails

Fig. 1. 3D design of the angle-tunable degrader system.

T Condensed from the article in Prog. Theor. Exp. Phys.
2019, 043D02 (2019), see also references therein
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Fig. 2. Distributions of the outgoing energy spread using
a homogeneous and monoenergetic degrader. All dis-
tributions were normalized to have the same number of
events.

An experiment for evaluating the system perfor-
mance was carried out at the OEDO beamline in RIBF.
A 171-MeV /nucleon "?Se beam was produced by the
in-flight fission of a 345-MeV /nucleon 233U beam im-
pinged on a 5-mm-thick Be target and was transported
to the OEDO beamline. The degrader system at the
dispersive focus (FE9) in the OEDO beamline was op-
timized to obtain the 40-MeV /nucleon beam. The cen-
tral thickness was set to 6 mm by placing a 3-mm-thick
flat Al plate behind the system.

The performance of energy compression was evalu-
ated by comparing the outgoing energy deviations us-
ing a monoenergetic degrader (the optimized wedge
angle) to a homogeneous degrader (0 mrad setting).
Figure 2 shows that the spread in the homogeneous
case is 12.6 MeV /nucleon in full width at half maxi-
mum (FWHM). The monoenergetic degrader reduced
the spread to 5.4 MeV /nucleon, which is similar to the
estimated value of 5.2 MeV /nucleon. The performance
of the system was estimated as satisfactory and its flex-
ible wedge angle is useful to deal with many different
nuclides and energies for various purposes.
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Effects of columnar defects introduced by 2.6 GeV U-ion irradiation on
J. characteristics of 2H-NbSe,

T. Tamegai,** W. J. Li,*! S. Pyon,*! A. Takahashi,*! Y. Kobayashi,*! A. Yoshida,*?> T. Kambara,*? and

A. Ichinose*?
ANANAELE BN L B L ELRLRLEL ELR LY
One of the most salient features of superconductors F DRI
is the zero-resistance state. Although the presence of = +B"’;4T ]
. . . 100 Bo=2T
such a state may be obvious in superconductors without ? 3 - By=1T ]
a magnetic field, a motion of quantized vortices can de- ° bS ¢ Pristine
stroy this useful state. The introduction of defects that é 10 26 G:‘Z,U
function as pinning centers for vortices is known to be ~ //c-axis

a practical method to restore the ideal zero-resistance
state under strong magnetic fields, leading to the en-
hancement of the critical current density (.J.) in super-
conductors. The irradiation of heavy ions on supercon-
ductors can create columnar defects (CDs) by destroying
the crystal structure of superconductors. CDs are ideal
pinning centers for vortices because they can trap vor-
tices along their full length. The effectiveness of CDs
in enhancing J. was demonstrated in high-temperature
superconductors’) and also in iron-based superconduc-
tors.2) However, the effect of heavy-ion irradiation on
conventional superconductors has attracted much less at-
tention to date. Only very recently, systematic work has
been conducted on 2H-NbSe, irradiated at an angle of
30° from the c-axis with a dose-equivalent matching field
(Bg) of 3 T. In this paper, the presence of the peak effect
of J. is reported. We investigated the effect of 2.6 GeV
U-ion irradiation on the .J. characteristics of 2H-NbSe,.

Single crystals of 2H-NbSes with T, ~ 7.2 K were
grown using the iodine transport method. 2.6 GeV U
ions were irradiated on 2H-NbSes at various angles, cp,
from the c-axis and at various Bg values up to 16 T. The
dependence of J. on B¢ and Ocp were studied.

Figure 1 shows scanning transmission electron micro-
scope (STEM) image of 2H-NbSe, irradiated by 2.6 GeV
U-ions from the directions of Ocp = +15°. It is clear
that continuous CDs with diameters of ~7-10 nm were
created.

Fig. 1. Columnar defects created by 2.6 GeV U-ion irradia-
tion ( Ocp = £15°) in single-crystal 2H-NbSes.
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Fig. 2. Effects of 2.6 GeV U-ion irradiation on J.-H in 2H-
NbSes: (a) pristine and irradiated samples with B =
1,2,4, and 6 T (//c) and (b) samples irradiated with
Ocp = 0°, £10°, £20°, and £30° at By = 4 T.

Figure 2(a) shows Jc as a function of the magnetic
field H(//c) at 4 K for a pristine sample of 2H-NbSe,
and samples irradiated at By = 1, 2, 4, and 6 T along
the c-axis. In all cases, J. decreases monotonically with
H. Compared with the pristine sample, J. at 1 kOe
is enhanced by a factor of more than 10 even at Bg =
1 T. Figure 2(b) shows J. as a function of H at 4 K
for 2H-NbSe, irradiated from the directions of Ocp =
+10°, £20°, or £30° at Bg = 2 T + 2 T Shown as a
reference is the sample with Bg = 4 T at fcp = 0°. In
all cases, the magnetic field H is applied along the c-axis
(the average direction of CDs). It is remarkable that,
in samples irradiated with cp = £10° and +20°, J.
shows a broad peak at H = 2-3 kOe, which is less than
10% of the total Bs. Such a peak effect is similar to the
one observed in a sample with tilted CDs.?) It should
also be noted that similar broad peaks were observed in
(Ba, K)FepAsy irradiated at Ocp ~ +£15°. In this case,
however, the peak appears at H ~ 1/3Bg. At a larger
|0cp], the broad peak is suppressed and replaced by a
sharp drop of J. below H ~ 0.3 kOe. The origin of the
broad peak in J.-H in 2H-NbSe, with splayed CDs is
not known yet. More systematic studies on 2H-NbSes
with different configurations of CDs are required.
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Impurity effects on magnetism of T*-type La;_;/2Eu;_;/2Sr,CuOy4

M. Takahama,*! S. Asano,*! T. Taniguchi,*' I. Watanabe,*? and M. Fujita*!

Since superconductivity in the cation-free T’-type
RyCuOy4 (R: rear-earth ion) was reported, the physi-
cal properties of cuprates have been studied in connec-
tion with the local structure around the CuOs plane
and Cu coordination.’»? However, owing to the diffi-
culty in detecting the variation in oxygen states through
reduction annealing, the role of annealing in the mecha-
nism of superconductivity and the genuine ground state
of T’-type cuprate remain controversial. To achieve
progress in these issues, we newly synthesized T*-type
Lay 5 /2Euy 5 /281, CuOy4 (LESCO), which has a CuOs
pyramid coordination. For the T*-type cuprate, it is
considered that the oxygen defect in the as-sintered (AS)
non-superconducting (SC) sample is repaired by oxi-
dation annealing.?) Therefore, LESCO gives a unique
opportunity to study the effect of local/global crystal
structure on the physical properties.

Our previous muon spin rotation/relaxation (uSR)
measurements on LESCO clarified the existence of the
disordered magnetic state in the AS sample and the
absence of static magnetism in the oxidation-annealed
(OA) SC sample, respectively.®) These results demon-
strate a drastic change in the magnetic state due to an-
nealing. To gain further insight into the ground state
of the T*-type cuprate through the study of the mag-
netism, we investigated the impurity substitution effect
for both AS and OA samples by uSR measurements.

For the experiments, we prepared a pelletized sample
of Zn- or Fe-substituted LESCO. The mixed powders
were fired at 1050°C in air with intermediate groundings,
following which a part of poly-crystals was annealed un-
der a high oxygen pressure of 400 atm at 500°C for 60 h.
Zero-field puSR measurements were performed using a
spectrometer installed at Port 2, RIKEN at Rutherford
Appleton Laboratory in the UK.

Figures 1(a) and (b) show representative zero-field
1SR time spectra. In both AS and OA samples of
Lao,855Ello.855SI“()'QQCU.Q.95F60,Q5O4, Gaussian—type de-
polarization changes into exponential-type depolarizing
upon cooling, and a fast depolarizing component ap-
pears at low temperatures, suggesting the development
of electronic magnetic correlations. The onset tempera-
ture for the appearance of the fast depolarizing compo-
nent (T1,) was evaluated to be ~22 K for the AS sam-
ple, which is higher than T}, of ~7 K for the AS pristine
sample with the same hole concentration. Therefore,
the static (quasi-static) magnetism in the AS sample
is enhanced by the impurity substitution. From a sys-
tematic measurement, we found an increase in Ty, with
increasing Fe concentration. Similarly, in the OA sam-
ple, the fast component develops below ~12 K and the
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Fig. 1. The puSR time spectra for (a) as-sintered and (b)
oxidation annealed La0,355Eu0‘3558r0,29Cuo‘gsFeo.ostl.

volume fraction exceeds ~60% at ~3 K, indicating that
bulk static (quasi-static) magnetism is induced in the
OA sample by Fe substitution.

As for the Zn substitution effect, similar results as in
AS Fe-substituted samples we observed, although the
enhancement of T, by Zn substitution is weak (T, for
the 5% Zn-substituted AS = = 0.24 sample is ~9 K).
However, no evidence of magnetic order was observed
in the Zn substituted OA sample down to 2 K, which
is quantitatively the same as the result for the pris-
tine OA sample. Thus, the stability of magnetism in-
duced by magnetic and non-magnetic impurity is dif-
ferent; that is, the magnetic impurity more effectively
stabilizes/induces the static magnetism in the T*-type
cuprate. These results are consistent with the impurity
effects reported for the optimally-doped and over-doped
Lag_,Sr, CuQy, suggesting the universal nature of spin
correlations in hole-doped systems. As the next step, a
study of magnetic and SC properties in the under-doped
region, where a strong effect of electron correlation can
be expected, is important.
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Size-dependent magnetic behavior of La;CuO,4 nanoparticles

S. Winarsih,**? F. Budiman,*3*4 H. Tanaka,*>*> T. Goto,*® T. Adachi,*® B. Kurniawan,*? B. Soegijono,*? and
I. Watanabe*!*2

The study of high-T, copper-oxide-based superconduc-
tors has been pursued for more than thirty years. The
magnetic ordering of the parent compound is strongly
influenced by element doping.!) The superconductivity
(SC) appeared on increasing the hole-doping concentra-
tion.! Tt was reported that weak magnetism appeared
in the heavily doped regime for (z > 0.30).2) Those re-
sults could provide valuable clarifications of the magnetic
phase diagram of the high-T, copper-oxide-based super-
conductors, but the correlation between spin dynamics
and SC remains unclear.

In the case of nanoparticles, Néel predicted theoreti-
cally that ferromagnetic spins appear at the surface of
nanoparticles.?) This kind of magnetism was observed
in nanogold systems and antiferromagnets such as CuO
and Co0.%% The nano-size effect also caused a reduc-
tion in magnetic transition temperature, Ty, of Cu0.%
In Las_,Sr,CuQO4, Yin et al. reported possible weak
magnetism when the particle size was 113 nm with
0.1 < x < 0.30.9 With these results, the remaining prob-
lems on the magnetism and superconductivity of high-T¢
superconductors become more complicated.

We aim to investigate the nano-size effect in
Las_,Sr,CuO4. We present the results of the parent
compound, LapsCuOy4 (LCO). This report is an update
to our last year’s report.”) The sol-gel method was used
to produce the samples by controlling sintering temper-
atures and times to vary the particle size. We prepared
4 samples with different particle sizes: 24 nm, 32 nm,
52 nm, and 71 nm. The detailed sample synthesis pro-
cedure was reported in our previous paper.®) Zero-field
(ZF) muon spin relaxation (#SR) measurements of these
samples were performed at the RIKEN-RAL Muon Fa-
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Fig. 1. Temperature dependence of the internal field at the
muon site, d Hint, in LaoCuO4 nanoparticles.
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cility, Rutherford-Appleton Laboratory, UK, by using a
pulsed positive surface muon beam.

ZF-uSR time spectra of each sample were analyzed
using Eq. (1). Muon spin precession, which shows the
appearance of a long-range magnetically ordered state,
is expressed in the first component. Slow relaxation of
muon-spin polarization is expressed in the second com-
ponent. From the fitting results of the time spectra, we
could obtain the internal magnetic field at the muon site,
Hiyt, which is shown in Fig. 1. The saturated Hi, did
not change significantly in all samples, showing a value
of about 420 G. This value is identical to that observed
in bulk LCO.”

A(t) = Aje Mt cos(wt + ¢) + Age 2t (1)

Figure 2 depicts the temperature dependence of Ty
which is defined from Fig. 1. as the temperature where
Hiyt suddenly drops to zero with increasing temperature.
The figure shows that Ty decreases with reducing par-
ticle size. These results indicate that the particle size
affects Ty without changing the saturated Hi,;. The re-
sult that the saturated d H,,; value is the same between
nanoparticles of different sizes and the bulk sample im-
plies that the magnetic moments of Cu sensed by injected
muons were almost the same. The reduction in T might
be due to the destruction of the three-dimensional ex-
change interaction between the spins of Cu ions, which
existed in bulk LCO,'? as a result of reducing the parti-
cle size. We are now summarizing these results for sub-
mission to an international journal.
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Targeted alpha therapy of thyroid cancer: Evaluation of [?11At]NaAt
treatment in the xenograft model’

T. Watabe,*>*3 K. Kaneda-Nakashima,*3** Y. Liu,*? Y. Shirakami,*? K. Ooe,*!*? A. Toyoshima,*!*3
E. Shimosegawa,*?> M. Fukuda,*>*> A. Shinohara,*3** and J. Hatazawa*>*?

Radioactive iodine has long been used clinically for
patients with differentiated thyroid cancer.) '3'T is used
for the ablation of thyroid remnants or treatment of
metastatic thyroid cancer.!) However, some patients
with multiple metastases are refractory to repetitive 1311
treatment, despite the targeted regions showing sufficient
iodine uptake.?) In such patients, beta-particle therapy
using '!'T is inadequate, and another strategy using a
more effective radionuclide targeting the sodium/iodide
symporter (NIS) is required.

211 At is an alpha emitter with chemical properties sim-
ilar to those of iodine and is used in targeted alpha ther-
apy. In the present study, we added ascorbic acid (AA)
to 21T At solution to increase the radiochemical purity of
astatide and evaluated its efficacy against differentiated

thyroid cancer, which is characterized by the expression
of NIS.

Methods

211 At was procured from the Research Center for Nu-
clear Physics at Osaka University and RIKEN via the
short-lived RI supply platform. Upon procurement,
211 At was separated and purified via dry distillation from
a bismuth target and finally collected in distilled water.

Crude 2! At solution (AA(—) solution) and 2L At so-
lution treated with AA (AA(+) solution) were prepared.
Thyroid uptakes were compared between the two solu-
tions in normal male Wistar rats (n = 6). Cellular
uptake analysis in K1-NIS cells was performed under
the AA(+) and AA(—) conditions. The AA(+) solu-
tion was injected at three doses into K1-NIS xenograft
mice: 1 MBq (n = 6), 0.4 MBq (n = 6), and 0.1 MBq
(n = 6). The vehicle was injected into control mice
(n = 6). The treatment effects were compared among
the four groups. Planar and SPECT images were ac-
quired using a gamma camera system (E-cam, Siemens)
with a low-energy all-purpose collimator.®) The energy
window was set at 79 keV =+ 20%, targeting the X-rays
emitted from the daughter nuclide of 2!'Po.¥

All the animal experiments were performed in compli-
ance with the guidelines of the Institute of Experimental
Animal Sciences. The protocol was approved by the An-
imal Care and Use Committee of the Osaka University
Graduate School of Medicine.

Results
Thyroid uptake was significantly enhanced in rats in-
jected with the AA(4) solution as compared to those

t Condensed from the article in J. Nucl. Med. 60, 1301, (2019)
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Fig. 1. (A) Planar and SPECT images of the mouse K1-NIS
xenograft model after the injection of the AA(+) solution.
High uptake was observed in the xenografts (arrows). (B)
Change in the tumor size and body weight after the ad-
ministration of AA(+) solutions.

injected with the AA(—) solution. Cellular uptake anal-
ysis showed a significantly increased uptake of 21 At by
the K1-NIS cells under the AA(+) condition as compared
to the AA(—) condition. In the mouse xenograft model,
the K1-NIS tumors showed a significant accumulation of
211At 3 and 24 h post administration (22.5 + 10.4% ID
and 12.9 + 6.8% ID, respectively). Tumor growth was
immediately inhibited in a dose-dependent manner after
the administration of 2! At. In the survival analysis, the
2L At groups (0.1, 0.4, and 1 MBq) showed significantly
better survival than the control group.

Conclusion

The uptake of 2''At was enhanced in differentiated
thyroid cancer cells as well as normal thyroid by using
211 At solution treated with AA. The solution also showed
dose-dependent efficacy against the K1-NIS xenografts,
suggesting its potential applicability to targeted alpha
therapy.

References

1) T. Higashi et al., Ann. Nucl. Med. 26, 99 (2012).

2) M. Schlumberger, J. Endocrinol. Invest. 35, 40 (2012).
3) J. T. Kuikka et al., Nucl. Med. Commun. 19, 457 (1998).
4) E. L. Johnson et al., Nucl. Med. Biol. 22, 45 (1995).

-20-



I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 53

Live mouse imaging with 4™Sc by a multiple-isotope PET

T. Fukuchi,*! M. Shigeta,*! D. Mori,*?> T. Yokokita,*? Y. Komori,*> H. Haba,*? and Y. Watanabe*!

We have been developing a multiple-isotope positron
emission tomography (MI-PET) system that can ana-
lyze the dynamics of multiple tracers. Using a positron-
~ emitter, which emits de-excitation y-ray as a tracer
after the positron emission in $-decay, the MI-PET sys-
tem identifies the tracer by detecting the prompt ~-ray
emitted after the positron emission. Figure 1 shows a
schematic illustration of the developed MI-PET proto-
type system. This system is composed of a PET scanner
and additional y-ray detectors.!) In this system, in ad-
dition to conventional PET imaging, coincidence among
the additional detectors and the PET scanner can be
performed. We expect that MI-PET will be used for
drug discovery research by direct comparison between
old and new drugs.

For multiple-isotope imaging using MI-PET, at
least one positron-y emitter is necessary as a tracer.
Scandium-44 is one of the promising radioactive-tracer
candidates for MI-PET because of its large positron
and ~y-ray emission ratio and moderate half-life (*4Sc:
3.97 h, #mSc: 58.61 h). In our previous work, we
performed dual-isotope phantom imaging using 44™Sc
and '®F (pure positron emitter) and evaluated the basic
imaging performance of MI-PET for *4™Sc.?)

Therefore, before the future development of a 44™Sc-
labeled drug for MI-PET applications, in order to test
the practical imaging ability of the MI-PET system for
44mGe  we conducted dual-isotope live mouse imaging
using *4™Sc, which is a simple substance.

Scandium-44m was produced at the RIKEN AVF cy-
clotron via the reaction #**Ca(d,2n)*™Sc with a 24-
MeV deuterium beam. As the irradiation target, *CaO

_— Additional y-ray detectors
BGO scintillator
50 X 50 X 30 mm?

PET scanner

=l GSO scintillator

Pixel 1.6 X 2.4 mm?
Module 11 X 15 pixels
16 modules

Field of view
@95 x 37.5 mm?3

Fig. 1. Schematic illustration of the developed MI-PET pro-
totype system.
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*2 RIKEN Nishina Center
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Fig. 2. Images of a live mouse with **™Sc and *F-FDG in-
jections (maximum intensity projection images). The re-
constructed images were acquired with the absence (A)
or presence (B) of ~-ray coincidence.

(97.0% enriched **Ca isotope) powder was pressed into
a disk of 10-mm diameter. The irradiated target was
dissolved in 6 M HCI and purified by the chemical pro-
cesses.?) Finally, approximately 2 MBq of pure *™Sc
was produced and transported to RIKEN Kobe campus
for the imaging experiment. Most of the short-lived by-
product, *4Sc, decayed out during transportation.

In the mouse imaging experiment, 197 kBq
(simple substance) and 198 kBq '8F-FDG were admin-
istered to an 8-week-old normal male mouse by tail-vein
injection. Five minutes after administration, a 30-min
whole-body scan was performed under anesthesia.

The result of dual-isotope mouse imaging is shown in
Fig. 2. From the reconstructed images with the absence
(A) or presence (B) of the prompt y-ray detection, image
(A) reflects the distribution of both ¥F-FDG and the
44mGe tracer, whereas image (B) reflects the isolated im-
age of the #4™Sc tracer. In these images, we can clearly
observe the difference between *F-FDG and 44™Sc dis-
tributions, i.e., 8 F-FDG is distributed in the heart and
urinary bladder, whereas #™Sc distributed in the liver.

From this experiment, we successfully demonstrated
the practical feasibility of dual-isotope imaging using
MI-PET with 44™Sc as the second tracer. In the fu-
ture, we will synthesize a useful MI-PET drug labeled
by #4mSc and perform multiple-drug imaging on disease
model animals.

44mSC
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Production cross sections of ytterbium and thulium radioisotopes in
alpha-induced nuclear reactions on natural erbium?

M. Saito,*!*2 M. Aikawa,*!*2*3 M. Sakaguchi,***5*2 N. Ukon,*%*2 Y. Komori,*? and H. Haba*?

Radionuclides are used in nuclear medicine for ther-
apy and diagnosis. The production reactions of such
medical radionuclides should be investigated for prac-
tical use. The best route of their production can be
discussed based on cross sections of possible nuclear
reactions. The radionuclide **Yb (T, = 32.018 d)
is a candidate of medical radionuclide. It decays with
emission of Auger electrons and X-rays, which can be
used for brachytherapy.!) There are several charged-
particle-induced reactions to produce %°YDb. In this
study, we focused on alpha-induced reactions on *#'Er.
Four previous studies of the "'Er(a,z)'®*Yb reac-
tion2®) were found in a literature survey. However,
the experimental data published earlier are rather in-
consistent with each other. Therefore, we measured
the excitation functions of the alpha-induced reaction
on " Er. The cross sections of byproducts, 16Yb, and
165,166,167, 168, 170, 173y - were also determined.

The experiment was performed at the RIKEN AVF
cyclotron. The stacked foil activation method and
gamma-ray spectrometry were used. The stacked
target consisted of "*'Er (99% purity, Goodfellow
Co., Ltd., UK) and "*Ti (99.6% purity, Nilaco
Corp., Japan). The "Ti foils were used for the
128 Tj(q, )% Cr monitor reactions to assess beam pa-
rameters and target thicknesses. The sizes and weights
of both foils were measured to estimate their thick-
nesses. The derived thicknesses of ** Er and "#*Ti were
20.06 mg/cm? and 2.26 mg/cm?, respectively. The
measured foils were cut to 10 x 10 mm? to fit a tar-
get holder. The target holder also served as a Faraday
cup. The stacked target was irradiated for 1 hour with
a 50.9-MeV alpha-beam. The energy was measured by
the time-of-flight method.®) The energy degradation in
the stacked target was calculated using stopping pow-
ers obtained with the SRIM code.”) The beam inten-
sity measured by the Faraday cup was 200.3 nA. These
beam parameters were assessed by the "**Ti(«, )51 Cr
monitor reactions. According to the comparison, we
corrected the thickness of "*Er decreased by 1% within
the uncertainty.

The cross sections of the *'Er(a, 2)'%°Yb reaction

T Condensed from the article in Appl. Radiat. Isot. 154,
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Fig. 1. Excitation function of " Er(c, z)'%*Yb compared
with previous data?® and TENDL-2017.%)

were derived. The radionuclide YD has a metastable
state with a short half-life (T, = 46 s, IT: 100%),
which decays only to the ground state '°2Yb soon
after the irradiation. The 177.21-keV gamma (I, =
22.28%) associated with the decay of 15%8Yb was mea-
sured after a cooling time of 11 days. The cross sec-
tions were obtained from the net counts of the gamma
peak and are shown in Fig. 1. The results were
compared with those of previous studies®® and the
TENDL-2017 data.?) Both data of Kiraly et al. (2008)
and TENDL-2017 have nearly the same peak position
as ours at approximately 35 MeV while the amplitudes
are different. The other experimental data differ sig-
nificantly from our results in both the shape and am-
plitude.

This work was supported by JSPS KAKENHI Grant
Number 17 K07004.
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Production cross sections of dysprosium-159 radioisotope from the
deuteron-induced reactions on terbium-159 up to 24 MeV'

D. Ichinkhorloo,*1*2*3 M. Aikawa,*1*3*4 Ts. Zolbadral,***2*3 Y. Komori,*® and H. Haba*3

Dysprosium-159 (77, = 144.4 d) can be used
to determine of bone mineral density.") The dyspro-
sium radionuclide can be produced by the charged-
particle-induced reactions on the monoisotopic element
terbium-159. In this work, the production cross sec-
tions of 157 159Dy and '8°Tb in the deuteron-induced
reactions on **Tb were studied. The results were com-
pared with experimental data published previously®?)
and TENDL-2017 data.®

The experiment was performed at the RIKEN AVF
cyclotron. The stacked foil technique, the activation
method, and high-resolution v-ray spectrometry were
used to determine the activation cross sections.

The stacked target consisted of 10 x 10 mm? foils
cut from a large Tb foil (25 pmt, 25 x 50 mm?, 99.9%
purity, Nilaco Corp., Japan) and two Ti foils (5 pmt,
50 x 100 mm?, 99.6% purity and 20 pm, 120 x 100 mm?,
99.5% purity, Nilaco Corp., Japan). The sizes and
weights of the large foils were measured to derive the
thicknesses. The thicknesses of the Tb and two Ti foils
were found to be 20.56, 2.25, and 9.31 mg/cm?, respec-
tively. The Ti foils were interleaved to check the beam
parameters using the " Ti(d, 2)*®V monitor reaction.
The cut foils were stacked in a target holder, which
also served as a Faraday cup.

The deuteron beam was accelerated to 23.9 MeV us-
ing the RIKEN AVF cyclotron. The beam energy was
measured by the time-of-flight method.?) The stacked
target was irradiated by the beam for 60 min with
an average intensity of 94.3 nA. The beam intensity
was measured using the Faraday cup. Energy degra-
dation in the stacked target was calculated using SRIM
code.®)

The v-rays emitted from the irradiated foils were
measured using a high-resolution high-purity germa-
nium (HPGe) detector. The v-ray spectra were an-
alyzed using the software Gamma Studio (SEIKO
EG&G). The ~ line at 58.0 keV (I, = 2.27%) emitted
with the "Dy decay (T}, = 144.4 d) was measured
to derive the cross sections of the %9Tb(d,2n)"Dy
reaction. The measurements were performed after a
cooling time of 94 days. The ~ line had negligible in-
terference with the x-ray of the lead shielding of the
detector, which could be confirmed by the absence of
peaks at the energy in the two foils at the downstream
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Fig. 1. Excitation function of the **Th(d, 2n)'**Dy reac-
tion.

of the beam. The self-absorption of the low-energy
v line in the Tb foils was considered using the mass
attenuation coefficient.

The cross sections derived from the corrected activ-
ities for "Dy production are presented with previ-
ous experimental data®?) and TENDL-2017 data® in
Fig. 1.

Our experimental data show a peak at approxi-
mately 14 MeV, which is consistent with other exper-
imental data, while the amplitudes are substantialy
different. The TENDL-2017 data slightly deviate from
ours.

In summary, we performed an experiment to mea-
sure the excitation functions of deuteron-induced re-
actions on %°Tb up to 24 MeV at the RIKEN AVF
cyclotron. The production cross sections of %7 159Dy
and %°Tb were determined. The results were com-
pared with previously obtained experimental data and
TENDL data.

This work was supported by JSPS KAKENHI Grant
Number 17K07004.
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Non-homologous end joining is the major repair pathway for DNA
double strand breaks in human fibroblast after heavy-ion irradiation

M. Izumi*! and T. Abe*!

Accelerated heavy-ion particles with high linear en-
ergy transfer (LET) induce complex clustered DNA dam-
age, which are difficult to repair. Although the numbers
of treatment facilities and patients undergoing heavy-
ion therapy are increasing, the DNA repair mechanism
caused by heavy-ion irradiation is not fully understood at
the molecular level. DNA double-strand breaks (DSBs)
are the most lethal damage caused by ionizing irradia-
tion and are repaired primarily by non-homologous end
joining (NHEJ) or homologous recombination (HR) in
mammalian cells, whereas alternative NHEJ (alt-NHEJ)
and/or single strand annealing (SSA) work only when
both NHEJ and HR are impaired.

Several published results of survival assay using mam-
malian mutant cell lines deficient in NHEJ or HR suggest
that NHEJ is inhibited after heavy-ion irradiation.'?
On the other hand, studies using inhibitors and CHO
mutant cell lines suggest that NHEJ is a major re-
pair pathway after heavy-ion irradiation, although HR
is more important for higher-LET radiation.>* In ad-
dition, clustered DNA damage enhances end resection,
which promotes alt-NHEJ and/or SSA.%) Therefore, the
DNA repair mechanism after heavy-ion irradiation is still
controversial in higher eukaryotes.

In this study, the DSB repair mechanism after heavy-
ion irradiation was examined using specific inhibitors
against repair proteins. Human fibroblast NBIRGB cells
were irradiated with X-ray, carbon ions, or argon ions
in the presence of an NHEJ inhibitor (NU7441) or HR
inhibitor (B02), as illustrated in Fig. 1. The repair effi-
ciency was estimated by the kinetics of the phosphory-
lated histone H2AX foci, which reflect the presence of
DSBs (Fig. 2).

The number of phosphorylated histone H2AX after
X-ray irradiation decreased with similar kinetics in the

X-ray

A B

X-ray Carbon
heavy ion

45°

Carbon
(LET = 80 keV/um)

.

Fig. 1. A: Schematic of the irradiation. Cells were tilted at
45 degrees for heavy-ion irradiation. B: Representative
immunostaining images of phosphorylated histone H2AX
(red) and nuclei (blue) after 2 Gy of X-ray or carbon-ion
irradiation. Arrows indicate the track of ions.

presence of NU7441 or B02, suggesting that both path-
ways work competitively and compensate each other. In
contrast, the foci formation after heavy-ion irradiation in
the presence of NU7441 was delayed and reached max-
imum 3 h after irradiation, probably because the his-
tone H2AX is phosphorylated partly by DNA-PK. The
foci number decreased by 30% within 5 h of heavy-ion
irradiation with or without inhibitors. NU7441 inhib-
ited DSB repair after heavy-ion irradiation at later time
points (5-24 h), whereas B02 had no effect on DSB re-
pair after heavy-ion irradiation. These results suggest
that high-LET radiation induced complex damage with
dirty broken ends as well as simple repairable damage.
In addition, it is also suggested that NHEJ is the ma-
jor repair pathway after heavy-ion irradiation and DNA
damage checkpoint delays the HR kinetics after heavy-
ion irradiation.
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Mutation analysis pipeline V2: an improved version of bioinformatics
pipeline for plant and microbial sequencing analysis

H. Ichida*! and T. Abe*!

The rapid and coutinuous advancement in the mas-
sively parallel, “next generation” sequencing technol-
ogy enabled a comprehensive analysis of genomic mu-
tations in base-pair resolution in model species, such
as rice and Arabidopsis. A commonly used state-of-
the-art sequencing platform (HiSeq X, Illumina) pro-
duces roughly 2 terrabases of usable sequencing reads
per run in less than 3 days. To process, analyze, and
extract usable information from such large datasets,
a high-throughput bioinformatics pipeline that is spe-
cialized for mutation analysis and extensively utilizes
parallelization is required. Owing to such dataset vol-
umes, it is not quite realistic to experimentally verify
all mutation candidates in each dataset, although the
mutation candidates must be accurate for such anal-
ysis. We have developed one such pipelines on the
“HOKUSAT” parallel computing system, operated by
the Advanced Center for Computing and Communi-
cation, RIKEN in 2015;") further, we have operated
and been adding continuous improvements since then.
Recently, there has been a great demand to support
various non-model organisms in the pipeline. Here,
we present a brief description of the major updated
version of our pipeline, namely, the mutation analysis
pipeline V2 (MAP-V2).

The basic workflow of MAP-V2 is essentially the
same as that of the previous version,? but the
pipeline’s internal structure and codes have been re-
designed and re-written almost from scratch. MAP-
V2 runs quality checking of the input sequencing reads
(by FastQC), mapping of the input sequencing reads
to the reference genome, and variant calling and fil-
tration to identify mutations induced in the genomes
and filter out false positives, which are mainly de-
rived from intra-cultivar variations. In MAP-V2, raw
sequencing reads (supported for outputs from both
short- and long-read sequencers) are mapped to the ref-
erence genome sequences using one of the mapping pro-
grams supported by default (BWA, minimap2, ngmlr,
and BBMap), sorted, and realigned, and the data are
stored in the standard BAM format. Variant call-
ings are performed with a maximum of twelve different
programs (BcfTools, BedTools, BreakDancer, CNVNa-
tor, Delly, FreeBayes, GATK V4, GATK V3, Manta,
Pindel, Sniffles, and Strelka) and merged into a sin-
gle file. The sequence quality check, mapping, and
variant calling statistics are summarized and compiled
in an HTML-format report for review. MAP-V2 uti-
lizes a modular structure in each compartment of the
pipeline: new programs, workflows, and therefore new

*1  RIKEN Nishina Center
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Fig. 1. An example of a MAP-V2 output. (A) Information
about the mutation, (B) evaluation, (C) the type and
size of the mutation, and (D) gene ID and annotation
affected by the mutation.

organisms can be easily added and integrated later. It
supports more programs than the previous version, but
this modular structure makes it easy to further extend
the pipeline to fit specific requirements for each organ-
ism and project. MAP-V2 is currently implemented
and run on the HOKUSAI system, and it is capable of
transfer onto private and public cloud infractructure
with minor modifications, when necessary.

The most significant change in MAP-V2 for users
is the output format of the results. An example of
a MAP-V2 output is shown in Fig. 1. MAP-V2 out-
puts native (binary) Microsoft® Excel® files instead
of the tab-delimited text files in the previous version.
This change enabled the simulataneous output of mul-
tiple datasets in separate worksheets. A result file
contains three worksheets that include all post-filtered
variants identified from the mutants analysis, muta-
tions that possibily cause the inactivation of gene func-
tions based on prediction from gene structures and se-
quence changes (candidates of responsible mutations
in mutants), and statistics that summarizes identified
mutations categorize in mutation types. A variety of
formatting options that visually categorize the possible
effects of the identified mutations are used in MAP-V2
results.
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Decay studies in the region of 4Zn
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In April 2019, we performed an experiment at the
RIBF facility to study the two-proton (2p) radioactiv-
ity of °4Zn. The main goal was to measure correlations
between momenta of emitted protons in order to investi-
gate whether they can provide insight into the structure
of this exotic, extremely neutron-deficient nucleus. In
particular, the comparison of the measured p — p corre-
lations for ®*Zn with the previously established corre-
lations for °Fel) could reveal the expected influence of
the proton Z = 28 shell closure on these proton drip-
line nuclei.

The nuclei of interest were produced using a "*Kr
primary beam at 345 MeV /nucleon impinging on a
10 mm-thick beryllium target and separated with the
help of the BigRIPS separator and ZeroDegree spec-
trometer.?) The separated ions, identified in-flight, were
implanted into the Warsaw Optical Time Projection
Chamber (OTPC)® mounted in the final focal plane
of the ZeroDegree spectrometer (F11). In order to in-
crease the stopping efficiency in the relatively thin gas
of the OTPC, a monoenergetic degrader was installed
at the F10 focal plane.

The OTPC is a gaseous detector working in the TPC
mode, in which the signals are read out by means of op-
tical methods instead of electronic ones. It can record
images of tracks of charged particles, allowing their
identification and the reconstruction of the decay events
in three dimensions. The reconstruction is performed
by combining the two-dimensional image recorded using
a CCD camera with the signal from a photomultiplier
recording the total light intensity as a function of time,
which is related to the position in the direction perpen-
dicular to the image via the constant drift velocity. The
OTPC was filled with a gas mixture consisting of 69%
Ar, 29% He, and 2% CF,4 at atmospheric pressure.

During the measurement, it was found that the pro-
duction cross section for 5Zn was smaller than the
value predicted by the EPAX 3.1 empirical formula® by
a factor much larger than anticipated before the experi-
ment. Nevertheless, decays of several ions of **Zn were
recorded, showing clear images of (2p) emission. An
example of such a decay is shown in Fig. 1(a). The de-
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Fig. 1. Examples of CCD images showing decay events of
ions stopped in the OTPC detector: (a) two-proton ra-
dioactivity of *Zn and (b) S-delayed two-proton emis-
sion from 55Zn, illustrating the first observation of this
channel for this nucleus.

tailed analysis of the recorded (2p) events is currently in
progress. In addition, the collected data will be used to
determine the production cross section for ®*Zn, which
was previously unknown for the reaction used in this
experiment. The cross-section systematics for neutron-
deficient zinc isotopes may shed light on the puzzle of
the lower-than-expected production of %4Zn. Under-
standing the fragmentation cross sections for nuclei at
the proton drip-line is of great importance for the up-
coming next-generation radioactive beam facilities.

Before the final setting on ®*Zn was tuned, other set-
tings of BigRIPS were optimized and calibrated. This
allowed us to collect decay data for a few less-exotic nu-
clei in this region. According to a preliminary scan of
the recorded events, approximately 50 decays of 3°Cu,
380 decays of °°Zn, and 300 decays of °°Zn were ob-
served. Among them, the latter case is the least known:
spectroscopic data for this nucleus are scarce.”) Among
the decay events of this nucleus, we observed several
clear images of the (-delayed two-proton emission, a
channel that has not been observed previously for this
nucleus. An example of such an event is shown in
Fig. 1(b). Careful analysis of all recorded decay events
is in progress.
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In this contribution, we present the preliminary re-
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sults of the analysis of the experiment NP1112-RIBF93 & S ,39 70
related to our study of the S-decay of "Kr. The main 0 S B-delayed y-spectrum of “°Kr
goal .of the experlmen't was to study p—n7 Op;illrlng a'nd é i Implant-correlated beta events
isospin-related effects in the structure of ™ “*Kr using 31000/~
their S-decays as a probe. 8 - I uncorrelated beta events

"0Kr nuclei were produced employing the fragmen- i Q’Q‘J
tation of a "®Kr primary beam with an energy of L v
345 MeV /nucleon and average beam currents around 5001— o @
40 pnA. The primary beam impinged on a 5 mm thick i 0‘ $ ‘]:ib qf-’Q 'ﬁ,‘b
Be target to produce a cocktail radioactive beam. The —] J N »3’
nuclear species of interest were then separated and se- \LNJ LL J

. . . s pi dfoad . ,J.M’«._.JA et ios

lected using the BigRIPS separator. The nuclei were Ow“%“% - 'M ‘ww ‘J' L ‘M
then implanted in the WAS3ABI active stopper, sur- 1000 1500 2000 Ener 25(01?6\7)
rounded by the EURICA ~-ray spectrometer!) for the &y
study of their beta decay. Fig. 1. Strongest identified gamma rays in the beta decay

The level scheme of states in "°Br populated in the of "Kr. The spectrum is generated by requesting a
beta decay of "°Kr has been deduced recently. Gamma condition of gamma coincidences with beta transitions

correlated to "’Kr implants in the analysis. Transitions
tagged with negative implant-8 time correlations are
shown in red.

rays associated to the decay were identified using con-
ventional 8-+ and (-y-y coincidence techniques simi-
larly to the procedure followed in Ref. 2). A primary
assignment of gamma rays was based on the deter-
mination of the half-lives obtained from implant-5-y
correlations and their comparison with the half-life de-
duced from with implant-/ correlations for the decay.
Then - coincidences and gamma intensities were em-
ployed to fix their position in the decay level scheme.
Previous to our work, only the half-life of the decay

was known with lower precision and no gamma rays
were associated to the decay.®) From the result of our
analysis fifteen gamma rays were identified for the first
time and placed in the decay level scheme.?) In Fig. 1
we present the gamma spectrum generated in coinci-
dence with beta transitions correlated to "°Kr implants
(in blue), that shows the most intense gamma rays.
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Progress on the decay spectroscopy and measurement of half-lives and
P, values in exotic nuclei near the N — 50 shell closure
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[-delayed single- and multi-neutron emission is found
in neutron-rich nuclei in which £ decay populates states
above the neutron separation energy (S,) in the daugh-
ter nucleus. New generations of radioactive ion beam
facilities will be able to produce thousands of cur-
rently inaccessible neutron-rich nuclei. Delayed neu-
tron emission is expected to be the dominant decay
process for these nuclei, with recent papers detailing
the importance of S-delayed neutron emission for the
r-process.’?)

In 2016, the BRIKEN collaboration constructed and
commissioned the world’s largest and most efficient (-
delayed neutron detector®% at RIBF to conduct a wide-
ranging and systematic study into the decay properties
of hundreds of the most exotic neutron-rich nuclei cur-
rently available. The BRIKEN detector consists of 140
3He tubes within a HDPE moderator surrounding the
highly-segmented active stopper AIDA and two HPGe
clover detectors in close geometry.

The NP1412-RIBF127R1 experiment implemented
the BRIKEN detector to measure (-delayed neutron
emission probabilities and half-lives, as well as conduct
decay spectroscopy studies, around the N = 50 shell
closure near the doubly-magic "®Ni. This is a region
highlighted as sensitive to S-decay properties.?) In one
of the first papers published from this experiment,®")
R. Yokoyama et al. observed two neutron emission in
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Fig. 1. Preliminary half-life analysis of %3Se, showing the
contributions to the total fit from the parent and daugh-
ter isotopes.

84,85,87Ga for the first time, and detailed dominating
one-neutron emission from two-neutron unbound states
in 86:37Ga.

The analysis efforts based at TRIUMF focus on the
91-95Ge and 94 9"Br isotopes. From these isotopes, half-
lives and P, values are expected to be measured for
92-95Ge and 95 97Br for the first time. An example decay
half-life Bateman fit, considering the contributions to
the total fit from each of the daughter nuclei along the
decay chain, is shown in Fig. 1. Decay spectroscopy
information in the neutron-rich region around A ~ 90—
100 is sparse and this analysis will allow the extraction
of the first decay spectroscopy data for multiple nuclei
in this region.

Further analysis of the data is ongoing and expected
to yield multiple new P, values and half-lives. Early
publications highlight the potential of the highly effi-
cient BRIKEN detector to expand the systematics of
[B-decay in exotic neutron-rich nuclei, vital in develop-
ing accurate r-process nucleosynthesis models.
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The region around '°°Sn in the nuclide chart is con-
sidered of great interest. There are several reasons for
that: the shell structure of nuclei in the vicinity of the
Z = N = 50 doubly-closed shell, the possibility of study-
ing the heaviest accessible particle bound N = Z nu-
cleus 1%9Sn, the study of the quenching of the Gamow-
Teller resonance’? and the astrophysical relevance of
decays in this region for the rapid proton-capture pro-
cess (see®*) and references therein).

Among the studied nuclei in the region, 1°°Sn plays a
key role. The beta decay of this nucleus and that of nu-
clei located south east of 19°Sn is dominated by the sin-
gle particle Gamow-Teller transition of 7gg/2 — vg7/2,
which is expected to be accesible inside the Q)3 window
of the decay. This can provide a clear case for studying
the origin of the quenching of the Gamow-Teller strength
(B(GT)), a topic that has attracted considerable atten-
tion over many years.'25:6)

For these kind of studies it is mandatory to use a tech-
nique that provides beta decay data that do not suffer
from the Pandemonium effect.”) This is the main moti-
vation of the NP1612-RIBF147 experiment in which we
used the total absorption spectrometer DTAS®) devel-
oped for DESPEC (FAIR) for measurements in combi-
nation with the implantation detector AIDA.?)

The beta decay of '°°Sn has been previously stud-
ied using high resolution experiments at GSI and at
RIKEN,'%) showing that it has the largest B(GT)
value measured in the nuclide chart. The limited statis-
tics and the probable presence of a low-energy gamma
ray not identified in previous experiments constrain the
reliability of the determination of the excitation energy
of the 11 state in 1°°In, the state that should be mainly
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Fig. 1. Particle ID in BigRIPS from the experiment.
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populated in the beta decay of '°°Sn. The excitation
energy of this state, as well as the g end-point energy
of this transition is crucial for the determination of the
B(GT) value. The high efficiency of DTAS and its gran-
ularity can contribute to solve this question as shown by
Monte Carlo simulations. In this experiment we will
also have access to exotic decays that were not previ-
ously studied with the total absorption technique at the
Mass Separator (MSEP) at GSI because of the limited
production. In Fig. 1 we show the particle identifica-
tion in BigRIPS obtained during our experiment. Due
to technical problems we were able to run only 4 days
from a total of 10 approved days. The continuation of
the experiment is expected in 2020. The analysis of the
partial set of data is on going.
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The doubly magic nucleus °°Sn and other nuclei
with similar mass and atomic numbers possess various
nuclear structure and astrophysical properties of im-
portance.!) It is one of the few regions in the nuclear
chart where experimental observables to be compared
to nuclear shell model (SM) and ab-initio theories were
scarce, due to the low production cross section. How-
ever, a high radioactive isotope beam production rate
at RIBF enabled a decay spectroscopy experiment on
1008y and other N ~ Z =~ 50 nuclei, which featured
WAS3ABi? and EURICA®) detectors for heavy ion
implantation, charged particle decay correlation and
~-ray spectroscopy.

The database on [-decay and Bp-decay half-lives
(T /2) and branching ratios (bg, bg,) of these proton-
rich nuclei was greatly expanded, with new or more
precise values. Several nuclei and isomers experienced
notable revisions on their 7/ and bg,. [-decay end-
point measurements yielded ground-state to ground-
state energy differences for 8 proton-rich nuclei, as
well as the excitation energies of 3 isomeric states (see
Fig. 1). The results were consistent with AME2016,%
mass models and SM calculations. Energy spectra
of Bp decays were produced with new, comparable or
higher statistics in relation to the available literature.

From EURICA data, 25 new  rays were observed
and assigned to 10 new states in multiple nuclei, with
guidance from empirical SM® in the (p, /25 99/2) Proton
and neutron orbitals above the "5Sr core. One exam-
ple is the B-decay and Bp decay of “®™In, where the
first observation of 8p-delayed v rays from this isomer
could be assigned to excited states in 97Cd (see Fig. 2).
As for 97Cd itself, a new isomer with J™ = (1/27)
was proposed based on a new [-delayed v ray with
E, = 1245 keV, whose associated f-decay half-life was
0.73(7) s.

A systematic evaluation of the assignment of new ex-
cited states to tentative spins and parities was carried
out by comparing the energies of the corresponding
states, between their experimental and theoretical val-
ues. The energy discrepancies were less than 300 keV
and/or 20% relative to the experimental excitation en-

ergy.
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Fig. 1. Ground-state to ground-state energy differences
and excitation energies of isomers deduced from §-decay
endpoint energy measurements. The reader is advised
to refer to the original article for references of the dif-
ferent mass models and SM calculations.
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Fig. 2. y-ray spectrum with EURICA, correlated to the
Bp decay of %*™In. Except for the 511-keV annihilation
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same nucleus.
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The main aim of experiment NP0702-RIBF09 was to
improve the value for the Gamow-Teller strength of the
100Gy beta-decay. This is important because °°Sn is
the heaviest self-conjugate doubly-magic nucleus. The
data have now been evaluated and published.

With about 2500 nuclei the number of detected
10081 nuclei was about ten times higher than in previ-
ous experiments and new isotopic species towards the
proton dripline were discovered at the RIKEN Nishina
Center.")

Decay spectroscopy has been performed with the
high-efficiency detector arrays WAS3ABi and EU-
RICA. The half-life of 199Sn was measured more pre-
cisely than the literature values? using two methods:
a) (-decays correlated with identified mother nuclei
and b) correlated S-decays were in coincidence one of
the known ~-rays following the beta-decay was ob-
served. Both results agreed yielding an average of
Ty = 1.18 £ 0.08 s. This value agrees with and has
about half the error compared to the average of the
previous values.

Similarly, the §-decay endpoint energy was deter-
mined for two data sets, the S-spectrum after a °°Sn
implantation and by requiring, in addition, a ~y-ray
from the decay. The method was tested by analyz-
ing also the *®Cd decay Q-value. Both '°°Sn data
sets yielded consistent results which give as average
Qs = 3.91+0.15 MeV. This value is more precise and
larger than the best previous result? by about twice
the summed error bars. This discrepancy may be due
to unaccounted systematic uncertainties in either mea-
surement.

The value and the uncertainty of the resulting
strength for the pure 07 — 1t Gamow-Teller decay
is improved to Bgr = 4.4f8:?. In Fig. 1 we compare a
number of theoretical calculations of BGT with exper-
imental values: an extrapolation of the Bgr-values of
the heavier even-even Sn isotopes (the error bar seems
too small) and the values measured in the two previous
experiments at GSI. Of all theories the chiral effective
field theory seems to describe the data best.

T Condensed from the article in Phys. Rev. Lett. 122, 222502
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Fig. 1. Comparison of experimental and predicted GT
transition strengths of '°°Sn. The theoretical values
on the left side are from: Extreme Shell Model,?’)
Shell Model - Monte Car10,4) Finite Fermi Systems and
Quasiparticle Random Phase Approximation,5) Large
Scale Shell Model with transitions to the four and one
lowest 1+-states72) the range of recent work explaining
GT-quenching with calculations using Effective Field
Theory combined with 2-Body Currents.? Experimen-
tal values are: an extrapolation from heavier even Sn-
isotopes,7) first®) and second? GSI experiment, the
present result and the average of all available experi-
mental data. For the weighted average of Qg its error
has been inflated by a factor 1.8 to account for the too
large x2.
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B-delayed neutron emission probabilities for understanding the
formation of the r-process rare-earth abundance peak (REP)

G. G. Kiss,*! A. Tarifefio-Saldivia,*? J. L. Tain,*? A. Estrade,** S. Nishimura,*® J. Agramunt,*® A. Algora,*?
N. T. Brewer,*S R. Caballero-Folch,*” F. Calvino,*? T. Davinson,*® I. Dillmann,*” N. Fukuda,*®
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The abundance distribution of the rapid-neutron
capture (so-called r-) process is characterized by two
large maxima at masses of A ~ 130 and A ~ 195,
which are related to the flow of matter through the
neutron shell closures at N = 82 and N = 126.
However, there is an additional, relatively small—but
distinct—peak around A ~ 160, which corresponds
to the region of the rare-earth elements. In con-
trast to the main abundance maxima that form during
the (n,7v) < (v,n) equilibrium, the rare-earth abun-
dance peak (REP) originates later, after neutron ex-
haustion, thus representing a unique opportunity to
study the late-time environmental conditions of the -
process.' ) Several different peak-production mecha-
nisms were suggested, but experimental data—masses,
[B-decay parameters, and neutron capture rates—are
clearly needed to evaluate the different astrophysical
scenarios. The most influential nuclei to the REP for-
mation, located in the A ~ 160, 55 < Z < 64 neutron-
rich region, have been identified by sensitivity stud-
ies.?)

The aim of the NP1612-RIBF148 experimental pro-
gram is to measure the [-decay parameters, half-
lives, and delayed-neutron-emission probabilities (P,
values) of these species using the BRIKEN array,
which is the largest and most efficient S-delayed neu-
tron detector built.#®) Tt consists of 140 He gas-
filled proportional counters embedded in a high-density
polyethylene moderator. The neutron detector and
two CLARION-type clover high purity germanium de-
tectors are placed around the AIDA DSSSD array®
which contains six layers of highly segmented Si detec-
tors for the detection of implantations and 3 electrons.

The study was conducted at the Radioactive Iso-
tope Beam Factory. A 60-pnA intensity 22U beam
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Fig. 1. Preliminary half-life analysis for '®*Pm isotopes,
showing the contributions to the total fit from the par-
ent, daughter, and granddaughter isotopes. Our T1/o
result is compared to the existing data”) (bold and
slanted characters, respectively).

was accelerated up to an energy of 345 MeV /nucleon
before incidence on a 4-mm thick Be target to produce
radioactive secondary beams by in-flight fission. The
nuclei of interest were separated and identified in the
BigRIPS spectrometer, transported through the Ze-
roDregree spectrometer, and implanted in the AIDA
array. Figure 1 shows the results of the preliminary
half-life analysis of the 13Pm isotope. Although some
half-lives in this region have already been already mea-
sured”) our experiment will not only provide a large
number of new P, values® and half-lives but also con-
siderably improve the precision of the available data.
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Evolution of collectivity and mirror symmetry along N = Z
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Unlike any other physical system the nucleus repre-
sents a unique dual quantum many-body system. Its
constituents, the protons and neutrons, are assumed
to be identical, except for their electric charge. They
can be seen as two representations of the nucleon, with
isospin components ¢, = £1/2 for neutrons and pro-
tons, respectively. Under the assumption of charge in-
dependence of the strong interaction, hence invariance
under rotation in the isospin space, the properties of
mirror nuclei should be identical.

Mirror symmetry is typically studied through energy
differences between excited states of mirror nuclei or
isospin triplets. Measurements of B(E2; Og's — 2
values for T' = 1 isospin triplets allow to extract infor-
mation on the proton and neutron matrix elements and
to test isospin symmetry.) The proton and neutron
multipole matrix elements can be written in isospin
representation

My = 5 (Mo(T2) % M (T2) (1)

where My(T%) is the isoscalar and M;(T;) the isovec-
tor multipole matrix element. Assuming isospin con-
servation the proton matrix elements of isobars are
a linear function of T, only, i.e. My(T,) = My and
My(T.) = M - T, with constant M, for all T.. The
linearity provides a direct test of the isospin purity of
the states. So far this has been tested for light nu-
clei, mostly in the sd shell, the heaviest case where
the B(E2; 04, — 27) values of all three members are
measured is the A = 46 system.?

In order to test this relation in heavier nuclei we have
studied the Coulomb excitation of A = 62 nuclei. All
three nuclei were studied under identical experimen-
tal conditions to reduce the statistical and theoretical
uncertainties. The 92Zn, %2Ga, and %2Ge beams were
produced by the fragmentation of a 345 AMeV primary
"8Kr beam provided by the SRC. Unique particle iden-
tification in BigRIPS and the ZeroDegree Spectrome-
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Fig. 1. Particle identification plots for the 2Zn beam im-
pinging on the Be target.

ter was achieved by means of AE-Bp-TOF measure-
ments. Secondary Be and Au targets were used to
determine the B(E2; 0f; — 2) values. The particle
identification plots for the 62Zn beam impinging on the
Be target is shown in Fig. 1.

The beams impinged on secondary targets located at
the F8 focus. v rays from excited states were detected
in the DALI2+ array. Sufficient statistics for all three
members of the A = 62 multiplet were collected to
determine the linearity of the proton multipole matrix
elements with a precision of about 5%. Additionally
new states were observed in nuclei beyond the N = Z
line. The results will shed new light on the evolution
of collectivity along the N = Z line and provide one of
the most stringent tests of isospin symmetry.
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First attempt at in-beam ~-ray spectroscopy of 1°°Sn
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H. Sakurai,*3** A. Algora,*® D. Brugnara,*>*7 J. Cederkill,*® J. Gerl,*® M. Gérska,*® G. Haefner,*!°
K. Kokubun,*® P. Koseoglou,*!*? S. Kubono,** P. Li,*! P. Liang,*! J. Liu,*! Z. Liu,*'2 T. Lokotko,*! J. Park,*®
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The study of the heaviest self-conjugate exotic dou-
bly magic nucleus 1°°Sn and the single-particle nature
of its neighboring nuclei are of great importance to the
fundamental understanding of nuclear structure and
the astrophysical rp-process path. Owing to the low
production rate, no spectroscopic information, except
B-decay, has been measured for 1°°Sn so far. As one of
the first observables for nuclear structure, we aim at
the measurement of the first 21 state of 199Sn, which
indicates the strength of the N = Z = 50 shell clo-
sures. A proposal was made to populate the excited
states from neutron-removal reations of heavier Sn iso-
topes to perform an in-beam v-ray spectroscopy mea-
surement.!) In order to properly estimate the beam
time required, the production cross sections for 1°°Sn
through secondary fragmentation reactions need to be
known. We performed an experiment with a beam
time of 4 days to measure the production cross sec-
tions of 1°9Sn produced in neutron-removal reations
from 101.102Gp,

A 124Xe primary beam at 345 MeV /nucleon was pro-
vided by SRC with an average intensity of ~140 pnA.
The beam impinged on a 5-mm-thick ?Be target to pro-
duce radioactive beams containing neutron-deficient
Sn isotopes with the BigRIPS separator. It was tuned
to center on '°'Sn nuclei while accepting '°2Sn simul-
taneously. Average beam intensities in front of the sec-
ondary targets were 2 pps and 27.5 pps for 101, 102Gy,
A 5-mm-thick CHy target and a 3-mm-thick C tar-
get were used to induce the 1n- and 2n-removal re-
actions of 1011026y on C and H. The beam par-
ticles and reaction products were identified with the
BigRIPS and ZeroDegree spectrometers, respectively,
via the measurements of Bp, AFE, and ToF on an
event-by-event basis. The beam energies were mea-
sured to be ~173 MeV /nucleon in BigRIPS and only
~98 MeV /nucleon in ZeroDegree. The DALI2* high-
efficiency ~-detection array? was employed to detect
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Fig. 1. BigRIPS particle identification (left) and Ze-
roDegree particle identification (right). The isotopes
101,1028y, are selected in BigRIPS, while '°°Sn is se-
lected in ZeroDegree.

Table 1. Number of identified events and rates.

5 mm CHs 3 mm C
—1n: 9%Sn— 998n59F [ 53 (1.3/h) 40 (1.0/h)
—2n: 1928n— 98>0 [ 42 (1.0/h) 30 (0.8/h)

the v rays emitted in flight from reaction products in
the vicinity of 1°°Sn.

The particle identification plots of BigRIPS and Ze-
roDegree are shown in Fig. 1. Data were accumulated
for 41 h on a CH, target and 38 h on a C target.
The total numbers and counting rates of fully stripped
1008y produced by 1n- and 2n-removal reactions are
summarized in Table 1.

The cross sections on the C target were determined
from the number of incident projectiles, the number of
reaction products identified in ZeroDegree, the atom
number in the target, as well as the ZeroDegree trans-
mission and acceptance measured in the same setting.
The cross sections on H were determined using the
data with the CHy target, subtracting the contribu-
tion measured on the C target, after normalization. To
maximize the statistics, hydrogen-like charge states of
1008y in the ZeroDegree were considered to be used
in 1n-removal reactions. Preliminary values for cross
sections have been obtained. Several new ~y transitions
were also observed in this region. Detailed analyses for
cross sections and v spectroscopy are ongoing.
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Being presumably the heaviest, particle-bound, dou-
bly magic N = Z nucleus, 1°°Sn offers a fundamental
testing ground for nuclear theories. Experimental sig-
natures of shell structure can be provided by the 2f
energies as well as by the reduced transition probabil-
ities, B(E2; 0F, — 27). In the Sn isotopes between
the N = 50 and N = 82 shell closures, the 2] en-
ergies are well established and show an almost con-
stant value,?) as expected in the generalized seniority
scheme. Within the same framework, the B(E2)t val-
ues should resemble an inverted parabola peaking at
mid-shell. However, measurements in the most proton-
rich Sn isotopes,? * have shown a clear deviation from
the expected behavior.

Different calculations based on the large-scale shell
model as well as on the relativistic quasi-particle
random-phase approximation have been performed in
order to give an account of the measured B(FE2)1 val-
ues.?) Although the calculations tend to agree on the
neutron-rich side of the chain, significant differences
are observed on the proton-rich side. This is particu-
larly true for 192Sn, where the difference between the
predictions amounts to almost a factor of 3, making
this isotope a good candidate for the investigation of
the effects driving the nuclear structure in the vicin-
ity of 199Sn. In order to elucidate the nuclear struc-
ture underlying the measured B(E2)1 values, the first
Coulomb excitation measurement of °2Sn was per-
formed at the RIBF.®)

A 345 MeV /nucleon beam of ?4Xe with an aver-
age intensity of 120 pnA was fragmented on a 5 mm
thick Be target at the entrance of the BigRIPS sepa-
rator”) to produce 192Sn. Within the same experimen-
tal setting, 1°°Cd was also transmitted. The isotopes
of interest were identified on an event-by-event ba-
sis using the Bp-AFE-Bp technique. Figure la) shows
the particle identification obtained in BigRIPS, where
10285 and 199Cd are clearly visible. A 0.5 mm Au
target placed at F8 was used to induce Coulomb ex-
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Fig. 1. Particle identification in a) BigRIPS, and b) Zero
degree. In both cases °?Sn and '°°Cd are clearly iden-
tified.

citation. In addition, measurements with a 3 mm C
target were performed to obtain the nuclear contri-
bution to the cross section. Outgoing fragments were
identified using the ZeroDegree spectrometer, as shown
in Fig. 1b). The target was surrounded by the high-
efficiency DALI2"™ ~-detector array, composed of 226
Nal(T1) detectors.®?) The average beam intensities be-
fore the secondary target were 90 pps and 4200 pps for
10281 and 109Cd, respectively, with an energy around
177 MeV /nucleon.

As part of the experiment, the incoming beam was
implanted into a plastic target at F7 for 1 h, and data
on the v rays emitted following the decay of the isomer
were collected using a HPGe detector. By combining
the information on the number of ions implanted and
the total v rays observed, the isomeric ratio of the
beam can be obtained. This quantity is fundamental
for the correct determination of the cross section from
the Coulomb excitation measurement. Finalization of
the outgoing particle identification and further analysis
on the in-beam ~v-ray spectra of '°2Sn and '°°Cd is
ongoing.
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In-beam ~-ray spectroscopy of *6Te at relativistic energies’
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The reduced transition probability B(E2; 07 — 2])
to the first excited 2% state of the neutron-rich nu-
cleus 36Te, with two protons and two neutrons out-
side the doubly-magic 32Sn core, has been measured
via Coulomb excitation at relativistic energies at the
RIKEN Radioactive Isotope Beam Factory. A value of
B(E2) = 0.191(26) e*b? was extracted from the mea-
sured inelastic scattering cross section on a Au tar-
get taking into account the contributions from both
Coulomb and nuclear excitations. This value is com-
pared to previous experimental results reported in the
literature and various theoretical calculations in Fig. 1.
Our measurement, performed at relativistic energies,
agrees with the large value which has recently been ob-
tained in Coulomb excitation at safe energies at Oak
Ridge.! It is, however, in conflict with the low-energy
Coulomb excitation measurement of Refs. 2-3) and the
preliminary result of the experiment using the fast tim-
ing technique reported by Fraile et al.*) For a detailed
discussion of the comparison to theory we refer the
reader to the original publication.

The high statistics gathered in the present experi-
ment allowed for the first time to evaluate in detail
the validity of the approach employed in the analysis
of Coulomb excitation experiments at beam energies
around 150 MeV /nucleon and to estimate the system-
atic uncertainties involved in the different steps of the
analysis. In this publication, a detailed discussion of
the analysis procedure is provided so that it can serve
as guideline for the analysis of future experiments us-
ing the same technique but accumulating less statis-
tics. In particular, the correct determination of the
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Fig. 1. Comparison of the experimental B(E2;0] — 27)
value for '3%Te determined in the present work to liter-
ature values for the 132 134 136 6 isotopes and different
theoretical calculations (for details see the original pub-
lication).

exclusive scattering cross section to the 2] state, tak-
ing into account the scattering-angle dependent losses
due to the limited acceptance of the ZeroDegree spec-
trometer and losses due to reactions which take place
on any material in the beam line between the identifi-
cations in BigRIPS and the ZeroDegree spectrometer,
is discussed in detail. The other important part of
the analysis concerns the determination of a B(E2)
value from the measured exclusive cross section, which
requires a consistent description of both nuclear and
electromagnetic excitations. In the present case, the
code FRESCO®%) was employed for this purpose.
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The studies of dynamic properties of exotic nuclei such
as giant resonances, which are manifested at high ex-
citation energies (>10-15 MeV), are in the very early
stage. No data are available on spin-isospin collectivity
for nuclei with large isospin asymmetry factors, where
(N —-2)/A>0.25.1

In the SAMURAI30 experiment, we studied the
most basic nuclear collectivity, the Gamow-Teller (GT)
giant resonance, in the drip-line nucleus 'Li at
181 MeV /nucleon. The charge-exchange (CE) (p,n) re-
actions in inverse kinematics are efficient tools to extract
the B(GT) strengths of unstable isotopes up to high ex-
citation energies, without Q-value limitation.?

The combined setup of Particle Analyzer Neutron
Detector Of Real-time Acquisition (PANDORA)?) low-
energy neutron counter and the SAMURAI magnetic
spectrometer,® together with a thick liquid hydrogen
target allowed us to perform such measurements with
high luminosity. In this setup, PANDORA is used for
the detection of the recoil neutrons. The neutron kinetic
energies are deduced by the time-of-flight technique, and
SAMURALI is used for tagging the decay channel of the
reaction residues. Many relevant decay channels after
the CE reaction can be measured in a single magnetic
rigidity setting owing to the large acceptance of SAMU-
RAI. Such a setup was already successfully used in our
first (p,n) experiment on '32Sn.%) Tt was proven that we
can obtain information about the strength distribution
of isovector spin-flip giant resonances of unstable nuclei
with quality comparable to those on stable nuclei.?)
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Fig. 1. Preliminary excitation energy spectrum in the 4°—
6° center-of-mass system. The contributions of different
decay channels are presented.

In our "Li(p,n)''Be measurement, we successfully
identified clear kinematical correlations® between the
neutron energy and laboratory scattering angle for the
different decay channels of ''Be: '°Be+n, °Be+2n,
a+%He+n, 2a+3n, 8Li+t, and Li+d.

The reconstruction of the excitation-energy spectrum
up to about 40 MeV, including the giant resonance re-
gion, is ongoing. Figure 1 presents preliminary results
of the excitation energy spectra in the daughter nucleus
"Be. The background subtraction and correction for the
detection efficiency and acceptance are ongoing. We will
derive the excitation energy spectra for 6o 5y = 1°-10°
from all decay channels. The forward scattering peaks
in the 0°-8° center-of-mass system, suggest a strong GT
transition at approximately 18 MeV, in agreement with
previous beta-decay studies.”)
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Several experiments have attempted to study the
spectroscopy of the unbound isotope ®Be via both the
missing-mass and invariant-mass technique using charge
exchange, fragmentation, proton removal from “B, and
neutron removal from *Be. Even when considering only
the results obtained with the last method,”® interpre-
tation of the excitation spectrum is sparse.

We performed a new measurement of neutron removal
from Be at the RIBF facility using the SAMURAI
spectrometer®) and its standard detectors, in addition
to the MINOS target-tracker system® surrounded by
gamma detectors from the DALI2 array. For the inter-
pretation of the invariant mass spectrum of '3Be, we
adopted a novel method, proposed in Ref. 7), which
uses consistent three- and two-body models for *Be
and '3Be, respectively, and can provide predictions for
the absolute cross sections, including the positions and
weights of the structures of the spectrum, thus reducing
ambiguities in the analysis. A part of the complexity
of the 13Be continuum spectrum stems from the admix-
tures of single-particle structures with core-excited com-
ponents. In this experiment, we were able to measure
with high statistics the possible ?Be(2%,17) core ex-
cited component that decays via gamma rays.

The relative energy spectrum of *Be is shown in
Fig. 1. The absolute cross section is determined tak-
ing into account the efficiency for invariant-mass mea-
surement and fragment transmission. The spectrum
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Fig. 1. Left: relative energy spectrum of *Be and contri-
butions from core excited components. Right: gamma
spectrum of ?Be. The two transitions are reproduced by
the sum of an exponential background and the response
functions (dashed curves) of the DALI2 detector obtained
via a GEANT4 simulation.

is characterized by a prominent peak with a maxi-
mum at ~0.48 MeV and a broader structure, peaked
at ~2.3 MeV, extending from ~1 MeV to ~5 MeV. The
contribution corresponding to 12Be(2%) and ?Be(17)
core excited states has been fixed via coincidences with
2.1 and 2.7 MeV gamma transitions, respectively, and
is shown for comparison after correcting for gamma-
detection efliciency.

The interpretation of the relative energy and trans-
verse momentum spectrum, described more thoroughly
in Ref. 8), permitted to pin down the dominant ¢ = 1
contribution of the resonant peak observed in the low-
lying spectrum, in agreement with? and at variance
with the conclusions of Refs. 3-4), which assigned a dom-
inant £ = 0 content to this peak.
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In this report, we provide an overview of the setup
used in the SAMURAI11 experiment performed at the
RI Beam Factory (RIBF) of RIKEN Nishina Center in
the spring of 2019.

The experiment was performed to measure the (p,n)
reaction on “8Cr and %4Ge. For each of **Cr and %4Ge,
a secondary cocktail beam was produced via the frag-
mentation reaction of a 345 MeV /nucleon "®Kr primary
beam on a 3 mm-thick ?Be target installed at the FO fo-
cal plane of the BigRIPS separator. The purity of *Cr
(54Ge) was 75.9% (58.3%) for a total beam intensity of
1.5 x 10 (1.4 x 10%) particle/s.

The SAMURALI spectrometer!) was used as the key
device to tag the (p,n) reaction channel through the
particle idenfication of residual beam nuclei. The large
acceptance of the SAMURALI spectrometer was crucial
to detect a wide range of residual nuclei with different
masses and proton numbers in the same setup.

Figure 1 shows a schematic view of the experimen-
tal setup around the SAMURAI spectrometer. Two
thin plastic scintillators (SBT1,2) were installed down-
stream of STQ25 for the detection of beam particles.
Two multi-wire drift chambers were installed (BDC1,2)
to tune the beam focus. The secondary beam was trans-
ported onto a liquid hydrogen (Liq. H) target with a
thickness and diameter of 10 and 60 mm, respectively,
at the secondary target position of SAMURALI (F13).
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Fig. 1. Schematic view of the experimental setup around
the SAMURALI spectrometer.

The PANDORA neutron detector setup consisted of
37 plastic scintillators and was placed on the left and
right sides of the Liq. H target. The neutron-gamma
pulse-shape discrimination (PSD) capability of PAN-
DORA in combination with a new DAQ system based
on digitizers enables the reduction of the gamma-ray
background originating from the enviroment as well as
from the beam.? PANDORA was optimized to detect
neutrons with a kinetic energy of 0.1-5 MeV. The reac-
tion residues entered SAMURALI after passing through
the forward drift chambers, FDCO and FDC1. The
magnetic field of the spectrometer was set to 1.45
(1.36) T for the *Cr (°*Ge) beam. At the focal plane
of SAMURAI, the beam residue particles were tracked
by FDC2K /3K drift chambers, followed by plastic scin-
tillator walls HODS. In this experiment, a high rate of
accepted triggers of approximately 5 kHz was achieved
by employing a new method.?)

We are grateful to the RIKEN accelerator staff and
CNS, University of Tokyo, for their continuous efforts
to accomplish this stable beam accelration.
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The important role of °Se in the dynamics of the
rp-process occuring in type I X-ray bursts was pointed
out by several theoretical studies.’? The resonant pro-
ton capture reaction % As(p, v)%®Se can provide a poten-
tial breakout path from the waiting-point nucleus %*Ge.
Theoretical variations of the rate of this reaction predict
a dramatic effect on the resulting chemical abundances
and light curves of the X-ray bursts, while the experi-
mental constrains have not yet been well established.

The experiment NP1406-SAMURAI24 was conducted
in March 2019 to measure the time-reversal process,
namely one- and two-proton emission from the unbound
states of 6Se populated by neutron removal from a 67Se
projectile at 250 MeV /nucleon in a carbon target. A
secondary beam of %”Se was obtained by the fragmen-
tation of the primary "®Kr beam at 345 MeV /nucleon
from SRC in a 2 mm Be target. The secondary 7Se
beam intensity at the end of BigRIPS was on the order
of 103 pps with a purity of approximately 10%.

A schematic of the experimental setup at SAMURAI
is shown in Fig. 1. Two carbon targets with thicknesses
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Fig. 1. The experimental setup in NP1406-SAMURAI24.
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Fig. 2. Charge identification of outgoing fragments in the
first SSD and in HODS.

of 0.425 mm and 2 mm were used inside the CATANA
gamma detector?) followed by an array of GLAST-type®)
silicons-strip detectors (SSDs) for coincident measure-
ments of the forward-focused protons and heavy frag-
ments. The SSDs are equipped with dedicated dual-
gain ASIC preamplifiers.>% In addition, two drift cham-
bers (FDCO and FDC1) are placed behind the SSDs for
tracking the fragments. The SAMURALI spectrometer is
used to separate the reaction products and direct them
into corresponding tracking systems. Protons are mea-
sured by two drift chambers (PDCs) and a hodoscope
(HODP), and heavy fragments are measured by two
other drift chambers (FDC2k and FDC3k) and a ho-
doscope (HODS).

Figure 2 shows an example of coincident charge iden-
tification of the heavy fragments in the first SSD behind
the target and in one scintillating bar of HODS with
a cut on the 57Se projectile. Secondary fragmentation
occurring in the beamline materials downstream of the
target can be clearly identified. The events on the diag-
onal line indicate the reactions that occur in the target.
The right panel of Fig. 2 shows the overlap of the same
correlation plot with an additional condition on the co-
incident proton signal in HODP (black dots). Further
analysis of the experimental data is ongoing.
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The main focus of the STRIT-TPCY project is to
constrain the high-density nuclear equation of state by
using heavy-ion reactions. STRIT-TPC is designed to
measure charged pions as well as light charged particles
from central collisions, which have been predicted to
be sensitive probes of dense nuclear matter.?3) This
report describes particle identification (PID) in TPC
based on the last report® and the preliminary spectra
of protons and deuterons in '32Sn+124Sn reactions.

The PID in TPC relies on two measured observables,
namely, the magnetic rigidity and energy deposit per
unit length (dF/dx). The truncated-mean method was
applied for the dE/dx measurement, which was found
to depend on the emission angles. To calibrate the
angle dependence of dFE/dx, tracks were classified by
their pitch (©7%¢") and yaw (©Y%?) angles, and their
origins are set to the beam-axis direction. Figure 1
shows dE/dxz vs magnetic rigidity plots in two differ-
ent angular regions of pitch and yaw angles. The loci
of protons, deuterons, and tritons were simultaneously
fitted by the simplified Bethe-Bloch formula®) for each
region. As explained in Ref. 5), the mass was calcu-
lated from given dF/dx and rigidity values with fitting
parameters. Then, the angle-calibrated observable is
obtained.
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Fig. 1. Particle identification spectra for different emission
angles. Overdrawn markers and dotted lines are the
Gaussian-fitted mean dE/dx values in each 50 MeV/c
rigidity bin and the results of a simultaneous fit, respec-
tively.
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Fig. 2. Transverse momentum and normalized rapidity
spectra of protons and deuterons in central *2Sn+124Sn
reactions without efficiency corrections.

Figure 2 presents preliminary spectra of the trans-
verse momentum pp vs normalized rapidity y(® with-
out detection-efficiency corrections for protons and
deuterons in 1328n-+'24Sn reactions. The rapidity was
normalized by the center-of-mass rapidity of the reac-
tion system (y¢°™) and shifted by —1. A higher track
multipliticy cut, Mrpc > 55, was applied for selecting
central collisions. Protons and deuterons were identi-
fied using the angle-dependent mass described above.
The value y(©) = —1 corresponds to the perpendicu-
lar emissions, and it is close to the acceptance limit
of the TPC. At y(© > —0.5, approximately symmet-
ric distributions centered at the mid-rapidity, y(®) = 0,
were obtained, which is reasonable as the kinematics
of heavy-ion reactions. To extract physics information
and to compare with model predictions, efficiency cor-
rection is necessary, which is currently being evaluated
by Monte Carlo simulations.
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Monte carlo simulation of collective flow analysis for STRIT-TPC
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The SAMURAI Pion-Reconstruction and Ion- o oE
Tracker-Time-Projection Chamber (S7RIT-TPC)") E = (A)TPC
project aims to constrain the nuclear equation of state _0-01§ = (B)Full
(EoS) at supra-saturation density using heavy ion col- —0.02F
lisions. _0.03E- —initial
In heavy ion collision, the corrective flow, which is F
one of sensitive probes to the nuclear EoS, character- _0-045
ized by asymmetric azimuthal emission amplitude, v1 —0.05F
and v2 with respect to a reaction plane orientation, ¥, —0.06?
2 dN -0.07F
— ————— =1+42v; cos(¢p— ¥ )+2vs cos(2(¢p—¥)). (1 E
N G-~ (¢— ¥)+2vz cos(2(¢p— ). (1) 008k | o L |
. . . Lo -1 -0.5 0 0.5 1
The ¥ is determined from an azimuthal angle distri- y
bution of charged particles event by event. In S#RIT- nrm
TPC experiment, the ¥ is calculated summing up unit  pig 1. The v2 simulated with (A) STRIT-TPC and (B)
vectors of transverse momentum for Z = 1 and 2 parti- Full acceptance. A green line shows the initial function.
cles.?) The detector bias on the ¥ caused by its rectan-
gular shape and a limited acceptance was corrected us-
ing shifting and flattening methods.?) The coefficients,
vl and v2, were obtained after correcting with a reac- by analyzing through the same code developed for real
tion plane resolution® which depends on the labora- data.
tory azimuthal angle. In Fig. 1, v2 as a function of the center of mass
A Monte Carlo simulation was performed to validate rapidity were shown for (A)STRIT-TPC and (B)full
our analysis method. Configurations of the generated acceptance.The rapidity was normalized by the beam
events were chosen to reproduce distributions of real rapidity, Ynrm(= Yem/Ybeam). As a result, both of
data as listed in Table 1. Two acceptance setting for them almost reproduce the initial function (green line).

the STRIT-TPC and 47 (full) coverage were compared It indicates that the correction for the detector bias
was done properly. However, the absolute v2 are ~6%

smaller at ¥, = 0, whereas v1 reproduces the initial
value. This discrepancy should be taken into account
as a systematic error.

This work is supported by the U.S. Department
of Energy under Grant Nos. DE-SC0004835, DE-
SC0014530, DE-NA0002923, US National Science

Table 1. Configurations in the Mote Carlo simulation.
The center of mass rapidity normalized with the beam
rapidity was defined as ynrm = Yem/Ybeam. The trans-
verse momentum ut(= SB¢y¢) was utilized.

Particle | proton Foundation Grant No. PHY-1565546, the Japanese
Multiplicity |40 MEXT KAKENHI (Grant-in-Aid for Scientific Re-
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Measurement of the proton elastic scattering
from 132Sn at 300 MeV /nucleon

J. Zenihiro,*! T. Harada,*?>*3 N. Aoi,** H. Baba,*?> M. Dozono,*® F. Endo,*® S. Enyo,*! Y. Fujikawa,*!
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The “neutron skin” structure is an important phe-
nomenon in finite nuclei and is known to be strongly re-
lated with the properties of nuclear matter. In neutron-
rich nuclei, excess neutrons are pushed out to the
surface region, evolving the “neutron skin” structure.
Many mean-field predictions indicate that the thickness
of the neutorn skin (Ar,,),), which is defined as the dif-
ference in root-mean-square radii between the proton
and neutron, is strongly correlated with the equation of
state (EOS) of the neutron matter. Neutron-rich dou-
bly magic 2°%Pb is a benchmarking nucleus for EOS
studies. Thus far, many theoretical and experimental
studies on the Ar,, of 2°*Pb have been conducted.

Proton elastic scattering is a powerful tool to extract
density information and Ary,. In the case of stable nu-
clei, we have established the method to determine neu-
tron density distributions from proton elastic scattering
at 300 MeV.D It is natural to expand this study to the
unstable region, where large Ar,, values are expected
because of the large isospin asymmetry. To apply our
method to unstable nuclei, we started a new project
to measure the elastic scattering of protons with RI
beams (ESPRI) based on missing mass spectroscopy
in inverse kinematics. We developed a new device, re-
coil particle spectrometer (RPS), which consists of a
1-mm-thick solid hydrogen target (SHT),? two multi-
wire drift chambers (MWDCs), two plastic scintillators,
and fourteen NaI(T1) calorimeter rods. RPS covers a
wide range of momentum transfers (0.5-2.5 fm~!) cor-
responding to 10°-35° in the c.m. scattering angles. We
successfully performed ESPRI measurements with RPS
for several light unstable nuclei.?) We also developed a
new method to determine the proton and neutron den-
sity distributions from two-energy proton elastic scat-
tering data at 200 and 300 MeV /nucleon. Usually, the
proton density distributions can be derived from the nu-
clear charge distributions determined by electron elastic
scattering,®) but at present, little information is avail-
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able on the charge distributions of unstable nuclei. This
method is based on the different energy dependences be-
tween pp and pn interactions, which was demonstrated
by the proton elastic scattering data of Zr isotopes at
200 and 300 MeV /nucleon.?)

13281 is another benchmarking nucleus, which has
a larger isospin asymmetry than that of 20°Pb. In
November 2019, we successfully completed the ESPRI
experiment for 132Sn at 300 MeV /nucleon (NP1512-
RIBF79R1). The first part of this experiment at
200 MeV /nucleon was already completed in 2016.5 A
secondary beam around '32Sn at 300 MeV /nucleon was
produced by fission fragmentation with a 233U beam
at 345 MeV /nucleon. In this experiment, the purity of
13281 was ~20%, and the total intensity of the cocktail
beam was ~700 kcps. Since high-intensity and heavy RI
beams cause critical radiation damage to and/or low ef-
ficiencies of detectors such as plastic scintillators, delay-
line parallel-plate avalanche counters (DL-PPACs), and
ion chambers, in place of the standard ones at BigRIPS,
we have used new detectors with good radiation hard-
nesses and fast timing responses, namely, diamond de-
tectors, MWDCs, strip-readout PPACS (SR-PPACs),
and Xe gas scintillators.®) The secondary beam parti-
cles were transported to F8 and finally to the SHT at
F12, where RPS was installed. At F8, a CNS active
target (CAT) was also installed for measurement at a
forward scattering angle around 7°-10° in the c.m. an-
gles. A new high-speed DAQ system, MOCO with par-
allelized VME (MPV),”) was introduced for the first
time, and it worked with a good live-time ratio under a
high-data-rate condition. During the measurement, we
clearly identified elastic events from the correlation of
recoil proton energies and angles.
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TDPAD measurement for the 10~ isomer of Y
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A time-differential perturbed angular distribution
(TDPAD) measurement was performed for the 10~ iso-
mer ™Y, The first aim of this experiment was to in-
vestigate the single-particle structure and on the wave
functions of 9¥™Y, which is located in a region with a
rapid change of the ground-state nuclear shape, through
the magnetic moment. The second aim was to measure
the amount of spin alignment of the isomeric states pro-
duced by the abrasion-fission reaction.

Neutron-rich N = 59 isotones were produced by the
abrasion-fission reaction of a primary 238U beam at
345 MeV /nucleon incident on a 100-um-thick °Be tar-
get. A thin target was used to avoid the mixing of dif-
ferent momentum distributions if the reaction occurred
at the entrance or exit of the target. Figure 1 shows the
three selections in the momentum distribution of %Y

340
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Fig. 1. Selections in the momentum distribution of *®Y. The
distribution shape was estimated by LISE-++.
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Fig. 2. (a), (b), and (c) represent the R(t) ratio of ™Y for

selections 1, 2, and 3, respectively. See Refs. 1-2) for the
definition of R(t).

at F1. The selected isotones were implanted in a non-
perturbating copper host at F8. The TDPAD apparatus
located at F8 was same as in Refs. 1-2), and an external
magnetic field of 0.250 T was applied.

Figures 2 (a), (b), and (c) show the TDPAD spectra
with respect to the momentum distribution, where the
highest spin alignment of 17(4)% is located in its outer
wing and no spin alignment exists at the center. The
g-factor of 9MY was deduced to be |g| = 0.36(2). This
value is far from the one expected under the assumption
of a (mgg/2 ® hi1/2)10- configuration, where the addi-
tivity rules give ¢ = 40.517 considering the g-factors
of the 9/2% and the 11/2~ isomers of °7Y and ??Mo,
respectively.®*) The interpretation of this result needs
improvement in theoretical calculations for the odd-odd
mass isotopes in this interesting region.
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As one of the most accurate probes of the nu-
clear wave-functions, the magnetic moments of excited
states in nuclei are both important and interesting.
Their measurement has several difficulties and partic-
ularities. One of the most crucial ones is the spin align-
ment of the nuclear ensemble which is produced in the
reaction populating the nucleus of interest. In such an
experiment we have investigated the Coulomb fission
reaction, which was not previously studied, aiming to
probe the nuclear alignment trough the measurement
of magnetic moments.

Nuclei around '328n form a key region of the nuclear
chart from astrophysics and nuclear structure point
of view. In particular, below '32Sn, several isomeric
structures emerge as for example in the 124, 12E’Ag iso-
topes, which have interesting behaviour of the three
proton holes below Z = 50 closed-shell coupled to even
or odd amount of neutron holes from predominantly
the last three vhyi/3, d3/2 and s;/o neutron orbitals
below N = 82.1) Measuring nuclear moments of such
excited isomeric states allows to find what type of con-
figurations are formed in these nuclei, and at the same
time, investigate unknown properties of the fission re-
action mechanism.

The experiment was carried out in December 2019 at
the RIBF using the BigRIPS spectrometer. Primary
238U beam with an energy of 345 MeV /nucleon and an
intensity of the order of 100 pnA was used to induce
Coulomb fission onto a thin ¥4W production target.
This very thin foil of only 0.1 mm was used for the first
time in our experiment and performed well at the used
very high flux. The isotopes of interest produced in
the reaction were separated, transported and identified
using the standard methods for BigRIPS and using Al
wedges at the F1 and F5 focal planes of 7 mm and
1 mm, respectively. Our detection setup was placed
at the F8 focal plane where the beam was stopped in
a sandwich of 2 mm thick plastic and 3 mm thick Cu
host.

The momentum distribution for ions produced in the
fission reaction is generally wide and it is only partially
accepted (e.g. +3%) by the BigRIPS spectrometer.?)

*1
*2
*3
*4
*5
*6
*7

Université Paris-Saclay, CNRS/IN2P3, IJCLab
IKP, University of Cologne

RIKEN Nishina Center

Department of Advanced Sciences, Hosei University
Center for Nuclear Study, University of Tokyo
Department of Physics, Istanbul University
Department of Physics, University of Tokyo

_46 -

262

26

Fig. 1. Particle-identification for the central setting.

In addition, in order to select certain parts of this mo-
mentum we have performed F1 slit cuts by accepting
only the high or only the low part of momentum dis-
tribution for the ions of interest.

Typical particle-identification spectrum from this
experiment for the central selection is shown in Fig. 1
for about 10% of the collected data. Similar statis-
tics was obtained also for the wing setting. For the
measurement of the nuclear moments we have em-
ployed the well-known TDPAD method, applied suc-
cessfully at RIBF.3%) We used four HpGe detectors at
90° with respect to each other and two LaBrs detectors
of 1.5 x 1.5 in. They were all placed in a horizontal
plane, while the magnetic field used to induce the pre-
cession of the nuclear spins was provided by a compact
electromagnet and applied in a vertical direction.

Data analysis for the oscillation pattern and mag-
netic moment for the nuclei of interest are currently in
progress.
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The region around !32Sn has attracted much ex-
perimental and theoretical interest recently due to
its doubly—magic character. A microsecond isomeric
state has been observed experimentally in '30Sn'3)
(t1/2 = 1.6 ps). Its tentative spin-parity assignment of
10T suggests a neutron h%l /2 configuration, which, due
to its high spin, is expected to have a very pure wave-
function configuration. A magnetic moment study on
this isomeric state should be able to shed light on the
robustness of the double shell closure (Z = 50 and
N = 82) at 132Sn.

The NP1712-RIBF143R1 experiment was performed
in December 2018 at the BigRIPS separator at RIBF.
A two-step fragmentation scheme®) was employed to
produce a spin-aligned '°Sn beam. A secondary
beam of '32Sn was produced following the fission of
a 345 MeV /nucleon 238U beam on a 6 mm ?Be target
at FO. A wedge-shaped aluminium degrader (having a
mean thickness of 6 mm), positioned at the F1 disper-
sive focal plane, was used for the secondary-beam pu-
rification. The momentum acceptance was restricted
to £1.4% using the F1 momentum slits. A tertiary
beam of '39Sn was produced with a wedge-shaped
(2 mm) aluminium secondary target placed at the F5
momentum-dispersive focal plane. A two-neutron (2n)
removal reaction mechanism was used to populate the
107" isomeric state of interest. Special care was taken
to match the momentum dispersion between F5 and F7
to that between F3 and F5. The momentum slits at
F7 were set to +9 mm, which corresponds to +0.26%
momentum selection. A beam intensity of 30 pps, with
a purity of ~20%, was obtained for '3°Sn.

The isomeric states of interest were implanted in
a 3 mm Cu host positioned between the poles of an
electro-magnet in the center of the time-differential
perturbed angular distribution (TDPAD) apparatus at
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the F12 focal plane.

Four Ge and two LaBrs detectors, positioned 7 cm
from the host in a horizontal plane around the mag-
net, were used to monitor the y-rays from the decay
of the isomeric state. The dipole magnet provided a
static magnetic field of B = 0.150 T in the vertical
direction. A 0.1 mm plastic scintillator, placed up-
stream of the stopper, provided the ¢ = 0 signal for
isomeric-decay measurement. The TDPAD technique
entails observing the modulation of the angular distri-
bution of the isomeric y-rays due to the rotation of the
nuclear spin ensemble in the magnetic field with the
Larmor frequency wy = gunB/h. This is realized by
constructing a ratio function (R(t)), which combines
detectors positioned at 90° with respect to each other.
Provided that the magnetic field at the nuclear site is
well known, one can readily determine the g factor of
the state of interest from the oscillation pattern in the
R(t) function.

Two y-rays (97 keV and 391 keV) were observed from
the decay of the isomeric state, as expected from the
previously known decay scheme. Their lifetimes, deter-
mined from the time spectra, were in agreement with
the previously observed lifetime of the isomeric state.
An oscillation pattern with a statistical significance of
2.70 was observed during the analysis of the ratio func-
tion. It indicates a gyromagnetic factor very close to
the free-nucleon Schmidt limit, in contrast with the
g factors of other hyy /5 states in the region, for which
a reduction of about 30% of the free-nucleon g factors
(g = 0.7 x gfree) is observed. This very small re-
duction of the g factor compared to the Schmidt-limit
indicates a very robust double—shell closure at '32Sn.
Following this observation, a new proposal has been
submitted to the RIKEN NP PAC in December 2019.
It aims at confirming this very intriguing indication
with a higher statistical significance.
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The excitation energy of the isomeric state and the
isomeric-to-ground state ratios are very important to
understand the nuclear structure and reactions. Direct
mass measurement can be used for measuring the ex-
citation energy of the long-lived isomeric state and de-
termining the isomeric-to-ground state ratio simultane-
ously. Rare RI Ring (R3) is an isochronous mass spec-
trometer in RIBF. The principle of the mass measure-
ment at R3 is described by the following equation:

mi mo Tlcorr

q q To

wherec T; and T are the time-of-flight (TOF) of the nu-
cleus of interest and reference nucleus, respectively, and
Bpy is the magnet rigidity of the nucleus of interest.")
The unknown mass m; is determined relative to the mass
of the isochronous reference nucleus mgy. Bp tagging is
performed at the momentum-dispersive focal plane F5 of
BigRIPS by measuring the horizontal position with two
parallel-plate avalanche counters (PPACs). The TOF of
the nuclei in R3 was measured using the E-MCP detec-
tor?) at SO of SHARAQ and a plastic scintillator placed
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Fig. 1. (a), (b) Correlations between T; and T{°"", respec-
tively, and the F5 position for 128Sn.
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behind R3.

In the autumn of 2018, the first mass measurement
campaign was conducted at R3. To measure the mass of
125Ag and '24Pd, 3 neighbor isotones, 126Cd, 12"In, and
128Qn, were injected in R3 as reference nuclei to deter-
mine the mean Bp value of R3.%) The first isomeric state
of 128Sn, the excitation energy and half-life of which are
about 2091.5 keV and 6.5 s,% respectively, was produced
and observed during this experiment. The TOF in R3
for each particle was normalized to the same turn num-
bers? to determine T;. The correlation between the Ty
of 128Sn and the F5 position is shown in Fig. 1(a). Af-
ter event-wise correction with Bp, T{°""’s dependence
on the F5 position is shown in Fig. 1(b). The isomeric
state and ground state of 1?8Sn can be well resolved in
the spectrum of T{°"", as shown in Fig. 2. The left peak
is the ground state of 1?8Sn, and the right one is the
isomeric state. A function composed of the sum of two
Gaussian functions was used to fit this spectrum.

The mass resolving power of R3 can be given by

R =m/Am = T{" | AT{", (2)

which is derived from Eq. (1). The full width at half
maximum of the achieved mass resolving power is about
125,000 from the ground-state peak. The isomeric-to-
ground state ratio for '?®Sn is 1.8(4), which is deter-
mined by the integral values’ ratio of the fitting func-
tions.

References
1) A. Ozawa et al., Prog. Theor. Exp. Phys. 2012, 03C009
(2012).
2) Y. Abe et al., JPS Conf. Proc. 1, 013059 (2014).
3) S. Naimi et al., RIKEN Accel. Prog. Rep. 52, 102 (2019).
4) H. F. Li et al., RIKEN Accel. Prog. Rep. 52, 52 (2019).
) G. Audi et al, Chin. Phys. C 41, 030001 (2017).

5



IT-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 53

Performance study of electron spectrometer for SCRIT experiments

K. Tsukada,*!**2 A. Enokizono,*?> Y. Honda,*"*? K. Kurita,*3 H. Ohnishi,*? S. Sato,*3 T. Suda,*!*2 S. Takagi,**
D. Taki,**? T. Tamae,**2 M. Watanabe,*?> M. Wakasugi,*>*4 and H. Wauke*!>*2

We constructed the Self-Confining Radioactive ITon
Target (SCRIT) electron scattering facility') to per-
form electron scattering experiments for short-lived
unstable nuclei. Such experiments have been long de-
sired but unrealized thus far because of the difficul-
ties in preparing a thick target from such short-lived
nuclei. SCRIT is a novel technique to achieve a suf-
ficiently high luminosity to perform electron scatter-
ing experiments by trapping the target ions along the
electron beam. After successful commissioning exper-
iments with stable targets,? we started to prepare for
an experiment with an unstable nuclear target.

The SCRIT electrode was replaced with a new one
that has a larger cross section and less material around
the trapping region, in addition to providing a much
more uniform electric potential. Simultaneously, three
identical carbon foils with a thickness of 35 pum were
installed as fixed targets at the center and both edges
of the SCRIT electrodes, respectively, to evaluate the
performance of the electron spectrometer, window-
frame spectrometer for electron scattering (WiSES).
The carbon targets can be moved out of the electron-
beam axis when they are not in use. For WiSES, the
drift chamber in front of the spectrometer magnet was
replaced with a new one with both vertical and hori-
zontal wires to reconstruct the horizontal and vertical
trajectory information of scattered electrons simulta-
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Fig. 1. Reconstructed momentum spectra of scattered elec-
trons for different scattering-angle regions.
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neously. In addition, a magnetic-field measurement
was performed to study the momentum resolution of
WIiSES.

In 2019, we performed a series of electron-scattering
experiments with carbon targets to evaluate the accep-
tance and momentum resolution of the spectrometer
after the measurement of the magnetic-field distribu-
tion of the spectrometer magnet. The status of the
field measurement is reported elsewhere.?)

Figure 1 shows reconstructed momentum spectra
from the center of targets for an electron beam energy
of 300 MeV and three scattering angle regions: 40°—
45°, 45°-50°, and 50°-55°. One elastic peak and two
inelastic peaks are clearly observed. Figure 2 shows
yield distributions with varying effective momentum
transfer after acceptance corrections. In the present
analysis, only the radiation tail from the elastic peak
is taken into account for counting the yields. Moreover,
the acceptances for the elastic and inelastic events are
assumed to be the same. Although the distributions of
the elastic events are consistent between this work and
a previous experiment,?) those of the inelastic events
show finite discrepancies.

Further analysis is ongoing to evaluate the perfor-
mance of the spectrometer.
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Correlated measurement of mass and decay of fusion evaporation
products for 3'V-+19Tb reactions via MRTOF+4a-TOF detector
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The SHE-Mass-II facility!) is a system with a multi-
reflection time-of-flight mass spectrograph (MRTOF-
MS?) coupled with the gas-filled recoil ion separator
GARIS-II?) in the E6 experimental room for the mass
measurement of fusion evaporation products, such as
very low yield nuclei in the superheavy region.

Recently, we developed and installed a novel detector
named a-TOF¥), which simultaneously records the time-
of-flight (TOF) signal and successive a-decay. The a-
TOF detector has the capability to significantly reduce
the background level.

The experiment was performed using °'V+159Tb
reactions. A °'W beam was accelerated up to
6.0 MeV /nucleon by RRC. The beam energy on the tar-
get was reduced by an aluminum degrader to approx-
imately 4.8 MeV /nucleon. A 460-pug/cm?-thick %°Tb
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Fig. 1. (a) Singles TOF spectrum. (b) TOF spectrum in
coincidence with 2°"Ra a-decays obtained using a time
gate of 5s.
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target was prepared by a sputtering method on a 3.0 pm
Ti backing foil.

The fusion evaporation residues (ERs) were separated
from the primary beam and efficiently transported us-
ing GARIS-II. After decelerating ERs using a Mylar foil,
the ERs were captured in a cryogenic high-purity He gas
catcher, and the thermalized ions were extracted by an
RF-carpet and transported to the MRTOF-MS via mul-
tiple RF ion traps. We observed the 206:207Fy 206,207TR 5
and 204Rn isotopes extracted as doubly charged ions.
In this measurement, we focused on 26-207Ra, isotopes
having relatively short half-lives, i.e., T} o = 240 ms for
206Ra and Ty = 1.38 s for 207Ra.

Figure 1 shows a part of the TOF spectrum at A =
207. When we gated the ToF spectrum by the a-
ray energy of 20"Ra with a coincident time of 5 s (3.5
half-lives), we clearly discriminated the decay-correlated
TOF events (Fig. 1(b)).

Figure 2 shows a part of the two-dimensional spec-
trum for TOF and the correlated a-decay energies. From
the correlation mapping, we obtained the information
of TOF, as well as decay properties such as a-energy
and decay time, atom by atom. Further analysis is in
progress.
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Half-life determination of nuclear excited states of 22°Th by the
coincidence measurement between a particles and ~ rays from 233U
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Studying the nuclear structure of 22°Th is important
in that reflection-symmetric and reflection-asymmetric
shapes are expected to coexist!) and the first nuclear ex-
cited isomeric state of 22°Th (2" Th) has an extremely
low energy of 8.3 eV,?) which would enable the develop-
ment of nuclear laser spectroscopy and an ultraprecise
nuclear clock. In this study, we measured the half-lives
of nuclear excited states of 22°Th, populated through the
alpha decay of 233U, for further understanding of the nu-
clear properties of 229Th. This work was also aimed at
determining the half-life of the 29.2-keV state (Fig. 1).
This half-life was one of the key parameters for excit-
ing 22Th from the ground state to the 29.2-keV state
with synchrotron radiation to actively produce 22°™Th,
which was recently realized by our group.®)

For the half-life determination, we performed a coinci-
dence measurement between « particles and « rays from
a 233U source prepared by electrodeposition. The 233U
source was placed inside a vacuum chamber enclosed by
5-cm Pb blocks for background ~y-ray reduction. Emit-
ted « particles from the source were measured with a
passivated implanted planar silicon detector mounted in-
side the chamber, and  rays that were emitted from the
source and passed through a polyimide window out of
the vacuum were measured with a LaBrs(Ce) scintilla-
tor and photomultiplier. After amplification, a-particle
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Fig. 1. Excited states of 22°Th the half-lives of which were
determined, and « and ~ transitions used for determining
the half-lives (unit: keV).
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signals for 4783.5-keV « particles and 42.4-keV ~ rays
(histogram). A single exponential decay function con-
voluted with a Gaussian function is fitted to the data
(curve).

and v-ray signals were recorded with Computer-Aided
Measurement And Control (CAMAC) modules to obtain
time spectra of «-ray signals following a-particle signals
for each combination of a-particle and 7-ray energies.

Figure 2 shows a time spectrum for 4783.5-keV « par-
ticles and 42.4-keV v rays. The half-life obtained from
the fitting of a single exponential decay function con-
voluted with a Gaussian function was almost the same
as the reference value (172(6) ps).*) From a time spec-
trum for 4783.5-keV « particles and 29.2-keV ~ rays,
we obtained the half-life of the 29.2-keV state, which is
consistent with that obtained from our synchrotron ex-
citation of 2?°Th (82(4) ps).?) These coincidences with
the previous results indicate that our experiments and
data analysis were correctly performed. The half-life of
the 97.1-keV state was obtained from ~ rays of 54.7 and
97.1 keV detected in coincidence with 4729-keV alpha
particles. The obtained half-life was seemingly shorter
than the reference value (147(12) ps).*) This may be be-
cause our measurement has better and time resolutions
than the previous measurement.?

We could clearly observe the peak of 66.1-keV ~ rays
by gating the y-ray spectrum with « particles of approx-
imately 4664 keV, which allowed us to obtain the half-life
of the 163.2-keV state for the first time. We will con-
tinue detailed analysis to precisely determine each half-
life and discuss the nuclear properties of 22°Th based on
the half-lives determined in this study.
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Mass measurements of 252Cf fission fragments via MRTOF-MS
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The rapid neutron-capture (r-) process path is gov-
erned by the balance between the 37~ -decay rate and
neutron-capture rate. Masses of nuclei involved in the
r-process path play a crucial role in determining the
final isotopic abundance. It is difficult to access the
r-process nuclei due to their locations far from sta-
bility; thus, theoretical predictions are needed to ob-
tain the final isotopic abundances. However, in the
region where there are no experimental data on nu-
clear masses, the predicted mass values show a large
variance.!) Thus, accurate and precise mass data of
neutron-rich nuclei are required.

Here, we report mass measurements of the neutron-
rich nuclei produced by the spontaneous fission 2°2Cf
with multi-reflection time-of-flight mass spectroscopy
(MRTOF-MS).2) The MRTOF-MS system consists
of a cryogenic gas cell (GC) with a 0.5 pm Mylar
window, an ion transport system having two linear
RF quadrupole traps, and an ejection system to the
MRTOF device. A 350 kBq 2°2Cf source (SF: 3.09%)
with 6 pm Ti degrader was installed in front of the GC
window. Throughout the measurements, the GC was
cryogenically cooled blow 70 K while the He gas pres-
sure was regulated to maintain a density equivalent to
150 mbar at room temperature.

The measurement results are summarized in Fig. 1.
In the present study, we observed 78 isotopes from
iodine (Z = 53) to europium (Z = 63) in the TOF
spectra. The masses of the observed isotopes were
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Fig. 1. Location of the observed isotopes on the nuclear
chart. The numbers, 1 or 2, indicate the observed
charge state. The color bar represents the precision
of experimental mass data taken from the 2016 Atomic
Mass Evaluation (AMEIL6).
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determined by a single reference method.®) A typical
measurement achieved a relative precision of dm/m ~
10~7. Figure 2 shows TOF spectra of the doubly
charged A = 152 series with different numbers of laps.
As the relative position and intensity remain constant
when the number of laps is varied, we can infer that the
three peaks are isobaric. In this case, '92Nd was used
as a mass reference, and we experimentally determine
the mass of '2Ce for the first time. The measured
mass excess of 1°2Ce is ME = —58845(61) keV and
indicated in Fig. 3 with several theoretical predictions.
This result shows that the ground state of 152Ce is less
bound than all the predictions listed in Fig. 3.
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In-gas-cell laser ionization spectroscopy of Os isotopes using
MRTOF-MS at KISS
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We developed the KEK Isotope Separation System
(KISS)Y to study the nuclear properties of neutron-rich
isotopes with neutron numbers around N = 126. To
study the nuclear structures at KISS, we measured the
hyperfine structure (HFS) of %40s (I™ =0T, Ty, =
6.0 y) and ¥%0s (I" = 0T, Ty = 34.9 m) to de-
termine the change in charge radius using the in-gas-
cell laser ionization spectroscopy technique® assisted
by the multi-reflection time-of-flight mass spectrograph
(MRTOF-MS). The MRTOF-MS installed at KISS can
successfully identify isotopes from mass-dependent time-
of-flight (TOF) spectra.?)

We measured the HFS of short-lived (7% /2 ~ 30 min)
isotopes by detecting the 8- and v-rays at KISS, and it is
difficult to measure the HF'S of isotopes with 77,5 > 1h
by detecting the decay radiations in a limited beam time.
However, we can efficiently measure the HF'S of these iso-
topes through ion counting using the MRTOF-MS with-
out waiting for the radiation decays. Here, we report the
HFS measurement of 14Os using the MRTOF-MS.

The '%40Os isotopes were produced in multi-nucleon
transfer reactions by using a stable 136Xe beam (50 pnA)
with an energy of approximately 10 MeV /nucleon im-
pinging on a %8Pt target (12.5 mg/cm?, enriched to 91%
with about 3% each of 194195, 196Pt) - Singly charged iso-
topes, produced by the in-gas-cell laser ionization tech-
nique, with an energy of 20 keV were extracted from the
KISS gas cell for the HF'S measurements. The extracted
isotopes were injected into a helium gas cell for thermal-
ization. Doubly charged ions were primarily produced
by the charge exchange reaction with helium atoms in

60

50

Counts
e
8

allog o deicloondln flom |y oo ol
250 300 350 400 450
TOF-6,763,000 [ns]

Fig. 1. Measured TOF spectrum of %40s?*.
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the stopping process, and they were extracted from the
helium gas cell. Subsequently, the bunched isotopes were
injected into the MRTOF-MS for particle identification.
The details of the MRTOF-MS system are reported in
Ref. 3).

Figure 1 shows the TOF spectrum of *Os?* mea-
sured using the MRTOF-MS at KISS. We can clearly
identify the '°*0Os?* isotope with a contaminant peak
of 194Pt2+ ions, which were emitted through elastic
events from the production target and transported to
the MRTOF-MS as survived ions. By fitting the TOF
spectrum, we can deduce the number of ions extracted
from the KISS gas cell. The HFS spectrum, as shown in
Fig. 2, was obtained by measuring the number of laser-
ionized '94Os isotopes as a function of the laser wave-
length. There appears one resonance peak stemming
from one atomic transition of **Os due to I™ = 07F.
The constant background (dashed line) in Fig. 2 indi-
cates the contaminant at the '°4Os?* peak, which cor-
responds to 19*Au?* transported as survived ions. The
expected TOF peak position of 1?4 Au®* indicated by the
black dotted line in Fig. 1 deviates by about 4 ns from
the 1940s?* peak. To evaluate the extraction yields of
1940s2+ accurately, we fit the spectrum by omitting the
194 A2+ peak because of the closeness of the peak posi-
tions. However, we could clearly deduce the resonance
peak of 1940Os and the amount of '%4Au as the constant
background, as shown in Fig. 2. From the peak posi-
tion, we can determine the isotope shift value of %4Os
to deduce the change in the charge radius and discuss
the nuclear deformation. Further analysis is in progress.
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Calibration and simulation of LaBrj;:Ce scintillator for analyzing
8Li(a, n)'1B-reaction data
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We performed an experiment?) using LaBrs:Ce scin-
tillators® at CRIB in 2018 for investigating controver-
sial large differences among the previously reported )
cross-section data of the ®Li(a,n)!'B reaction. In or-
der to resolve the discrepancies among them, it is es-
sential to obtain an accurate ~-ray spectrum of 1B,
therefore, accurate energy calibration and precise effi-
ciency estimation play a crucial role. We performed off-
line measurements for energy calibration using radiation
sources, as listed in Table 1. Figure 1 presents the cal-
ibration plot, in which the horizontal and vertical axes
correspond to the time-to-digital converter (TDC) chan-
nel reduced by a charge-to-time converter (QTC) and
the expected ~-ray energy, respectively; the plot shows
sufficiently good linearity. On-line measurements using
16N beams were also performed at CRIB. In the studied
reaction, N decays to '°0*, which emits y-rays with
E, = 6130 keV. GEANT4 simulations were also per-
formed for each type of «-rays. One example is shown
in Fig. 2, which is the preliminary result of the ~-ray
energy spectrum of 1N(3v). The histogram with error
bars and filled histogram are measured and simulated
spectra, respectively. The measured peaks of full energy,

Table 1. Gamma-ray sources used for off-line calibration and
their energies.

Source Energy (keV)
187Cs 662
Am/Be(*2C*) 4440
Cm/C(**0*) 6130
Am/Be+Al 7724
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single escape and double escape are consistent with the
simulated ones. By applying the results of our precise
energy calibration, we can proceed to the data analysis
for solving the discrepancies among the previous results.
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Fig. 1. Calibration plot obtained by off-line measurements.
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Fig. 2. Energy spectrum of y-rays from *N(3~).
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Measurement of 2° Al+p resonant elastic scattering relevant to the
astrophysical reaction 22Mg(a, p)?5Al

J. Hu,*! H. Yamaguchi,*?> S. W. Xu,*! N. T. Zhang,*! S. B. Ma,*! L. H. Ru,*! E. Q. Liu,*! T. Liu,*!
S. Hayakawa,*? L. Yang,*? H. Shimizu,*? D. Kahl,*> C. B. Hamill,*3> A. Murphy,*® J. Su,** X. Fang,*> K. Chae,*5
M. Kwag,*® S. Cha,*® N. N. Duy,*® N. K. Uyen,* D. Kim,*¢ G. Pizzone,*” M. L. Cognata,*” S. Cherubini,*”
S. Romano,*” A. Tumino,*” J. Liang,*® A. Psaltis,*® M. Sferrazza,*® D. H. Kim,*® and S. Kubono*!?

Type-I X-ray bursts are the most frequently ob-
served thermonuclear explosions in nature.!) They oc-
cur on the surface of accreting neutron stars in low-
mass X-ray binary systems. The investigation of X-
ray bursts can help us understand the properties of a
neutron star and the underlying physics.

The bursts are driven by the tripe-a reaction, the
ap-process, and the rp-process. After breakout from
the hot CNO cycle, the nucleosynthesis path is char-
acterized by the ap-process.?) The ap-process is a se-
quence of a- and proton-induced reactions that trans-
port nuclear material from the CNO cycle toward the
region of heavier proton-rich nuclei.

The X-ray light curve is the main direct observable
of X-ray bursts and could be affected significantly by
the ap-process. According to a recent sensitivity study
by Cyburt,? the 2>Mg(a, p)?° Al reaction is thought to
be the most sensitive one during the ap-process and
may have a prominent impact on the burst light curve.
However, with scarce experimental information on this
reaction, the reaction rate in the calculations of X-ray
bursts is estimated based on statistical models.

A measurement of 2°Al4p resonant elastic scatter-
ing has been performed to experimentally examine the
2Mg(ar, p)?°Al reaction rates. The experiment was
performed using the CNS radioactive ion beam separa-
tor (CRIB),? installed by the Center for Nuclear Study
(CNS), University of Tokyo, in the RIKEN Accelerator
Research Facility. A primary beam of 24Mg?t was ac-
celerated up to 8.0 MeV /nucleon by the AVF cyclotron
with an average intensity of 1 eyA. The primary beam
bombarded a liquid-nitrogen-cooled D5 gas target to
produce a secondary 2%Al beam via the 2*Mg(d, n)?° Al
reaction in inverse kinematics. The 2°Al beam was
separated by the CRIB separator. The 2°Al beam,
with an average energy of 5.68 MeV /nucleon and an
average intensity of 2.0 x 10° pps, was then deliv-
ered to the F3 experimental chamber, where it bom-
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Fig. 1. Schematic diagram (top view) of the experimental
setup at the F3 chamber.

barded a 13.95-mg/cm?-thick (CH,), target and a
18.02-mg/cm?-thick C target in which the beam was
stopped. The C target was used to evaluate the back-
ground contributions. After passing through a Wien
filter, the 2° Al beam purity can be up to 80%.

The setup at the F3 experimental chamber is shown
in Fig. 1. A parallel-plate avalanche counter (PPAC)
and a micro channel plate (MCP) were used for mea-
suring the time and position information of the beam
particles. The beam particles were identified in an
event-by-event mode using the abscissa of MCP and
the time of flight between MCP and the RF signal
provided by the cyclotron.

The recoiling light particles from the 2°Al+p reac-
tion were measured using three sets of Si telescopes at
average angles of 0;,, ~ 0°, 20°, and 23°, respectively.
Each telescope consisted of a 65-um-thick double-side-
strip (16 x 16 strips) silicon detector and two 1500-
pm-thick pad detectors. The recoiling particles were
clearly identified using the AE-E method. An array of
ten Nal(Tl) detectors was mounted directly above the
target and used to detect the ~« rays from the decay
of the excited states in 2°Al. The data analysis is in
progress.
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26Sj beam production and thermal durability test of gas target window
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The study of the ap process is important for under-
standing nucleosynthesis in x-ray burst. The process,
which is composed of alternating (a,p) and (p,v) re-
actions, is considered the bridge between the CNO cy-
cle and rp process. Owing to technical issues, most
of the astrophysical («,p) reactions on radioactive iso-
topes are less understood experimentally, including the
26Si(ar, p)2°P reaction. The energy levels of 3°S falling
in the Gamow window of the reaction at x-ray burst
temperatures (T' = 1 — 3 GK, E; = 10 — 14 MeV) are
crucial for the 26Si(a, p)??P reaction rate. Many energy
levels were identified through previous works," but the
spins of levels above F, = 10 MeV are not constrained in
many cases. Additionally, no energy levels above E, =
12.4 MeV have been measured so far. Thus, we thus plan
to measure the 25Si(a, a)?°Si elastic resonant scattering.
We simultaneously expect that the 26Si(a, p)**P reac-
tion is also directly observable, which requires a rather
high-intensity 26Si beam. The primary beam intensity
is, however, limited to only approximately 200 pnA to
prevent the deposited heat from breaking the FO gas tar-
get window (Havar foil). Therefore, other types of foils
were tested during the beam time.

We took 1.5 days out of the approved 12 days of
beamtime to test the 26Si beam production at the Cen-
ter for Nuclear Study Radioactive Ion Beam Separa-
tor (CRIB)? of the University of Tokyo in December
2019. A primary beam of 2*Mg®t was accelerated by
the AVF cyclotron at 7.5 MeV /nucleon and with a max-
imum intensity of 400 pnA, bombarding the cryogenic
3He gas target of 0.94 mg/cm?. The *He gas was con-
fined with windows of 3-pym-thick Ti foil (¢ = 20 mm),
which has a lower thickness and higher heat conductiv-
ity than the commonly used Havar foil, with the ex-
pectation of a higher injecting beam intensity. The
beam of the radioactive isotope 26Si was produced by the
3He(**Mg, 26Si)n reaction. We installed a 0.2-mg/cm?-
thick carbon foil as a charge stripper to obtain a higher
population of the highest charge state 26Si'4*. The mag-
netic rigidity was set to 0.61208 Tm to select the desired
beam energy of 5.2 MeV /nucleon. The voltage of the
subsequent Wien filter was £85.5 kV. A 26Si purity of
59% and a beam intensity of about 4.7 x 10* particles
per second were achieved at the F3 focal plane, which are
much higher than those of the previously produced 26Si
beam at CRIB.?) The particle identification plot at F3
is shown in Fig. 1. This improvement may be attributed
to the higher primary beam intensity, the thinner gas
target window foil, the newly installed charge stripper,
and the higher Wien filter voltage.

We also investigated the thermal durability of other
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Fig. 1. Particle identification spectrum obtained at the F3
focal plane. The 25Si beam is clearly separated from other
beam particles.

materials of the gas target window through primary
beam injection. We installed Mo (100% molybdenum,
thickness: 3 pm, thermal conductivity: 138 W/m/K,
melting point: 2896 K), Ti (100% titanium, thickness:
3 pm, thermal conductivity: 21.9 W/m/K, melting
point: 1941 K), Havar (thickness: 2.5 pum, thermal con-
ductivity: 13 W/m/K, melting point: 1753 K) and CuBe
(98% copper, 2% beryllium, thickness: 3 pm, thermal
conductivity: 105 W/m/K, melting point: 1143 K) foils
held by copper frames on a rotating wheel® in the F0O
chamber. The temperature of each window was mon-
itored by thermography. The foils were exposed to
a 24Mg®t primary beam up to an intensity of about
2800 enA, at which all the foils were pin-holed on the
beam-spot position but the Mo foil endured. The typi-
cal beam size is measured to be about 2 mm. We also
tested those foils mounted on the gas-filled target cell
with liquid-nitrogen cooling-except the CuBe foil. We
exposed the Ti foil to a 2600 enA 2Mg®+ beam and the
Havar and Mo foils to 1800 enA beams. The result shows
that only the Mo foil resisted breakage, suggesting that it
is the most durable material. This is consistent with the
highest thermal conductivity and melting point among
the tested materials. We will determine the upper limit
of the heat deposition rate through further investigation.
We anticipate that a higher intensity of the secondary
26Si beam could be realized when Mo foils are used at
the FO gas cell.
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Production of a high-intensity francium ion beam
for the measurement of the electron electric dipole moment
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The striking imbalance between matter and anti-

matter observed in the universe is known to be one of

the biggest mysteries in modern physics. For decades,
physicists have been attempting to investigate CP (C:
charge conjugation, P: parity transformation) viola-
tions for different physical systems, which could lead to
the discovery of the fundamental reasons for this mys-
tery. Onme of these intriguing systems is the electric
dipole moment of an electron (€EDM). The existence
of an absolute value of the eEDM implies that CP sym-
metry has been violated. At the same time, this would
also reveal the existence of a new theory beyond the
standard model of particle physics.

Since the eEDM is expected to be small,V) it is nec-
essary to adopt a system that enhances the eEDM to
a sufficiently large value. For this purpose, we have
chosen francium. Francium has an eEDM enhance-
ment factor of approximately 102, which is known to
be the largest among any ground-state atom.?) The
ideal environment for Ramsey spectroscopy to mea-
sure the eEDM using francium atom is one in which a
large amount of francium atoms are trapped in a tiny
volume where the interactions with other particles are
highly suppressed. To this end, we are planning to
develop a three-dimensional optical lattice to confine
laser-cooled francium atoms.

In this study, we constructed a surface ionizer to cre-
ate a high-intensity francium ion beam. The surface
ionizer consists of a vacuum chamber, a gold target, de-
flection electrodes, and an infrared radiation heater, as
shown in Fig. 1. An 805" beam (6.28 MeV /nucleon)
provided by the AVF cyclotron in RIKEN RIBF will be
irradiated on the gold target to induce the following fu-
sion reactions inside the gold: 197Au(180, xn)?15~*Fr.
By heating up the target using the infrared heater, the
thermal diffusion process of the franciums will occur,
and some fractions will reach the surface. Most of the
franciums at the surface will be ionized according to
the Saha-Langmuir equation® and, subsequently, ther-
mally released into the vacuum. Since high voltages
are applied to the target (~1000 V) as well as to the
deflection electrodes (~930 V), the thermal francium
ions will experience the electric-field gradient and be
transported as a secondary beam (~1 keV), which will
be guided at an angle of 45° with respect to the 1#Q6+
beam. The francium ion beam generated will finally
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Fig. 1. Schematic of the experimental apparatus to pro-
duce a high-intensity francium ion beam.

be monitored using a beam diagnostic system. The
beam diagnostic system consists of a micro-channel
plate (MCP) to monitor the beam’s characteristics and
a silicon semiconducting detector (SSD) to observe «
radiation caused by the a decay of the franciums. An
« radiation source (Am) is placed near the SSD to cal-
ibrate the energy of the a radiation.

In September 2019, we constructed this experimen-
tal apparatus and performed an offline test. During the
offline test, we heated up the target to 400 ~ 800°C us-
ing the infrared heater and thermally ionized particles
already existing on the surface. These ionized particles
were monitored by the MCP, which allowed us to opti-
mise the voltages applied to the target and the deflec-
tion electrodes. We have confirmed that the optimised
voltages are consistent with our previous simulation us-
ing SIMION 8.1. After the offline test, we performed
online experiments on October 25, 2019 and Novem-
ber 22, 2019. Through data analysis, we verified that
we had succeeded in producing a 2!°Fr* beam with an
intensity of 1.3 x 10%/s.
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Development of 3-NMR with spin-aligned beam
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Nuclear electromagnetic moments, namely magnetic
dipole (1) and electric quadruple (@) moments, are one
of the most sensitive probes to address a single-particle
configuration and nuclear deformation, respectively.
So far, nuclear moments for ground states have been
measured by the method of B-ray-detected nuclear
magnetic resonance (8-NMR) combined with a spin-
polarized radioactive beam. However, it is difficult
to apply B-NMR to far-unstable nuclei produced by
BigRIPS because the spin polarization is significantly
reduced for reactions with the removal of many nucle-
ons and/or with a beam energy >100 MeV /nucleon. In
order to overcome this difficulty, we have been develop-
ing a new method that combines the 5-NMR technique
and highly spin-aligned beam production with the two-
step fragmentation method by using BigRIPS.") This
report presents the recent results of a demonstration
experiment using spin-aligned '*B (T} /5 = 17.3 ms, I”
= 3/27) with the known ground-state y and @ mo-
ments.?)

The experiment was performed at the Heavy Ion
Medical Accelerator in Chiba (HIMAC). A primary
15N beam with an energy of 100 MeV /nucleon was ac-
celerated by the synchrotron. The beam irradiation
time was 20 ms in every 3.3s. A radioactive '*B beam
was produced by the two-proton-removal reaction of
5N with a 1-mm-thick Be target, which was located
at the entrance of the secondary beamline SB2. The
13B beam was separated by two dipole magnets and a
wedge-type energy degrader (3-mm thickness, 6° an-
gle) at the dispersive focal plane F1. The spin align-
ment was obtained by selecting a moment off the cen-
ter of the momentum distribution by —4-—3%. Sub-
sequently, the spin-aligned '*B beam was delivered to
the end of the beamline F3, where the S-NMR appa-
ratus is located, and was implanted to a TiOg single
crystal.

Since the Q moment of the implanted '3B interacts
with an electric filed gradient at the implantation site
in the crystal and causes unequal Zeeman splitting be-
tween the individual sub-levels, a partial spin rever-
sal using the adiabatic fast passage (AFP) method?
becomes possible and convert the spin alignment of
the implanted 3B into the spin polarization. Conse-
quently, the angular distribution of the emitted S rays
becomes anisotropic. For the AFP method, a static
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Fig. 1. Obtained NMR spectrum for spin-aligned '*B.
The ordinate of this spectrum shows the double ratio
RR¥on/Rrrott, Where Rrron (Rrros) is the ratio of the
B-ray counts detected by the 0° and 180° telescopes
with (without) the oscillating magnetic field. The dot-
ted line is the spectrum expected from the literature
values of u = +3.1778(5) pn and Q = +36.6(8) mb>)
assuming a spin alignment of 4.5%.

magnetic field of 0.2 T was applied to the crystal per-
pendicular to the beam axis in the horizontal plane,
and an oscillating magnetic field was applied by a pair
of coils perpendicular to the static magnetic field. The
B rays from the 3 decay of 3B were detected by two
telescopes placed at 0° and 180° with respect to the
direction of the static magnetic field. Each telescope
consists of two 1.0-mm-thick plastic scintillators.

Figure 1 shows the obtained NMR spectrum for
spin-aligned ®B. The resonances were observed at
3067 £ 84 kHz and 3394 4+ 84 kHz, which correspond
to the transitions between the Zeeman sub-levels with
m = —3/2 and —1/2, +1/2, and +3/2, respectively.
From these values, the moments of *B, s were de-
duced to be |u| = 3.18 (9) un and |Q| = 36(9) mb,
which are consistent with the literature values of p
— 4+3.1778(5) un and Q = +36.6(8) mb.?) We have
successfully demonstrated our new method of 5-NMR,
with a spin-aligned beam.
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Production of isomers around ®?Fe nucleus via projectile fragmentation
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The nuclear responses of isomeric high-spin states
are attractive topics. A recent theoretical study on
the spin-isospin response of the 121 isomeric state in
52Fe showed that the widths of the GT strength distri-
butions from the ground and isomeric states may dif-
fer from each other due to the different collectivities,®)
which may call for the modification of a simple Brink
hypothesis. To perform nuclear reactions on such iso-
mers, isomeric nuclear beams should be prepared since
the isomers are still short-lived nuclei.

Projectile fragmentation is a popular method to pro-
duce short-lived nuclei. In order to prepare the isomer
beam, it is necessary to understand the production
mechanism of isomers through the projectile fragmen-
tation process. We studied the isomer ratios in the
vicinity of ®?Fe as a function of the linear momentum
transfer. Although the ratios are conventionally de-
scribed by a classical model assuming the contribution
of the angular momentum transfers during the projec-
tile fragmentation process,? it is still not clear how the
angular momentum is transferred to the fragmented
particles. To learn the role of the angular momentum
transfer, we studied not only the isomer ratio but also
the momentum distribution of the isomeric state of
the fragmentation process. In this paper, we report a
new systematic measurement of production cross sec-
tions of the isomers *?Fe(127),%*Fe(19/27), 54Co(71),
and °*Fe(107) by primary beams of ®®Ni(0%) and
9Co(7/27).
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Fig. 1. Experimental setup in the SB2 course (16H362).
The number of primary beams was counted by a sec-
ondary emission monitor (SEM), which consists of a
thin Cu film. We identified the fragment by using the
ToF-AFE method. ToF was measured from F2 to F3,
and AFE was measured by a Xe scintillation detector.
The number of isomers was counted by a Ge detector.
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Fig. 2. Tsomer ratio of *?Fe(127). Red triangles show the
result from the °Co(7/27) beam, and the blue squares
show the result from the **Ni(0") beam.

The experiment was performed at the SB2 course
in HIMAC, a synchrotron facility in Chiba. Figure 1
shows the experimental setup at the SB2 course. The
primary beams of *®Ni and 5?Co at 350 MeV /nucleon
bombarded a 14-mm-thick °Be production target. The
fragments are separated and momentum analyzed by
a fragment separator consisting of two dipole magnets
and quadrupole magnets. In order to obtain isomer
ratios, the number of fragments and « rays from the
isomers were counted. A Xe scintillator was used for
counting the fragment, and four Ge detectors were used
for detecting v rays. The isomer ratio of a certain
fragment nucleus is the ratio of the number of emitted
gamma rays obtained after correcting for the efficiency
to the number of fragments.

When the velocity of the fragment is the same as
that of the projectile, no momentum is transferred to
the fragment.

Figure 2 shows the preliminary result of the isomer
ratio of 52Fe(12%). The momentum-transfer depen-
dence of the isomer ratio is clearly observed. The
isomer ratio with the **Co(7/27) beam at each mo-
mentum is larger than that with the 8Ni(0) beam.
It is inferred that the initial angular momentum of the
projectile has a significant effect on isomer production.

The data analysis is ongoing. The difference be-
tween the momentum distributions of isomers and non-
isomers will be investigated in order to clarify the role
of angular momentum transfer from the viewpoint of
the correlation between the linear momentum transfers
and angular momentum transfers.
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™Se is one of the long-lived fission products (LLFPs)
of nuclear waste. To design a facility to transmute the
nucleus, a neutron-capture cross section on the nucleus
was conceptualized. However, because both the neutron
and LLFPs are unstable, the measurement of neutron-
induced cross section is quite challenging. Alternatively,
the reaction cross section can be indirectly determined
through a surrogate reaction.

It is generally accepted that the (n,~y) cross section
is composed of two parts: the formation of a compound
state and the subsequent decay. The first term can be
calculated using optical-model potentials with global pa-
rameter sets. In contrast, theoretical estimates of the
second process is quite challenging owing to its high level
density and complicated decay scheme, and it needs to
be evaluated experimentally.) The present work aims
to determine the « emission probability, P, as a func-
tion of the excitation energy from the unbound states of
80Se populated by the (d,p) reaction. In the surrogate
method, the P, from the transfer reaction is used to de-
termine the (n,7y) cross section. However, it is known
that a mismatch in the angular-momentum transfer be-
tween the transfer reaction and capture reaction leads
to a large cross section. To compensate for the mis-
match, a surrogate ratio method is often used, where the
(n,~) cross section of interest is normalized using a pair
of (n,v) and transfer reactions of the neighboring nu-
cleus. We deduce the "Se(n, v)3°Se reaction by employ-
ing cross sections of ""Se(n,y)"®Se?) and "7Se(d, p)"®Se
reaction.

The experiment was performed using the OEDO beam
line® as one of the first physics experiments. 77> 79Se
beams produced by BigRIPS were energy-degraded at
F5, and the beam was spatially focused on a 4-mg/cm?
thick polyethylene deuteride target by OEDO. The beam
energy was adjusted to 20 MeV /nucleon at the target.
The recoiled particles were identified by employing a six-
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Fig. 1. Mass of the outgoing reaction redisue as a function
of their A/Q measured at the S1 focal plane. The events
circled were 398e34+:33+:32% " regpectively. See the text
for details.

SSD-CsI(T1) array called TiNA, which covered an angu-
lar range of 100°-150° in the laboratory frame. The
excitation energies of the state populated in "®Se (3°Se)
were determined using TiNA and the incident beam mo-
mentum. The momenta of the outgoing nuclei were an-
alyzed by the first half of the SHARAQ spectrometer.

In the correlation between the excitation energy and
the mass-to-charge ratio (4/Q), which we presented in
the last report, 80Se33+ (A/Q = 2.42) was not clearly
separated from ®Se*?T (A/Q = 2.44). However, in
Fig. 1, which presents the mass as a function of the A/Q
ratio of 8Se, they are separated well. Here, the mass was
deduced from the analysis of the Bragg curve in the ion-
ization chamber installed at the SHARAQ focal plane.
Analysis has almost been finalized. The manuscript will
be submitted soon.

This work was funded by the ImPACT Program of
Council for Science, Technology and Innovation (Cabi-
net Office, Government of Japan).
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Production-cross-section measurement and new-isotope search for very
neutron-deficient RIs produced from "®Kr beam at 345 MeV /nucleon by
BigRIPS separator
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We performed production-cross-section measurements
and new-isotope searches around the proton drip-line
with the atomic numbers Z = 22-30. Proton-
rich radioactive isotopes (RIs) were produced by the
projectile fragmentation of a 270-pnA "®Kr beam at
345 MeV /nucleon impinged on a 5-mm-thick Be produc-
tion target in the BigRIPS separator.!) Particle identi-
fication based on the TOF-Bp-AE method? was per-
formed in the second stage of BigRIPS. The production
rates and momentum distirubions of the RIs were mea-
sured.

The production cross sections were deduced from the
measured production rates and their transmission effi-
ciencies in BigRIPS, which were simulated with LISET+
calculation code.®* In the LISEt* simulation, a pa-
rameter “coef,” which controls the slopes of exponential
low-momentum tails in the momentum distribution of
the RIs, was adjusted to reproduce the measured dis-
tribution. The tails observed in the experiments fell off
faster than those calculated using LISE™T with the orig-
inal parametrization. Momentum-peak shifts between
the simulations and experimantal results were also taken
into account in the calculation by tuning the Bp values of
the dipoles. The tuned Bp values in the calculation were
typically ~1% higher than the experimental ones. The
parameters of the angular distribution were not changed
in the code.

Figure 1 shows the production cross sections of RIs ob-
tained in the "®Kr-beam campaign in 2019 (open circles)
and 2015 (open squares) with measurements by B. Blank
et al.®) (filled triangles). The solid lines in Fig. 1 show
the cross sections predicted from the empirical formula
EPAX3.1a.9 The measured cross sections of RIs with a
wide range of Z are fairly well reproduced by EPAX3.1a,
except in a region around the proton drip-line. There
are discrepancies between the cross sections measured
by B. Blank et al.>) and the ones in 2019 for Ti and Cr
isotopes. It may have been caused by insufficient tunings
in the calculation in our preliminary analysis.

No new isotopes were discovered in our measurement
for Cr nor Ti isotopes. From the lack of observation
of 41Cr and 3°Ti and their expected yields, the upper
limits of their half-lives were preliminarily estimated to
be 70 ns and 90 ns, respectively.
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Fig. 1. Production cross sections of RIs produced in the *Kr
+ Be reaction at 345 MeV /nucleon. (a) Results for even-
Z isotopes. (b) Results for odd-Z isotopes. Filled trian-
gles, open squares, and open circles show the data mea-
sured by Blank et al.,5) data measured in 2015, and data
measured in 2019, respectively. Solid lines show the val-
ues predicted using the EPAX3.1a formula.®)
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Database of radioactive isotope beams produced at the BigRIPS
SeparatorJr
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Many studies on exotic nuclei far from stability have
been conducted at the RIKEN RIBF!) since 2007, tak-
ing advantage of the high intensity and large isotope va-
riety of RI beams produced by the superconducting in-
flight separator BigRIPS.?) Neutron-rich RI beams in a
very wide range of the nuclear chart have been produced
utilizing the in-flight fission of a 238U beam and the
projectile fragmentation of 180, *Ca, and "°Zn beams.
Furthermore, a wide range of proton-rich RI beams have
also been produced utilizing the projectile fragmenta-
tion of "8Kr and '2*Xe beams. The systematically mea-
sured production cross sections and other related data
are important to provide accurate production-yield in-
formation for planning rare-isotope experiments and to
improve models and formulae to predict the cross sec-
tion. Therefore, we have organized the data concerning
the RI beam production and constructed a database to
compile them.

The measured production cross sections and yields
have been registered in the RI-beam database,® along
with other data sets such as the setting of the BigRIPS
separator and particle-identification information. We
constructed such a relational database based on Mi-
crosoft Access 2010. Table 1 summaraizes the structure
of the database, which consisits of five tables named
“settings,” “yields,” “isomers,” “experiments,” and “pa-
pers.”

The graphical user interface of the RI-beam database
was developed as a web application using PHP. As il-
lustrated in Fig. 1, the web interface of the RI-beam
database graphically represents a nuclear chart based
on the KTUY05 formula.®) In the nuclear chart, RI

Table 1. Structure of RI-beam database system as of De-
cember 2018.

table contents

settings settings _id, experimental conditions (beam,
target, degraders, slit openings, Bps, de-
tectors)

yields RI, yield, cross section, settings id

isomers RI, y-ray energy, half-life, intensity, level

energy, spectrum of y-ray energy
experiments proposal number, spokesperson,
beam, course, delivered Rls
title, doi, first author, delivered Rls

date,

papers

t Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 463, 158 (2020)
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Fig. 1. Web interface. Cyan and yellow indicate nuclei
and new isotopes produced at the BigRIPS separa-
tor, respectively. Pink indicates the nuclei predicted
by KTUY05.Y The production cross section and pro-
duction yield for a nucleus of interest can be accessed
through the hyperlinked site.

beams produced with the BigRIPS separator are indi-
cated by red letters. The production cross section and
production yield for a nucleus of interest can be ac-
cessed through the hyperlinked site.

The RI-beam database and its web interface allow
efficient RI-beam production at the BigRIPS separa-
tor. The database stores the RI-beam and related in-
formation obtained for more than 1,600 RI beams pro-
duced using BigRIPS. This system is a powerful tool
for planning RI-beam production procedures, optimiz-
ing BigRIPS settings, and implementing particle iden-
tification and isotope separation. However, the present
database system was developed with a focus on the use
of the production yields and cross sections measured
under various experimental conditions; currently, other
information such as RI beam purity is not included. In
the future, we plan to improve the system so that such
information can be stored as well. This would further
aid researchers in designing a more accurate experimen-
tal plan.
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RI beam production at BigRIPS in 2019
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The radioactive isotope (RI) beam production at the
BigRIPS fragment separator® in 2019 is reported here.
Table 1 summarizes the experimental programs that
involved the use of the BigRIPS separator during this
period and the RI beams produced for each experi-
ment.

In the spring beam time, a "®Kr beam campaign
was conducted with eight experiments. A 67Se beam
was delivered to the SAMURALI spectrometer to study
the proton-unbound state of %6Se relevant to the rp-
process. A PALIS experiment was performed to con-
firm the practical feasibility using the same settings
as for the 7Se beam. A 2Zn beam and, thereafter,
a cocktail beam of %2Ga and ®2Ge were produced to
measure the Coulomb excitation of the A = 62 isospin
triplets and to extract the B(E2) values as well as pro-
ton and isoscalar multipole matrix elements. A °6Zn
beam was produced to perform the first ~-ray spec-
troscopy of the Ty 2 nucleus °%Zn to investigate
the mass dependence of the isospin-breaking effects.
48Cr and %*Ge beams were produced to study Gamow-
Teller transitions via the (p,n) reaction on the N = Z
unstable nuclei **Cr and %4Ge. The BigRIPS group
measured the production cross sections of the proton-

rich nuclei around ®*Zn and #3Cr regions, and searched
the new isotopes for 37-38Ti and 47Cr.?)

After the ®Kr beam campaign, a '?*Xe beam cam-
paign was conducted with four experiments. A '°'Sn
beam was produced to measure the energy of the first
2% state in '°°Sn. A 1928n beam was produced to
study the E2 transition strength of '°2Sn. An experi-
ment with the DTAS setup was performed to measure
the probability of beta decay to excited states popu-
lated in the decay of '°°Sn using a cocktail beam of
nuclei around '%°Sn.

In the autumn beam time, a 238U beam campaign
was conducted with six experiments. A ¥2Sn beam
was produced to study the ground-state properties of
13281 using proton elastic scattering with the ESPRI
setup. A PALIS experiment was performed to study
the extraction efficiency using alpha emitters around
the 2°®Rn region. A cocktail beam of '27Sn and '28Sn
was delivered to F8 for the magnetic moment measure-
ment using the time-differential perturbed angular dis-
tribution method. Three machine studies®® were per-
formed to develop the production of the neutron-rich
nuclei with NV = 126, the production of a slowed-down
RI beam using momentum-compressed optics, and the
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Fig. 1. RI beams produced in 2019 and the production yield measured from March 2007 to December

2019 at the BigRIPS separator.
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ion optics of the large-acceptance-dispersive mode for References
the ZeroDegree spectrometer. 1) T. Kubo, Nucl. Instrum. Methods Phys. Res. B 204, 97
The number of experiments using RI beams at the (2003).
BigRIPS separator is tallied in Table 2 for various pri- 2) H. Suzuki et al,, il_“ thi? report.
mary beams in each year. A total of 191 experiments 3) N. Fukuda et al, in this report.
have been performed so far. Figure 1 shows the RI 4) T. Sumikama et al., in this report.
5) H. Takeda et al., in this report.

beams produced in 2019 at the BigRIPS separator on
the table of nuclides with red squares. The production
yields for 1608 RI beams have been measured from
March 2007 to December 2019, and they are indicated
with cyan squares.

Table 1. List of experimental programs and RI beams produced at the BigRIPS separator in 2019.

Primary beam (Period) Proposal No. Course RI beams
NP1406-SAMURAI24 SAMURALI Se, 'H
NP1712-RIBF166-01 PALIS 7Se
8Ky NP1712-RIBF151R1 ZeroDegree 02Ge/*?Ga, *Zn
345 MeV/nucleon NP1712-RIBF145R1 ZeroDegree 67Zn/"Zn
(Mar. 19— Apr. 18) MS-EXP19-01 ZeroDegree 34Zn, AVH
NP1612-SAMURAI11R1-01/02 SAMURAI BCr, “Ge
NP1512-RIBF104R1 ZeroDegree 34555670
DA19-01-01 BigRIPS Y1Co", PVH
axce NP1612-RIBF146 ZeroDegree 1018
345 MeV/nucleon NP1612-RIBF153R1 ZeroDegree 1028n
(May 29 — Jun, 18) NP1612-RIBF147 ZerloDegree 1008
PE19-01 BigRIPS
NP1512-RIBF79R1 F12 1328n, 4Ca
- NP1712-RIBF166-02 PALIS WiRn
MS-EXP19-06 BigRIPS 2020s
33 (5) VI.VII? ! “]gzlcef"g; MS-EXP19-04 ZeroDegree  '7Pd
MS-EXP19-05 ZeroDegree 80Zn
NP1712-RIBF157 F$ 12470/ A 127G/128

* assumed RI beam for the BigRIPS spectrometer

Table 2. Number of experiments performed using RI beams in each year.

Year U Xe  ¥Kr  Kr  Zn  “Ca "0 160 UN  ‘He H Yf?rlly
ota
2007 4 1 5
2008 2 4 6
2009 3 3 3 1 10
2010 10 1 2 1 14
2011 4 2 2 8
2012 6 3 1 4 6 20
2013 4 2 3 9
2014 11 1 3 1 1 17
2015 15 6 4 1 26
2016 13 1 6 2 22
2017 13 4 2 3 22
2018 7 7 14
2019 6 4 8 18
Total 88 12 1 14 6 36 24 1 5 1 3 191
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First success of RI-beam separation and particle identification for
nuclei with atomic number Z > 82 at RIKEN RI beam factory'

T. Sumikama,*! T. Kubo,*"*? N. Fukuda,*! D. S. Ahn,*! H. Takeda,*! Y. Shimizu,*! H. Suzuki,*! N. Inabe,*!
D. Murai,***3 H. Sato,*! K. Kusaka,*! Y. Yanagisawa,*! M. Ohtake,*! and K. Yoshida*!

The separation of heavy RI beams is difficult at
RIKEN RIBF, because the charge state @ of ions fre-
quently changes in certain materials including a wedge
degrader used for the RI-beam separation. In an earlier
study," a large amount of in-flight fission fragments
prevented the good separation of heavy RI beams.
In the present study, the charge-state change in the
wedge degrader was taken into consideration in terms
of the RI-beam purification. We found that a 2°®Rn
beam can be well separated from the fission fragments
when He-like and fully-stripped ions are selected at
the first and second dipole magnets, respectively. Fig-
ure 1 shows the selected isotopes when an aluminum
degrader with a thickness of 2 mm is used at F1 of the
BigRIPS separator.?) This is an extension of a figure
for the full-strip ions for both dipole magnets given
in Ref. 3). The fission fragments with atomic num-
bers between 25 and 65 are required to have Li-like or
Be-like ions at the first dipole. The probabilities of Li-

like and Be-like ions for 1§0Th was estimated using the

-
28 */;T

Fig. 1. RI-beam separation scheme at the first stage of
the BigRIPS separator in the case of a 2-mm-thick alu-
minum degrader. The purple, green, red, orange, and
pink solid lines show the selected RI beams for the
charge-state change AQr1 = 0, +1, +2, +3, and +4
at F1, respectively. The blue dashed lines show nuclei
having the same A/Q as ?°*Rn with Q = 84.

T Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 463, 237 (2020)
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Fig. 2. Particle-identification plot of the RI beams, which
was obtained by applying software gates of —5 < z <
5 mm on the F3 and F7 positions.

Global code® to be 4.7 x 1074 and 1.8 x 106, respec-
tively. Because of these low probabilities, the fission
fragments are expected to be well eliminated.

An experiment to produce a 2°®Rn beam was per-
formed at RIKEN RIBF. The 3-mm-thick beryllium
was used as the production target. The thickness of
the aluminum wedge degraders at F1 and F5 were 2
and 1 mm, respectively. The He-like and fully-stripped
ions were chosen at the first and second halves of the
first stage of BigRIPS, respectively. The He-like ions
were chosen at the second stage of BigRIPS. To com-
pare the separated RI beams with those in Fig. 1, a
wide slit setting of £20 mm was applied at the achro-
matic foci F2 and F7. The fission fragments were not
transported to the second stage of BigRIPS even for
the wide slit. Software gates were applied to the posi-
tions measured at F3 and F7 to simulate the RI beams
with a narrow slit setting. Figure 2 shows a particle-
identification plot with gates of —5 < x < 5 mm at F3
and F7. The purity of 2®Rn reached 25%. Therefore,
RIKEN RIBF is now ready for user experiments in this
region of the nuclear chart.
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Analysis of fake asymmetry for the MTV experiment
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The Mott polarimetry for T-Violation (MTV) exper-
iment aims to search for a large time-reversal symmetry
violation (T-violation) in polarized 8Li 8 decay. This
experiment was conducted at the TRIUMF Isotope Sep-
arator and Accelerator (TRIUMF-ISAC). T-Violation
may arise in triple-vector correlation (R-correlation) in
beta decay. R-correlation causes electron transverse po-
larization and it can be measured by detecting the angle
symmetry of electron Mott scattering using a cylindri-
cal drift chamber (CDC). Figure 1 shows a schematic
of how S rays are detected. A 8Li beam is stopped at
the beam stopper placed at the center of CDC, and an
electron is emitted. CDC can detect the track of the
electron scattered on an analyzer foil.

The electron emission distribution of 5~ decay, w, is
expressed as!)

) Pe
J E,

-

wdEedQe x 1+ R0 - +A% +.... (1)

e
E,

The definition of R-correlation can be found in this func-
tion, where J is the spin polarization of the parent nuclei
and &, pe, and E. are the spin polarization, momentum,
and electron energy, respectively. A-correlation is the
anisotrpy of B-ray emission. In the case of 8Li, A = —%.
Both A- and R-correlation terms are proportional to
the parent nuclei’s polarization. Therefore, we adopt R-
asymmetry (Mott Scattering angle asymmetry) divided
by A-asymmetry (( ray emission rate asymmetry) as a
scale of coefficient R.

In our previous studies, we recognized a systematic
effect that causes a large fake R-asymmetry. It is esti-
mated that the source of this systematic effect is acci-
dental coincidence, and it shows an obvious dependence
on the width of the coincidence window and beam in-
tensity.?) We assume an evaluation model function of

Stopping counter

4
Analyzer foil [
Beam —
Trigger counter
beam stopper —
T
\t
.

Fig. 1. Schematic of CDC.
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Fig. 2. Beam-intensity and coincidence-window dependence
of Mott scattering asymmetry. The red line indicates
fitting with Eq. (2).

fake asymmetry Asym(xz). The variable z is presented
as a product of the beam intensity and the width of the
coincidence window in arbitrary units.
_a i c

1+2 1+ ¢

Asym(x) (2)
The parameter a represents fake asymmetry caused by
accidental coincidence, b/x represents the ratio of the
number of real Mott scattering events to accidental co-
incidence events, and c is the asymmetry of real Mott
scattering events. The limit of Asym(z) as x approaches
0 is c. This means that the y-intercept of this function
is the coefficient R, which we want to know. Figure 2
shows 1183 measured asymmetry data points acquired in
2017. The measurement time was 400 s per plotted data
point. The beam intensity was about 10°~7 pps, and the
coincidence window varies from 100 ns to 3000 ns. This
shows that our model is suitable for evaluating the scale
of fake asymmetry as a function of the product of beam
intensity and the width of the coincidence window.

The accidental coincidence model we use is assumed
with consideration of the double coincidence of § rays,
but there can be triple or more coincidence events. Mul-
tiple coincidence could cause other effects of fake asym-
metry. We need to evaluate this factor to draw a con-
clusion from our data.
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Non-relativistic expansion of Dirac equation with spherical vector and
scalar potentials’

Y. X. Guo*t*2*3 and H. Z. Liang*?*!

Since the 1970s, the density function theory (DFT)
in both the non-relativistic and relativistic frame-
works has succeeded in microscopically describing the
ground-state and excited-state properties of thousands
of nuclei in a self-consistent manner. However, the
connection between these two frameworks remains un-
clear. The non-relativistic expansion of the Dirac equa-
tion is considered to be a potential bridge connecting
these two frameworks.!?)

In 2012, Guo® first applied the similarity renor-
malization method (SRG)*® to perform the non-
relativistic expansion of the Dirac equation. By using
SRG, the Dirac Hamiltonian can be transformed into
a diagonal form after infinite steps of unitary trans-
formations, i.e., the eigenequations for the upper and
lower components of the Dirac spinors can be decou-
pled. Furthermore, the Hamiltonian H thus obtained
was expanded in powers of 1/M (with M being the
bare mass of the nucleon).

The results up to the 1/M? order were calculated.?)
However, the differences between the corresponding
results and the exact ones were still approximately
1 MeV. Therefore, it is necessary to include higher-
order corrections. In this work, the results up to the
1/M* order are calculated, and the differences between
the calculated and exact values are less than 0.2 MeV
for all states.

From a simple observation, some geometric progres-
sions are determined in the results of the conven-
tional SRG method. This observation is reminiscent
of the idea of resummation. In the reconstituted SRG
method, replacing M with the Dirac mass M™* = M+.S
(with S being the scalar potential) not only yields the
non-relativistic expansion up to a certain order, but
also sums up the terms that belong to their families
up to infinite order. Consequently, the convergence of
the reconstituted SRG is much faster than that of the
conventional SRG. The spectrum of the Hamiltonian
# thus obtained is shown in Fig. 1.

The Foldy-Wouthuysen (FW) transformation®® is
another non-relativistic expansion method that has
been widely used. Both the FW transformation and
SRG method provide a systematic way to perform the
non-relativistic expansion of the Dirac equation up to
an arbitrary order. Thus, we also apply the FW trans-
formation to a general case of the covariant DFT. In
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Fig. 1. Energy spectrum of H for the four pseudospin part-
ners calculated using the reconstituted SRG method.
The first, second, and third columns show the single-
particle energies up to the first, second, and third or-

ders, respectively.

The last column, labeled “Exact,”

shows the eigenenergies of the Dirac equation.

this work, the results with the FW transformation have
also been obtained up to the 1/M* order and compared
with the corresponding results obtained using conven-
tional SRG method. It seems that the FW transfor-
mation and the conventional SRG method produce the
same results up to the second order, but they show dif-
ferences from the third order. By introducing a block-
diagonal transformation =, we determined that the re-
sults obtained using the conventional SRG method are
equal to those obtained using the FW transformation
with an additional unitary transformation =.
quently, the spectrum of the single-particle energy ob-
tained using the FW transformation is identical to that
obtained using the SRG method.

With the applications of the SRG method and FW
transformation, the bridge connecting the DFT in the
relativistic and non-relativistic frameworks is now con-

ceivable.
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Renormalizing random-phase approximation by using exact pairing!

L. Tan Phuc,*! N. Quang Hung,*! and N. Dinh Dang*?

The random-phase approximation (RPA) is a popu-
lar theoretical method to study the low-lying excita-
tions and high-lying giant resonances in nuclei. The
excited states of RPA are built on the particle-hole
(ph) components, which are represented by the ph pairs
operators: By, and B;Eh. Because of the unknown
of the RPA ground state |RPA), the quasi-boson ap-
proximation (QBA), which assumes a ph pair as a bo-
son and |[RPA) ~ |HF), is used to derive the RPA
expectation value, namely (RPA|[Bph,B;,h,]|RPA> ~
(HF|[Byn, Bl JHF) = 8, 0" Using QBA within
RPA leads to a basic drawback that is the violation of
Pauli principle because the nucleons are fermions instead
of boson as the assumption of QBA.

To overcome this problem, the ground-state cor-
relations (GSC) factor Dp, are taken into ac-
count to renormalize the residual interaction of
RPA (RRPA). The RPA expectation value becomes
(RPA|[Byn, Bl JIRPA) ~ Dy = fu — fp, where f,
and f, are p and h occupation numbers.?) Although the
RRPA restored the Pauli principle, the energy-weighted
sum rule (EWSR) was violated.?) Therefore, another
technique was developed to fix this drawback, namely
the pp and hh correlations were added in the phRRPA
matrix to fulfill the EWSR.?) However, this way dou-
bled the matrix size of RPA equations and lead to time-
consuming. On the other hand, the RRPA does not
include superfluid pairing. Therefore, we propose a
method to overcome all these shortcomings. In partic-
ular, by using the Hartree-Fock mean field plus exact
pairing solution (HFEP),» we can supply a good set
of initial inputs for RPA. The GSC factor Dpy, which
is used to renormalize the residual interactions, is cal-
culated directly from exact pairing (EP). These are ex-
pected to preserve both Pauli principle and EWSR with-
out adding any pp and hh correlations that make time-
consuming.

The proposed approach is applied for the dipole
case in several light-, medium-, and heavy-mass
nuclei, namely 2224280, 6Ni and “Zr. The
calculations are performed within the conventional
RPA, HFEP+RPA (HFEPRPA) and self-consistent
HFEPRPA (SC-HFEPRPA). The E1 EWSR will be
compared with the model independent sum rule such
as the Thomas-Reich-Kuhn (TRK) sum rule. Our ap-
proach shows that the drawback of the phRRPA is re-
moved, namely the EWSR are fulfilled without adding
any pp and hh configurations, hence the extension
of RPA matrices and time-consuming calculations are
avoided. As compared to the RPA results, the effects
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Fig. 1. The Isovector dipole transition probabilities of 20
(a), ®Ni (b) and *°Zr (c) obtained within different ap-
proaches. The sticks and lines represent to the probabil-
ities B(E1,0 — 17) and strength functions S(E).

of GSC and EP in the renormalization are significant in
light nuclei and small in medium and heavy nuclei (see
the shift of S(E) in Fig. 1(a)—(c)). The antipairing effect
is observed for the first time within the SC-HFEPRPA,
which reduces the pairing energy from more than 10%
up to around 30% in the neutron-rich 220 nucleus. This
shows the contribution from the mutual effect of the
short-range pairing and long-range ph residual interac-
tion to the mean field. The PDR is also found to be
enhanced in neutron-rich nuclei because of the pairing
effect.
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Quenching factor of Gamow-Teller and spin dipole resonances’

L. -G. Cao,*! S. -S. Zhang,*? and H. Sagawa*3*4

Spin-isospin excitations provide a unique opportunity
to study the spin correlations in nuclei. The Gamow-
Teller (GT) transition is the simplest with both spin
and isospin transfers by one unit. The next simplest is
spin-dipole (SD) excitations, which involve the orbital
angular momentum transfer by one unit together with
spin and isospin transfer. The quenching of the total
GT strength from the model-independent sum rule has
prompted theoretical studies of possible mechanisms,
ranging from conventional configuration mixing to an
admixture of A-hole states. Experimental investigations
of the (p,n) and (n,p) reactions using the multipole de-
composition (MD) technique have identified not only the
GT strength but also a considerable amount of broadly
distributed L = 1 SD strength at excitation energies
beyond the GT peak.

We study GT and SD states in four doubly magic
nuclei 48Ca, °Zr, 1328n, and 2°®Pb by using the self-
consistent Hartree-Fock-+random-phase approximation
(RPA) model with/without tensor interactions. We
adopt the modern energy density functions (EDFs)
SAMi and SAMi-T for the theoretical study. The latter
has tensor terms determined from Bruckner HF calcula-
tions with the AV18 interaction.

The GT strength is shown in Fig. 1 for the ¢_ chan-
nel of ®Ca. The main experimental GT resonance was
found experimentally at E, ~10 MeV, in addition to a
small peak at F, = 3 MeV in “8Ca. The results calcu-
lated with SAMi reproduce well the main peak, but the
low-energy strength is predicted 1 MeV lower than the
experimental one. SAMi-T gives essentially the same
results for the main peak, but reproduces better the ex-
citation energy for the small lower energy peak. The
integrated GT strength from E, = 0 — 25 MeV is 15.3,
which is 64% of the GT sum rule. The calculated re-
sults exhaust almost 100% of the sum rule up to E, =
20 MeV. The quenching factor for the transition strength
is defined as

E,(max) E,(maz)
Qf = Z B(GT : Em)emp Z B(GT)cab
E.—0 E.—0

where E,(maz) is taken to be 30 MeV in the GT case.
The quenching factor ¢f = 0.64 corresponds to a renor-
malization factor of grr = 0.80 for the GT transition
operator to retain the empirical sum rule value.

The calculated SD strength for *Ca is shown in Fig. 1.
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Fig. 1. RPA strength functions of “®Ca for the ¢_ channel of
GT and SD resonances. The solid circles are the experi-
mental data taken from Ref. 1). The short-dotted (short-
dashed) and solid (dashed-dotted) lines are the theoreti-
cal results without and with a quenching factor given by
the SAMi (SAMi-T) EDF, respectively.

The tensor interactions have substantial effects on the
SD response, and the effect is different for each multi-
pole. As a net effect, the main peak at F, ~23 MeV is
shifted to a lower energy by 1 MeV by the tensor effect,
which provides a better description of the experimental
strength distributions of SD for 48Ca.

The quenching effect is modest for the SD strength.
In 48Ca, the ¢f value is 0.66 (0.73) for the SD with the
SAMi (SAMi-T) EDF. In %Zr, the GT needs ¢f = 0.7,
while the SD shows ¢f = 0.8. The feature of quenching
is the same for 298Pb; ¢f = 0.65 for the GT and ¢f =
0.78(0.80) for the SD with the SAMi (SAMi-T) EDF.

In conclusion, the quenching effect is modest for the
SD strength with the quenching factor gf ~ 0.8 com-
pared with that for GT, for which qf ~ (0.55 — 0.69),
which is consistent with the quenching value obtained
from the GT beta decay processes in nuclei with A < 50.
This difference in the effective quenching factors between
GT and SD should be implemented in future theoretical
studies of double beta decay probabilities.
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Pairing in excited nuclei: a review!

N. Quang Hung,*! N. Dinh Dang,*? and L. G. Moretto*?

The present review summarizes the recent progress
in the study of pairing properties in excited nuclei and
their analogy to those appeared in other finite sys-
tems including superconductors, metallic nano sized
clusters/grains, and solid-state materials such as fer-
romagnets. The review consists of four parts.

The first part discusses the treatment of pairing
within a uniform model based on the BCS Hamilto-
nian within the grand canonical ensemble.

The second part focuses on the grandcanonical treat-
ment of pairing within the Hartree-Fock-Bogoliubov
theory and finite-temperature pairing reentrance phe-
nomenon in superconducting ultrasmall metallic grains
as well as in even-even and odd nuclei.

The third part presents the results obtained from
the treatment of nuclear pairing within the canonical
and microcanonical ensembles, from which the effect
caused by the finite size of the systems is highlighted.
Different approaches to canonical and microcanon-
ical ensembles including particle-number projection,
particle-number projection plus static path approxi-
mation, solutions of BCS with Lipkin-Nogami particle-
number projection incorporating the self-consistent
quasiparticle random-phase approximation embedded
into the canonical and microcanonical ensembles, shell
model Monte Carlo method at finite temperature, and
exact solutions of the pairing problems, which are em-
bedded into the canonical and microcanonial ensem-
bles, are introduced.

In the fourth part, the first experimental evidence
of the pairing reentrance phenomenon in a warm ro-
tating '°*Pd nucleus, which was observed via the lo-
cal enhancement of nuclear level density at low tem-
perature and high angular momentum extracted from
the reaction 12C + 93Nb at the incident energy of 40—
50 MeV, is analyzed and discussed within the frame-
work of the finite-temperature BCS (FTBCS), which
includes the quasiparticle-number fluctuations (FT-
BCS1) at angular momentum J (Fig. 1). The sim-
ilar behavior of pairing reentrance observed in the
condensed-matter counterpart such as metallic com-
pound of Eug 755n¢0.25Mo0gS7.25¢p.s and heavy-fermion
cubic system of CePbg, quasi-2D organic conductor k-
(BETS)2FeCly, and ferromagnetic superconductor of
URhGe under the strong magnetic field is also sum-
marized.

It has been found that, by applying the BCS theory
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Fig. 1. Level densities for '°*Pd as function of excitation
energy E* at the quadrupole deformation parameter
B2 = 0.276 and different values of total angular mo-
mentum J. The dotted and dashed lines stand for the
FTBCS and FTBCSI results, respectively. The solid
lines are the experimentally extracted level densities.

at finite temperature and angular momentum to the
uniform nuclear model, for which the analytic solu-
tions of the BCS equation can be obtained, one is able
to study the appearance of the first-order and second-
order phase transitions in finite nuclear systems when
either the total angular momentum or the number of
quasiparticles or the total energy of the system is fixed.
However, it has also been pointed out that these shape
phase transitions are simply an artifact caused by the
application of the BCS theory to finite nuclei, neglect-
ing all the thermal fluctuations. In fact, strong thermal
fluctuations in finite systems smooth out all the phase
transitions, leading to different behaviors of nuclear
thermodynamic quantities. For example, the fluctua-
tions of the quasiparticle number are one of the micro-
scopic origins caused the nonvanishing nuclear pairing
gaps at finite temperature, resulting in the smoothing
of the superfluid-normal (second-order) phase transi-
tion. This finding is important in the sense that ther-
mal fluctuations should always be considered whenever
the statistical methods are applied to finite systems.
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Canonical base in self-consistent constrained HFB in odd-A nucleif

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

We developed a program for solving the self-
consistent Hartree-Fock-Bogoliubov (CHFB) equation
under four constraints, one each on the total angular-
momentum I, proton number Z, in the + parity pro-
ton shell (p*), proton number Z_ in the — parity
proton shell (p~), and neutron number N, so that
it reproduces the 11/2~ band in 3°Pr. We choose
the signature-invariant base C} and C}, where k is
the time-reversed level of k, and adopt a Hamiltonian
with spherical single-particle energies plus the resid-
ual quadrupole-quadrupole, monopole-pairing, and
quadrupole-pairing interactions. In this signature-
invariant base, the generalized density matrix K(=
K?) is expressed in terms of pi, = (CZTC;Q, pzi
<C’;C’,;> and kj;;, = (C;C},), where the state |) is the
quasiparticle vacuum. The CHFB equation is given as
Eq. (1) in Ref. 1). After rendering the dangerous term
zero through the iteration procedure, we can trans-
form the elements in K to the canonical forms, i.e.,

(FY)iomPrn e = pii, and (F2)70 p2  F2, = p2¢; thus
(FQ);%m;mFﬁk = «¢,. In other words, K is trans-

formed to K., and the relation K2 = K, follows. Sub-
sequently, we obtain p'¢ = p?¢. If we apply the same
transformation to the CHFB matrix (see Eq. (1) in
Ref. 1)), we obtain

(6h+€2)/2
V(A2 (e +€2)/2)?

where €1 = (F1)"\ (k! — wj,)FY, € = (F?)"}(h? +
wje)F? and A¢ = (F?)"'AF!. Here h', h?, and A
are defined in Eq. (1) in Ref. 1). In Fig. 1, we com-
pare the CHFB solution under three constraints for
I1=31/2,Z=Z7,+Z_, and N (open squares and
open circles) with the CHFB solution under four con-
straints (filled squares and filled circles). Here, the
circles correspond to the p™ shell, and squares corre-
spond to the p~ shells. The quantities represented by
the red filled square under the constraint Z_ = 17 and
the red open square under Z = 31 are composed of the
contribution mainly from the hy, /5 level with j, = 5/2.
The number Z = 31 corresponds to the proton number
outside core 28 for 13°Pr. As shown in (A) of Fig. 1,
pt¢ = p* ~1/2, d.e.,1/2x 2 =1 in the p~ shell, we
confirm that the solution certainly describes the nega-
tive parity band in the odd-Z nucleus (11/2~ band in

1—

le _ 2c__ —
Pii =Py =

2
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Fig. 1. (A) p'® = p®® in the canonical base as a function
of (¢! 4+ ¢€%)/2 at the I = 31/27 state. (B) A° in the
canonical base as a function of (¢ + ¢2)/2 at the I =
31/27 state. In both figures, filled circles represent the
proton levels in the p* shell with Z, = 14, and filled
squares represent the proton levels in the p~ shell with

Z_ = 17. Open circles and open squares indicate the
CHFB solution under Z = 14417 = 31. The red filled-
square level with Z_ = 17 and the red open-square

level with Z = 31 are mainly from hy;/5. See the text
for further details.

'9Pr). In (B) of Fig. 1, we compare A% between the
CHFB solution under three constraints and the CHFB
solution under four constraints The blocking effect is
clearly indicated by the red filled or open squares be-
cause these gap values are much smaller than those for
the other levels.
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S-shaped heat capacity in an odd-odd deformed nucleus’

B. Dey,*! N. Quang Hung,*? D. Pandit,*? S. Bhattacharya,** N. Dinh Dang,*® L. T. Quynh Huong,*S
D. Mondal,*? S. Mukhopadhyay,*® S. Pal,*> A. De,*” and S. R. Banerjee*”

A long-standing problem in nuclear physics is the
experimental observation of the pairing phase transi-
tion in atomic nuclei. Thermodynamic properties such
as superfluidity and pairing phase transition are well-
established facts in infinite nuclear matter.) However,
these properties digress from infinite nuclear matter to
finite nuclei owing to statistical fluctuations in the or-
der parameter. Therefore, the gradual transition from
strongly correlated paired states to unpaired ones in
atomic nuclei may not be as evident as in infinite mat-
ter.)) This induces a high degree of interest in the study
of nuclear thermodynamics, especially in the energy do-
main of neutron binding.

The study of thermodynamics of finite nuclei involves
the reliable extraction of experimental nuclear level den-
sity (NLD). The experimental determination of NLDs
has been difficult in the past owing to the absence of
suitable experimental techniques. Recently, the thermal
properties of different nuclei were measured by the Oslo
group using a new technique, called the Oslo method,
and the S-shaped canonical heat capacity was extracted,
signalizing the pairing phase transition around the crit-
ical temperature 7. = 0.5-1.0 MeV.>3) However, this
method is limited to a low excitation energy E* (below
the particle threshold) and angular momentum J (only
a few multiples of A). This limitation in £* and J has
recently been overcome by measuring the NLD from the
evaporated particle spectra in compound nuclear reac-
tions.®) In addition, thus far, most of the thermal prop-
erties have been studied in nuclei where the shell effect
(0.5) is very small (less than ~1 MeV). The mass region
exhibiting a large shell effect (6S ~ 10 MeV) has rarely
been studied; and thus, it is very important to investi-
gate how the thermodynamic properties behave because
of the large effect of nuclear shells. In this work, the
NLDs and, consequently, the nuclear thermodynamic
quantities (TQs) for four different nuclei, 1%Re, 2°9T1I,
211Po, and 2!2At, are estimated to understand the shell
and deformation effects on the TQs.

Figure 1 shows the free energy F', average energy E,
entropy S, and heat capacity C as functions of T. F
and E behave smoothly with varying T for all the nu-
clei. However, S and C show different variations with 7.
The difference in entropy appears primarily because of
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Fig. 1. TQs as functions of temperature obtained using the
EP-+IPM level densities for J = 12 h.

the different shell structures of the nuclei at low T since
they show a smooth variation at higher T' (above T =
1.6 MeV), where the shell structures are predicted to be
melted. Most noteworthy is the nature of the heat ca-
pacity of ¥4Re, which is completely different from those
of the other three nuclei. There is a pronounced bump
(S-shape) in the heat capacity of 1®*Re at T ~ 0.8 MeV,
which is close to the critical temperature T, where the
pairing gap collapses, as predicted by the conventional
BCS theory. This S-shape in the heat capacity is inter-
preted as a fingerprint for a pairing transition in nuclei.
The heat capacities of 2''Po, 212At, and 2°°TI do not
show the pronounced S-shape structure, as expected for
odd-odd and odd-even nuclei. In order to understand
the S-shaped heat capacity in such odd-odd deformed
nuclei, the exact neutron and proton pairing gaps have
been calculated as functions of 7', as discussed in detail
in Ref. 4). It has been shown that S-shape of the heat
capacity observed in the odd-odd deformed '®*Re nu-
cleus at J = 12 h is only due to the change in pairing
gaps caused by the change in deformation.

The authors are very grateful to Dr. Pratap Roy,
VECC, Kolkata for providing experimental neutron en-
ergy spectra.
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Evidence for three-particle correlations in nuclear matter?

W. Bentz*! and I. C. Cloét*?

The properties of infinite nuclear matter have
been the subject of intensive investigations for many
decades, mainly because of the wide range of appli-
cations, including the properties of heavy nuclei, su-
pernova explosions, and neutron stars. In particu-
lar, studies on three-particle correlations have a long
history, beginning with the pioneering work of Bethe
in 1965.) In this paper we focus our attention on
the skewness of nuclear matter and its implications
for three-particle correlations. Skewness is defined as
J =27p% (4*Ex/dp?) at p = po, where Ej is the en-
ergy per nucleon in isospin symmetric nuclear matter,
and pg is the saturation density. Recently, empirical
values of J have been extracted in Ref. 2) from heavy
ion collisions and neutron star observations, and the
following range was deduced:

—0.50 GeV < J < —0.01 GeV . (1)

By using the theoretical framework of the Landau-
Migdal theory, we will show that those empirical values
provide us with information on three-particle correla-
tions in nuclear matter.

Extending Landau’s basic formula®) for the variation
of the energy density of nuclear matter to include the
third order term, which involves the totally symmetric
spin-isospin averaged three-particle forward scattering
amplitude h(kq, ke, k3), we are able to derive the fol-
lowing exact expression for J:

Ip%
J=—9K + L
1 - * 4de *
L g MM A pe M
><<3+ M 300 dpy T Ho 1)>’

(2)

where K is the incompressibility, pr the Fermi momen-
tum, M* = M*(k = pr) the Landau effective mass

* dM k
L = ( )| j—p, the slope
of M*(k) at the Fermi surface, and the dimensionless
three-particle interaction parameters H, (¢ = 0,1) are

defined by
PO) h@7

e

where hy = ho(k1 = ko
angular average

at the Fermi surface,

2pFM*
> (3)

= ks = pp) is given by the

1
Tﬂhz(kh ko, k3)

Condensed from an article by W. Bentz and I. C. Cloét,
Phys. Rev. C 100, 014303 (2019).

Department of Physics, Tokai University

Physics Division, Argonne National Laboratory

*1
*2

-73 -

/dQ2/dQS P zgz)f h(ki, ko, ks).  (4)

By using empirically and theoretically obtained ranges
for the incompressibility,?) the effective mass M*,*
and its slope at the Fermi surface,”% we can deduce
the following inequality from (1) and (2):

M
- (5)

The three-particle amplitudes H, satisfy a Faddeev
equation in the medium, with a l-particle reducible
driving term (first diagram in Fig. 1), and genuine
three-particle correlations, which start with the sec-
ond diagram in Fig. 1. The driving term can be eas-
ily estimated by using effective contact interactions of
the Landau-Migdal type, and give a contribution be-
tween 0.75 and 1.23 to Eq. (5). (Here we used the
Landau-Migdal parameters obtained from Skyrme in-
teractions”™) and chiral effective field theory.®)) This
gives us an important hint that two-particle correla-
tions alone cannot satisfy the inequality Eq. (5), and
three-particle correlations processes are needed to ex-
plain the skewness of nuclear matter.

(Hy — Hy) > 1.24

Fig. 1. The first two terms in the Faddeev series of the
three-particle amplitudes. Genuine three-particle cor-
relations start with the second diagram. The circles

represent two-body t-matrices.
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Double charge-exchange phonon states’

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

The possibility of inducing double charge-exchange
excitations by heavy-ion beams at intermediate ener-
gies has recently fostered interest in new collective ex-
citations such as double isobaric analog states (DIAS)
and double Gamow-Teller giant resonances (DGT). We
present some formulas to evaluate different combinations
of the average excitation energies of DIAS and DGTR
by using commutator relations.

The expectation value for the energy of the DIAS
(DGT) is defined as

— (0[#]0). (1)
Here |0) represents the ground state, and

O_[IAS(GT))

IDIAS(DGT)) = (IAS(GT)|O,O_|TAS(GT))1/2

(2)

is the definition of the DIAS (DGT) state in terms of
the IAS (GT), which can be written as

O_|0)

IAS(GT) = (5155 72

3)
The operators Oy = Ty = Zf‘ t1 (i) are the isospin
raising and lowering operators for IAS and DIAS. For
GT and DGT, Oy = G+ = Z? o,(i)ts (7). Starting

from Eq. (1), one may write the excitation energy of the
DIAS (DGT) as

(0[[0%, [H, 02]]|0)
(0jo10zj0) -

(4)

Epiasmacr) =

assuming that the ground state has good isospin, that
is, there is no isospin mixing and 7% |0) = 0. Within the
same approximation, EragqT) reads
Enxser) = (IAS(GT)[H[IAS(GT)) — (0]#]0)
(0/0+0-|0)

One can write the energies for DIAS and DGT as

Epiasmcr) = 2E1as(aT)
(0][04, [0+, [[H, 0], 0_]]]|0) (6)
SN-Z)(N-Z-1)

The denominator of Eq. (4) is evaluated to be
(0|03.0210) = 2(N — Z)(N — Z — 1). The second term

T Condensed from the article in Phys. Rev. C 101, 014320
(2020)
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on the right-hand side in Eq. (6) could be different from
zero only for the isospin symmetry breaking (ISB) terms
in ‘H because they contribute to Erag [cf. Eq. (5)]. In
other words, the IAS and DIAS energies are a special fil-
ter for the terms in the Hamiltonian that break isospin
symmetry (Coulomb and the small contributions from
the strong force), while the isospin-conserving part of H
does not contribute.

In order to evaluate the quartic and double commu-
tators, we take the Hamiltonian

H=Ho+V +Ve+ Viss, (7)

where V is the spin- and isospin-dependent interaction,
Ve is the Coulomb interaction, and Vigg is an ISB ef-
fective interaction originating from the nuclear strong
force. From Eq. (6), we can derive the relation between
the DGTR and DIAS energies as,

(0[G7, [V, G2]]|0) ()
N-2)(N—Z-1)
since (G2, [Vo + Vise, G2]] = [T%, [Vo + Viss, T?]] . In

order to evaluate the energy difference between EpgTr
and Eprasg, we adopt the separable interaction')

E — Epias =
DGTR DIAS 2(

A 1k, o
Vo= melli) - s() + 575 3 7(0) - ()
i i#]
A
n %% ;(J(i) o ())((@) - 7(7), ()

where ks is the one-body spin-orbit coupling strength,
while k, and k., are the coupling strengths of the resid-
ual two-body interactions in the isospin and spin-isospin
channels, respectively. The average energy of the GTR
minus that of the TAS is expressed as

Ear — Eias = <O|[G(+]\’][Y’ %—HIO>

_ 4 Ris 0 A 16 .
o b (HSORD

The energy difference between DGTR and DIAS (8) is

expressed in a similar manner as
N-—-Z
N—-Z-1
Aq/- .
4 s <0\ SA13) -s(z)|0> ; 1
T3 N—2)(N—z-1) T

Quantitative discussions of the above formulas are re-
ported elsewhere.

N—-Z
O>+2(KJUT—I€T)A.

Epctr—Epras— (1 + ) (Ect—Eras)

N—Z
MIAN—Z-1"
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EXFOR compilation of RIBF data in 2019

T. Tada,*! S. Imai,*? D. Ichinkhorloo,*® M. Kimura*3>** M. Aikawa,*>*®> and N. Otuka*>*6

Nuclear-reaction data support the most essential
part of nuclear technologies (e.g., nuclear power pro-
duction, nuclear fuel cycles, environmental monitoring,
dosimetry, radiation safety, radioisotope production,
radiotherapy, and medical diagnostics) and sciences
(e.g., nuclear physics, nuclear chemistry, geophysics,
and astrophysics). Nuclear databases play a vital role
in providing the best estimate for nuclear reactions to
a wide range of data users in various scientific fields
and related areas. One of the largest global nuclear
reaction databases open to the public is the EXFOR
library (EXchange FORmat for experimental nuclear
reaction data).!) The EXFOR library is a universal
common repository for nuclear reactions established
in 1967. The International Network of Nuclear Re-
action Data Centres (NRDC) maintains the EXFOR
library under the auspices of the International Atomic
Energy Agency (IAEA).?) The scope of the EXFOR
library covers a wide range of nuclear reactions such
as neutron-, charged-particle-, and photon-induced re-
actions.

Our group, the Hokkaido University Nuclear Reac-
tion Data Centre (JCPRG),* was founded in 1973 and
joined the NRDC as the first Asian member in 1975.
We are responsible for the compilation of charged-
particle-, and photon-induced nuclear reactions mea-
sured at facilities in Japan.®) Our contributions to the
EXFOR database account for ~10% of the complete
database. The database compilation process involves
the scanning of peer-reviewed journals for published
papers within the EXFOR scope. A unique entry num-
ber is given to each selected paper to be compiled for
the EXFOR library. We extract information from the
bibliography, experimental setup, measured physical
quantities, measured numerical data, and uncertain-
ties. The information is input in a single entry of
EXFOR. During this process, we contact the corre-
sponding authors with questions on the contents of the
papers and requests for numerical data.

JCPRG has been cooperating with the RIKEN
Nishina Center since 2010 for the compilation of data
obtained by RIBF, which aims at the enhancement of
the availability of the RIBF data. Our activities re-
lated to the RIBF experiments are as follows. We
have compiled 48 new articles produced at Japanese
facilities and modified 42 old entries. This includes 10

*1

Graduate School of Science, Hokkaido University

*2 Institute for the Advancement of Higher Education,

Hokkaido University

Faculty of Science, Hokkaido University

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

*5  RIKEN Nishina Center

*6 NDS, IAEA

*3
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articles from RIKEN, 6 new articles, and 4 old entries.
The compiled data are accessible by the entry numbers
listed in Table 1. The status of those compilations is
periodically reported via Nishina Center News.

We acknowledge that collaboration with RIKEN is
a great help for us to establish an effective procedure
for the compilations. Most of the RIKEN data are
very quickly compiled after publication, and the end
users can access them smoothly. We also thank all the
authors of the RIKEN articles who kindly provided nu-
merical data. This greatly helps increase the accuracy
and quality of the database.

Table 1. Entry numbers with references compiled from
RIBF data in 2019.

Entries
New  E25539)  E25839)  E25847
E2586%)  E25907  E259210)
Revised E2430'0D  E243412)  E24935)
E2539'4)
Total 10

We would like to take this opportunity to express our
gratitude to the authors of these papers for their kind
cooperation with the EXFOR compilation process.
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Unfolding the transverse momentum distribution for very forward
neutron production in pAu collisions at /syny = 200 GeV

B. Mulilo*!*2 for the PHENIX collaboration

The PHENIX collaboration measured that when a
transversely polarized proton with spin up collides
with unpolarized proton at /s = 200 GeV, they gen-
erate neutrons predominantly to the right.") In 2011,
theorists explained this result in terms of the interfer-
ence of pion and a; reggeon exchanges.?) But in 2015
using run 15 pAu data, we observed that when a po-
larized proton collides with a gold nucleus at /sy~
= 200 GeV, they generate more neutrons to the left?)
contrary to theoretical predictions.?) This nuclear de-
pendence of the asymmetry (Ax) has, therefore, at-
tracted a massive interest in nuclear physics.

We are now studying Ay as a function of the trans-
verse momentum (Pt). We begin with an understand-
ing that our measurements are limited by known effects
such as the detector resolution and detection efficiency
among others. Our technique is, therefore, to employ
a method known as unfolding to remove these known
effects and recover the distribution.

We proceed by parametrizing measurement effects
using the response matrix in Fig. 1 from Monte
Carlo.) What this matrix does is to map the binned
true spectrum in the magenta line onto the smeared
spectrum in the green line of Fig. 2. For the smeared
and true distribution bins R; and Tj, respectively, the
smearing matrix element S;; gives the fraction of en-
tries from bin T} that end up being reconstructed in

The unfolding has been performed using the singular
value decomposition method® contained in CERN’s
ROOT toolkit. Since our smearing matrix is not per-
fectly diagonal, we unfolded with a parameter, alias
Kreg,” which determines the regularization of the un-
folding. The unfolded spectrum is the distribution cor-
responding to an optimum regularization parameter,
Kreg = 6 as depicted in Fig. 2.

We are now optimizing and extending the ideas of
the one dimensional unfolding to two dimensional un-
folding of transverse momentum (Pt) in azimuthal an-
gle (®). The transverse single spin asymmetry (Ay)
for very forward neutron production will then be cal-
culated as a function of the unfolded Pt distribution.

*1 RIKEN Nishina Center
*2 Department of Physics, Korea University
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Fig. 1. Smearing response matrix mapping the binned true

Pt spectrum to the smeared Pt spectrum.
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Fig. 2. Superposition of the experimental data, unfolded,

true and smeared Pt distributions. The Pt distribution
in the green line is smeared from Monte Carlo while

P

that in the dark blue line is the experimental data. The
Pt distribution in the magenta line is generated using

Monte Carlo event generator.4)
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Update of single and dihadron cross sections for light hadrons in eTe™
annihilation at /s = 10.58 GeV in Bellef

R. Seidl*?

The fragmentation process describes the formation
of final-state hadrons from initial high-energetic par-
tons such as quarks and gluons. Due to the strength
of the coupling of the strong interaction, described by
quantum chromodynamics, QCD, this process is ob-
tained only experimentally and parameterized in frag-
mentation functions, FFs. FFs are universal and fac-
torize for most relevant processes and FF types. They
therefore serve as an important tool in the study of
the spin, momentum and flavor structure of the nu-
cleon or other bound states of QCD. Its universality
can be used to extract them in one process, such as
electron-positron annihilation where no hadrons exist
in the initial state, and apply it to semi-inclusive deep-
inelastic lepton nucleon scattering SIDIS or hadron-
hadron scattering.

In the Belle experiment at the KEKB accelerator,
a large amount of data exists that can be analyzed to
extract various hadronic cross sections as a function
of the fractional energy the hadrons carry relative to
the initial parton energies, as well as their spin and
transverse momentum dependence.

The extraction of the flavor dependence of fragmen-
tation functions from electron-positron annihilation is
not as easy since the cross sections are a sum over all
accessible flavors, at Belle energies up, down, strange
and charm quarks. To gain some sensitivity the extrac-
tion of cross sections for two hadrons in the final state
have been published a few years ago,’?) where the fla-
vor dependence of each of two single hadron fragmen-
tation functions can be used together. However, the
interpretation via single hadron fragmentation func-
tions is only possible when both hadrons appear in op-
posite hemispheres which in turn can only be ensured
via additional quantities. Such variables are difficult
to treat theoretically, so in an update two different
fractional-energy definitions were used and compared
to the conventional one.

Both definitions contain scalar products between the
two hadron’s four-momenta and therefore only have
sizable fractional energies when both hadrons are far
separated without the need of an explicit hemisphere
assignment. The cross section ratios for pion pairs can
be seen in Fig. 1 relative to the default definition. The
first definition is actually the oldest one suggested for
dihadrons® which is meant to also be able to inter-
pret the dihadron cross sections at higher orders of the
strong coupling. The second definition is similar, but
stresses the transverse momentum in the two-hadron

t Condensed from Phys. Rev. D 101, 092004 (2020)
*1 RIKEN Nishina Center
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Fig. 1. Dipion cross section ratios as a function of fractional
energy z2 in bins of z; relative to the conventional frac-
tional energy definitions. The opposite sign pairs are
displayed in blue squares and green triangles for the
AEMP and MVH definitions while the same sign pairs
are displayed by red circles and purple squares, respec-
tively.

system.”) As can be seen, at very high fractional en-
ergies all three definitions are similar as both hadrons
need to be nearly back-to-back and no phase space for
transverse momentum remains. At low fractional mo-
menta the cross sections using the alternative defini-
tions are far smaller since the same-hemisphere hadron
pairs would appear at much smaller fractional energies
due to the scalar product.

In addition to these updated dihadron cross sections,
also single hadron cross sections were updated. The
difference to previously published single hadron cross
sections for pions, kaons and protons®®) (as well as for
dihadrons using the default fractional energy defini-
tions) is an improved initial state radiation correction
as well as the separation of correlated and uncorrelated
systematic uncertainties.
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Preparation status of the J-PARC E16 experiment in 2019

S. Yokkaichi*! for the J-PARC E16 Collaboration

We have proposed the experiment E16") to measure
the vector meson decays in nuclei in order to investigate
the chiral symmetry restoration in dense nuclear mat-
ter. The experiment will be performed at the J-PARC
Hadron Experimental Facility. The high-momentum
beamline, where the experiment will be conducted, is
being constructed by KEK. Its scientific (“stage-17) ap-
proval was granted to the experiment E16 by PAC in
March 2007. For the full (“stage-2”) approval, a techni-
cal design report was submitted to PAC in May 2014,
and reviewed for the experimental and budgetary feasi-
bility. In the PAC meeting held in Jul. 2017, the stage-2
approval for 40 shifts (320 hours) of a commissioning
run was granted. In this run, the background measure-
ment at the new beamline is required. The construction
of the beamline and our spectrometer is on schedule for
completion in Feb. 2020. Only 20 shifts are allocated
in Feb.-Mar. 2020, and another 20 shifts are planned in
early 2021.

This experiment aims to systematically study the
spectral modification of vector mesons in nuclei, partic-
ularly the ¢ meson, using the eTe~ decay channel with
statistics that are two orders larger in magnitude than
those of the precedent E3252) experiment performed at
KEK-PS. In other words, it aims to accumulate 1 x 10°
to 2 x 10° events for each nuclear target (H, C, Cu, and
Pb) and deduce the dependence of the spectral modifi-
cation on the size of matter and meson momentum.

Our proposed spectrometer has 26 modules. Owing
to budget limitations, our first goal of staged construc-
tion plan is to construct eight modules, as shown in
Fig. 1. With the eight-module configuration, we pro-
posed a physics run, Run-1, with 160 shifts (1280 hours),
as described in the previous APR.%)
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Fig. 1. Plan view of the proposed E16 Spectrometer in the
eight-module configuration. The red line shows the con-
structed parts for the commissioning run in Feb. 2020.
The SSD located in the innermost layer is not shown.
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Fig. 2. Photograph of the E16 Spectrometer, which is under
construction.

The development of detectors and front-end modules
has been completed. Field mapping for the spectrom-
eter magnet was performed in Jun.—Jul. 2019. We in-
stalled the detectors in the spectrometer magnet in Jul.
2019- Jan. 2020, including three layers of GEM Trackers
(GTR) for tracking,¥) Hadron Blind Cerenkov detectors
(HBD),” and Lead-Glass calorimeters (LG) for electron
identification. We joined the RD516) collaboration in
CERN that aims to develop multi-pixel gas detectors in-
cluding GEM. One layer of Solid-State Detector (SSD)
is introduced between GTR and the target in order to
help the tracking under the huge background. The last
part of development of trigger electronics,®) namely, the
amp-shaper-discriminator boards to generate the trigger
signal at GTR and HBD, were completed in 2019.

We will start the commissioning run with 6 SSD, 6
GTR, 4 HBD, and 6 LG modules, out of eight modules
each, as shown in Fig. 1. The installation of detectors
has been completed, and shakedown is underway as of
Jan. 2020, as shown in Fig. 2.
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Measurement of nuclear effects on anti-quarks
via Drell-Yan process at FNAL-SeaQuest

K. Nakano,*!*2 Y. Goto,*? Y. Miyachi,*® K. Nagai,** S. Sawada,*?*> and T. -A. Shibata*?*6
for the E906,/SeaQuest Collaboration

The nuclear effects on the partonic structure of nucle-
ons signify that the distribution of partons in a nucleon
bound inside a heavy nucleus changes from that in a
free nucleon. It was first discovered by the EMC col-
laboration in 1983") and is being studied using various
measurements and theories to understand its mecha-
nism. Most measurements made use of deep inelastic
scattering (DIS), which does not differentiate between
quarks and anti-quarks. The E772 experiment utilized
the Drell-Yan process to extract the nuclear effects on
anti-quarks.?) Tt indicates that the effects are smaller
than those observed in DIS, although the statistical pre-
cision was limited. If the difference between quarks and
anti-quarks in the nuclear effects is confirmed, it will
be a strong constraint in understanding the mechanism
because it contradicts, for example, the conventional
nuclear model.>) A number of theoretical models were
proposed to reproduce the measured difference.?)

The E906/SeaQuest experiment at Fermilab aims to
study the anti-quark distributions in the nucleon and
nuclei. It utilizes the 120-GeV proton beam from the
Fermilab Main Injector (v/s = 15 GeV). It employs lig-
uid hydrogen (LHsz), liquid deuterium (LDs), carbon,
iron, and tungsten as targets to measure the Drell-
Yan process in p+ p, p+ d, and p + A reactions. In
the Drell-Yan process, a quark in one hadron and an
anti-quark in the other hadron are annihilated to pro-
duce a virtual photon, which then decays into a lepton
pair: ¢ +¢q — v* — [T +17. When it is measured
at forward rapidity (zp > 0), an anti-quark nearly al-
ways originates from the target-side hadron. Therefore,
the ratios of per-nucleon cross sections of two targets,
R(A/D) = (op1a/A)/ (0pt+da/2), are sensitive to the
nuclear effects on anti-quarks.

The SeaQuest spectrometer® detects the final-state
muon pair of the Drell-Yan process. SeaQuest ac-
quired physics data from November 2013 to July 2017
with a summer accelerator shutdown each year. It has
recorded 1.4 x 10'® beam protons on targets and an-
alyzed approximately 40% of the recorded data. We
selected dimuons with the invariant mass larger than
4.2 GeV, for which the Drell-Yan events are domi-
nant. The dimuon yields have been corrected for track-
reconstruction efficiency and background dimuons by
using the extrapolation method.®)
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Fig. 1. Ratios of per-nucleon cross sections of C, Fe, and W
to D versus the Bjorken = of target-side partons (zr).
The SeaQuest preliminary result is drawn with blue cir-
cles, and the E772 result is drawn with red squares.

Figure 1 shows the preliminary result of R(A/D)
measured using SeaQuest, together with the result ob-
tained using E772 for comparison. The systematic un-
certainty arises mostly from the fitting shape used in
the extrapolation method. SeaQuest is consistent with
E772 in the commonly measured region, x7 ~ 0.2, with
better accuracy at higher xp. It favors the observation
by E772 that the nuclear effects on anti-quarks differ
from those on quarks. Improvements in the measured
precision and comparisons to theoretical models in or-
der to finalize the result are ongoing.
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Progress of the polarized Drell-Yan experiment at Fermilab,
SpinQuest (E1039)

Y. Miyachi,*! Y. Goto,*? K. Nagai,*>*? K. Nakano,*>** G. Nukazuka,*! S. Sawada,*?*> and T. -A. Shibata*!*¢
for the SpinQuest Collaboration

SpinQuest is a polarized fixed-target Drell-Yan ex-
periment using a 120 GeV proton beam from Main
Injector at Fermilab. The primary goal of SpinQuest
is to measure the Sivers asymmetries, aiming to ob-
tain a hint for the following fundamental question:
“Do the light sea quarks contribute to the intrinsic spin
of the nucleon via their orbital angular momentum?’
The Sivers asymmetry was first introduced to explain
the unexpected, large, transverse, single-spin asymme-
tries observed in hadron scattering. Non-zero values
of the Sivers asymmetry have been measured in the
Semi-Inclusive Deep-Inelastic Scattering (SIDIS) ex-
periments. The correlation between the transverse mo-
mentum of a quark and the spin of the parent nucleon,
represented by the Sivers function, is a source of the
asymmetry. The Sivers functions for v and d quarks
were determined to be similar in size but with the op-
posite signs.>®) As no results for the Sivers functions
for sea quarks are available, SpinQuest can help deter-
mine them for @ and d, through the measurement of
the Sivers asymmetries in the Drell-Yan process using
the transversely polarized proton and deuteron targets,
for the first time.

NHj3 and NDg3 are used as the polarized proton and
deuteron target material. The target polarization is
obtained with dynamic nuclear polarization, which re-
quires a low temperature of 1 K, strong magnetic field
of 5 T, and 140 GHz microwave radiation. Under
the greatest instantaneous luminosity of any previous
evaporation refrigerator system, with a beam inten-
sity of 3 x10'2 protons/s for 5 s, a high-cooling-power
4He evaporation refrigerator connected to a large pump
system (14,000 m?3 /h) successfully maintains the target
material temperature at 1 K. The longest (along with
the beam-line) target cell to date for an evaporation
refrigerator requires a unique microwave distributing
horn. Three NMR coils installed for the target cell re-
duce systematic uncertainties in the polarization mea-
surement.

The SpinQuest experiment inherits the spectrometer
from the SeaQuest experiments,") which measured the
flavor asymmetry in the light quark sea, d/u. It covers
the kinematic region where target sea quarks dominate
the Drell-Yan process: u or d quarks in the beam are
annihilated with @ or d anti-quarks in the target, re-
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Drell-Yan Target Single-Spin Asymmetry
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Fig. 1. Projected sensitivities of the single spin asymme-
tries at SpinQuest.

spectively. Because SpinQuest probes a lower iqrget
than SeaQuest, the target position has been moved
further upstream of the beam dump to increase accep-
tance in the low ;4ger Tange, as well as to improve
separation for target and dump events. At present,
the commissioning of the target and spectrometer is
ongoing. The beam time is expected to begin in early
2020.

Figure 1 shows the expected sensitivities of Spin-
Quest on the single spin asymmetries, Ay, after two
years of combined operation on the NHs and NDg
targets. The error bars are statistical only. A rela-
tive systematic uncertainty of 0.04 is expected. The
bands represent theoretical predictions based on the
Sivers functions®?®) extracted from the present avail-
able SIDIS data. A comparison between the NH3 and
NDj results could also be sensitive to the flavor depen-
dence of the sea-quark Sivers function.
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Development of zero-degree calorimeter for EIC

Y. Goto,*! T. Chujo,*? Y. Itow,*3 J. H. Lee,** H. Menjo,*® Y. Miyachi,*® 1. Nakagawa,*! K. Nakano,*!*7
T. Sako,*™*8 R. Seidl,*! T. -A. Shibata,*"*"*9 K. Tanida,*"*!° and Y. Yamazaki*!!

We propose the development of zero-degree appa-
ratus in the Electron-Ion Collider (EIC) experiment.
Zero-degree detectors play critical roles in a number
of important physics topics at EIC.") We will study
the requirements and technologies of zero-degree de-
tectors and mainly develop a position-sensitive zero-
degree calorimeter (ZDC).

In electron + nucleus collisions, exclusive vector me-
son production in a diffractive process is one of the
key measurements at EIC. For the coherent process
in which the nucleus remains intact, the cross sec-
tion dependent on the momentum transfer (¢) can be
translated to the transverse spatial distribution of glu-
ons in the nucleus and is thus considered to be di-
rectly sensitive to the gluon saturation. This requires
accurate determination of the coherence of the reac-
tion, which must be determined by identifying the
breakup of the excited nucleus. Evaporated neutrons
from the breakup in the diffraction process can be used
to separate the coherence with the highest probability
(~90%). In addition, photons from the de-excitation
of the exited nucleus signal incoherence in the absence
of evaporated neutrons. This leads to a requirement to
measure neutrons and photons precisely at near zero
degree to complete the coverage of coherence tagging
in a wide t range.

Collision geometry is an important measure in elec-
tron 4 nucleus collisions for an event-by-event char-
acterization. It has been proposed that collision ge-
ometries can be tagged through forward neutron mul-
tiplicities emitted at near zero degree.?) Constraining
collision geometry quantities such as the “traveling
length” of the struck parton in the nucleus, which is
correlated with the impact parameter of the collision,
is very meaningful in studies of nuclear medium ef-
fects. With the determination of collision geometry in
these measurements, higher-precision constraints can
be achieved to enhance our understanding of the nu-
clear structure.

In electron + deuteron and helium-3 collisions at
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EIC, physics programs require the tagging of forward
neutrons as spectators to identify the target nucleon.
It constrains kinematics for studies of the short-range
correlation (SRC). The SRC is a nucleon-nucleon in-
teraction at a very short distance. It shows how nu-
cleons form a nucleus, and has a deep connection to
how the quark-gluon structure of a nucleon in a nu-
cleus is modified, which is a phenomenon known as
the EMC effect.?) Experiments have shown it is uni-
versal that ~20% of nucleons are in SRC pairs. These
SRC pairs have high momentum and are spatially very
close to each other. Almost all of these SRC pairs are
found to be similar to a quasi-deuteron at its high-
momentum tail. In addition to the SRC study in elec-
tron + nucleus collisions, we will be able to understand
the deuteron as a baseline of the SRC pair in electron
+ deuteron collisions at zero degree.

In electron + proton collisions, the leading proton
and neutron productions in DIS were measured, and
their production mechanisms were studied at HERA
by comparison with the fragmentation process and
one-pion exchange (OPE) process. The results sup-
port that the OPE process dominates the production,
but there are still tension in detailed understanding of
the mechanism and comparison between ZEUS* and
H1% data. In addition to the production cross sec-
tion measurement, the spin asymmetry measurement
of the leading baryons in polarized electron + proton
collisions will give us useful additional information for
the study of the production mechanism. The data
will also be used to understand the energy flow and
development of the event generator, and applied for
understanding the air shower evolution of high-energy
cosmic rays and the neutrino interaction.

We will conduct the following studies in the future;
1) a photon detector study at a low energy <300 MeV,
2) a prototype study of ZDC with position sensitivity,
and 3) a radiation hardness study of scintillators. We
would like to maximize the physics capability by study-
ing detector design, development, and simulation.
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INTT Silicon Modules and Ladders Assembly for sSPHENIX Project

C. Miraval,*> Y. Akiba,*! K. Cheng,*® E. Desmond,*?> T. Hachiya,*"** T. Kondo,*® C. Kuo,*> M. Lenz,*?
E. Mannel,*? D. Cacace,*? M. Morita,** I. Nakagawa,*! R. Nouicer,*?> R. Pisani,*?> M. Shibata,** C. Shih,*3
A. Suzuki,** T. Todoroki,*! X. Wei,*¢ and R. Xiao*6

The INTermediate silicon strip Tracker (INTT) bar- wire-bonding and encapsulation machines so that mul-
rel is comprised of several ladders tangentially ar- tiple staves can be produced in the same exact manner
ranged in layers around the RHIC beampipe.") Each every time, streamlining production.
ladder assembly has two high-density interconnects
(HDI) that are epoxied to a carbon fiber stave sup- Inspection B HDI Epoxy B8 Chips Wire-Bond EEB) Chips Epoxy

port. The two HDIs collectively host 52 FPHX chips
and 4 silicon sensors. The sensors and the chips are
glued to pads on the HDIs, wire-bonded, and then en-
capsulated.

The assembly process consists of multiple steps (cf.
Fig. 1). During the inspection step of assembly, the
carbon fiber staves are measured for flatness on BNL’s
OGP Smartscope Flash 500. The OGP is a top-down
laser optical measurement system with a potential Z
accuracy of 2 microns. Qualified carbon fiber staves
are placed on the assembly fixture (cf. Fig. 2) and HDIs
are installed and epoxied using glue masks.

Glue masks are placed in order to accurately epoxy
to the chip pads on the HDIs. Chips are then precisely
located and placed with acrylic vacuum fixtures that
interface with the main assembly fixture (cf. Figs. 3—
5). After the chips are epoxied, they are wire-bonded
to the HDIs and then electronically tested.

In the same fashion that the chips were installed, the
silicon sensors are placed on epoxied locations along
the HDIs using vacuum fixtures. The sensor’s vacuum
fixture (cf. Figs. 4 and 5) has micro adjusters allowing
the sensor’s position to be perfected before the epoxy
cures. Small marks are referenced on the HDI and the
silicon sensors using the OGP machine. These marks
are used for live alignment checks while adjusting the
positions of the sensors. After the epoxy is cured, a
final wire-bond job is performed and the full assembly
is then electrically tested.

Currently, all assembly fixtures have been de-
signed, fabricated, and received; permitting us to be-
gin prototype production. Additional fixtures used
in transportation and wire-bonding/encapsulation are
designed and being sent for fabrication. The trans-
portation container doubles as a safe storage and test-
ing fixture, as the electronic connectors and the cool-
ing pipe can be accessed from outside the transporta-
tion container without putting the delicate sensors and

chips at risk. Specific fixtures were necessary for the Fig. 5. Chip Placement Tool and Sensor Placement Tool

¥
Chip/HDI Test ‘ Sensor Epoxy ‘ Sensor Wire-Bond ‘ Full Assembly Test

Fig. 1. Assembly Steps.
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Empirical formulas for the standard-model parameters

Y. Akiba,*!

In my previous article,") I reported empirical for-
mulas of the masses of the elementary particles in
the standard model (SM), namely, charged leptons
(e,u,7), quarks (¢,c,u,b,s,d), gauge bosons (Z, W),
and the Higgs boson (H). Each of these formulas yields
the ratio pp, /My of the mass of particle p to the Planck
mass M = 1.220910 £ 0.000029 x 10'° GeV in terms
of a dimensionless constant ey = 2 x (67) 48, There is
no adjustable parameter in the formulas.

Here, I report similar formulas for the mass of neu-
trinos, Cabbibo-Kobayashi-Masukawa (CKM) quark
mixing parameters, and neutrino mixing parameters.
Table 1 lists mass formulas including neutrions. The
neutrino masses calculated from the formulas are m; =
2.70 x 1072 eV, my = 9.01 x 1073 eV, and mz =
5.09 x 10=2 eV. Table 2 shows the formulas for the
CKM matrix elements and their calculated values. Ta-
ble 3 lists the formulas of the neutrino mixing parame-

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

particle p formula (up, = myp/Mp1)
1 " 11\
14+ -
¢ 127 ty (67r)2)
;61/3 p 3,2 1T
a 20 67 ' 4 (6m)2
—1
s (31 5 1
4 omeo (1 167 T 4(6m)?
2 12 1\!
141 560/ (1“1’@)
1 —1
Vo 263/2 <1 — a)
1 —1
V3 47r6(1)/2 (1 + 6—)
s
t 8(67‘(‘)26(1)/3
c 12¢)/?
U 8(67‘(‘)726(1)/3
: 31 27 1 \'
b 3(6m)ey/ (1+ 55—+ 22
Ome™ \ 1+ 267 * 7 ompe
1/3
s €
) 1\t
d (67r)_le(1)/3 (1 + a)
—1/2
1 1 11 1 1 !
Z 14+ ——+—
(872)© ( T e 12 (67r)2)
woo X las(p 31 9 1\
(872 ° 26m 4 (6m)2
H 91/2 1/4 1+§i_g 1 -1/2
8r2 ° 26m 2 (6m)2
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Table 2. Formulas of the CKM matrix elements Vs, Ve,
Vub, and the CP-violation parameter 7.

formula calculated
N\ 172
\% 1 1+ 1 0.22445
“ 6 6T ’
2\'/? 1
. — — .04332
Veb (i) P 0.0433
1
Vb 3 (67)?2 0.003753
31 27 1 1
i 1+2— +28 - 34
K (+267r+4(67r)2>7r 03497

Table 3. Formulas of the neutrino-mixing matrix.

formula calculated
1 1 1
3 1
93 (2 ( + ) ( 67) ) 0.729

S1

1
67
1 1\
3 (127r> (767> ?) 0146

ters and their calculated values. The values calculated
from these formulas all agree with experimental data
within the uncertainty of the data.

There are 25 free parameters in the SM. These for-
mulas yield 22 out of the 25 parameters. The remain-
ing 3 parameters are the fine structure constant «, the
strong coupling constant «, and the neutrino CP vi-
olation parameter dcp. Both « and oy are scale de-
pendent, and dcp is the only unmeasured parameter
in the SM.

Note that the value of ¢y is consistent with the prod-
uct of the Hubble constant Hy and the Planck time
tpl = 1/Mpl:

Hp x ty = (1.211 £ 0.014) x 1075,
€0 =2 x (6m)7* =1.220608 x 107°%L.

Here, the Wilkinson Microwave Anisotropy Prob
(WMAP) nine-year value of Hy is used. This suggests
that the masses of elementary particles are related to
the expansion of spacetime.

A model to explain these formulae is reported in the
next article,?) and implications to gravity and cosmol-
ogy are reported in the article appearing after that.®)
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Quarternion-spin-isospin model for the standard-model parameters

Y. Akiba *!

In the preceding article,") empirical formulas of the
parameters of the standard model (SM) of particle
physics are presented. Here, I report a model that
can produce these formulas. We call the model the
“Quarternion-spin-isospin model” since it is based on
operators that are products of the quarternion bases
I*, spin operator o”, and (weak) isospin operator
7% In the model, the Planck time 7,, = 1/M,, =
5.3912 x 10~%* s is the minimum duration of time. A
term of the Lagrangian density £; of a particle is an
“oriented product” of 48 “normalized primordial ac-
tions” (NPAs) that are selected from the following 64
NPAs.

Itovre 4 13 I°r3 —I°¢ —i
{ 60 37’37 3m 27’ w
The oriented product operator V has the following re-
duction rules:

s JaB, (it 4B = —pa)
avﬂ_{o, (it &5 = Ba)
. JaBA, (f aB=—PBa, fy=—4B, Yo =—a7)
avhvy= {0, (otherwise)

sVa=sa, s1V s =0, stvB:sdB.

Here, s is a scalar. Following these rules, a 48
V product of NPAs, dS = §;, V --- V §;,,, is re-
duced to a value in the form of m(6m)"i*(73)* e,
where ¢ = 2 x (67)7*%, s € {0,1}, s € {0,1},
m € {1,£2,+3,4+4,+6,+8 +12, +18, +24}, and n €
{0,1,2}. The values of s,s’,n, and m are determined
by the selection of the subset {31, - , 848} from Sypa.
Due to the calculation rules of the V product, only a
limited number of 48 products have a non-zero reduced
value. We call these non-zero 48 product the “elemen-
tary action” (EA). An EA corresponds to a term of
Lagrangian density £ of an elementary particle, e.g.,
the electron.

We found 48 EAs that correspond to the elemen-
tary particles of the SM, which are summarized in Ta-
ble 1. In the table, U and D denote U-type and D-type
quarks, respectively, when their masses are ignored.

The mass of particles can be obtained from Table I.
In the following, I show how the mass formula of the
electron can be obtained from the table as an example.

The Lagrangian of the electron is a sum of three
EAs.

L. = 4(6m)%ieqT> 4 i€giT® + 3eo.

Each EA can then be written as a product of the fol-
lowing “operators.”

*1  RIKEN Nishina Center
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Table 1. Elementary actions.

(671')260 (67)eo €0
e 7 iT° i o1 i1

g3D
92D 2
G —24

e 4 1 3
1 4 —12 27 3
T 4 -3 3 1+4

V1 12 12 2
1] —4 4 2
V3 12 12 -2 2

U | —-12 2

u 4 8
c 4 24
t 4 8
D | —12 1

d | —12 —12 3

s | —12 3
b 4 6 3 27 18

7 12 1 1 18

H | —4 6 18

w 12 —18 —27 18

O = 63/3(1 +iol +i0? +ic®),
Ul = st (uf ot + ufo? + ufo®),
Yis = |z/115|77(u1_01 + u2—02 + ugag’)

Aig = (671')7263/3(1 +iot +io? +io®).

Here, |i15] = (67r)e(1)/3 and the 3D vectors ut =
(uf,ugi,ud) and u™ = (ui,uy ,uy ) satisfy ut x u™ =
(—=1,—1,—1) and u* - u~ = 1. The operators D6 and
121_5 correspond to the differential operator io*0d,, and
the electron field operator, and ¢1+5 corresponds to its
conjugate. One can show

. 1 1 A 4 7
L. = <1 + 4(67T)2> (81677[11’_57/)1_5 + ﬂe|¢15|2) )

—1
11 1 1

c= (1) e

K ( +4(67r)2> 12720

Similarly, all of the 22 formulas of the SM parameters
presented in the preceding article are derived. The
model also predicts 100% CP violation in the neutrino
sector and that the product of the Hubble constant Hy
and the Planck time t,; is Hot, = 2 (67) 48,
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R = 12H}? and its implications to gravity and cosmology

Y. Akiba *!

In the preceding article,") T report a model (QST
model) that can yield the formulas of the standard
model (SM) parameters. The model implies that the
product of the Hubble constant Hy and the Planck
time t,, is Hotp = 2 x (6m) 8 = ¢5. This relation is
derived as follows.

In general relativity, the action is written as

S = /ﬁ\/fgdaf* = /L’\/det(gw)d‘lx,

where g,,,, is the metric and £ is the Lagrangian density
of the system.
In the QST model, this is expressed as

(1+£A)\/—g=1+ﬁ+[:g3p

where £ is the elementary action (EA), and ﬁggp = 3¢o
is the EA corresponding to the gravity.

V=g=14Lgp=1+3¢
Now the spacetime metric of the Hubble expansion is
ds* = —dt?® + e2Hol (dz? + dy® + d2?).

For t = tp,), we have /—g = e3° =1 4 3Hyt,,;. From
the comparison, we have Hyt,; = €. The Ricci scalar
curvature R and the 3D curvature K of this metric are

R =12HZ,
K =0.

Since Hy = €y/tp is a constant, R is also a constant in
the QST model.

Now, we generalize the metric to allow local changes
of the scale with a constraint that Ricci curvature
should remain constant.

ds? = —2u(@y,2) 142 4 62H0t(dx2 + dy2 + sz),
R = 12H;.

The Ricci curvature of this metric is
R = —2(Au+ (Vu)*)e 2Hot L 12H2e™2" = 12H;.

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

R = —2(Au+ (Vu)?) = 0.
Now, we define ¢ = e%; thus, we have

Ap = Ale") = (Au+ (Vu)?)¢ =0,

RIKEN Nishina Center
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which means that ¢ satisties the Laplace equation.
The general solution of ¢ is

We note that ¢? = e** = —ggo. In general rela-
tivity, goo ~ —1 — 2¢¢G, where ¢¢ is the gravitational
potential. This means that ¢ = ¢¢. Thus, the relation
R = 0 implies the Coulombic gravitational potential.

If we take into account the fact that Hy # 0, the
potential equation for gravity becomes non-linear.

Ap + 6HZH 0N (¢ —1/¢) = 0.

One may question the validity of the QST model,
since the model implies that the Hubble constant is a
constant, which would mean that spacetime expands
exponentially at a constant rate. This contradicts
standard Big Bang cosmology. In the Big Bang theory,
Hj is not constant, and the scale of the universe is zero
at the Big Bang, which supposed to have occurred 13.8
billion years ago.

We note that there is no direct evidence that the Big
Bang occured 13.8 billion years ago, because the abso-
lute scale of the time coordinate in the past is impos-
sible to determine. The distance to an object far away
can only be measured by the red shift z. The value
of z is then translated to the time based on standard
cosmology by using the Friedmann equations. How-
ever, there is no experimental method to verify that
the translation from z to t is correct.

The cosmic microwave background (CMB) is usually
considered as the direct evidence of the Big Bang. I
argue that it is not. CMB is definitive evidence that
there was an era of z = 1100 when the spacetime scale
is 1/1100 of the present one and the temperature of
the Universe was 3000 K. In the standard cosmol-
ogy, z = 1100 translates to 13.8 billion years ago and
380,000 years after the Big Bang. However, the only
basis for this time scale is the Friedmann equations. If
we assume that Hy is constant, the only change is that
the time of CMB formation becomes about 1 trillion
years ago instead of 13.8 billion years ago.

The agreement between the abundance of *He and
the Big Bang nucleosynthesis (BBN) model is consid-
ered another evidence of the Big Bang. In standard
cosmology, BBN occured 3 minutes after the Big Bang.
However, it is impossible to determine the absolute
time when BBN occured. There is no observation that
contradicts with the assumpition that Hj is constant.
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Experimental equipment for exploring reactions of low energy ions
with an ice surface as an interstellar dust analog

Y. Nakai,*! H. Hidaka,*? and N. Watanabe*?

An understanding of the synthesis of interstellar
molecular evolution is indispensable for understanding
various chemical aspects in the universe, e.g., the origin
of life. Various kinds of molecules have been found even
in molecular clouds in the first stage of star formation,
despite their very low temperature. Gas-phase ion-
molecule reactions have been always considered to play
an important role in the chemical evolution in molec-
ular clouds. Reactions of neutral radicals with neutral
species on an icy grain surface have been also proposed
as other pathways, the importance of which has been
confirmed for the production of hydrogen molecules,
water molecules, methanol molecules, and so on.?) Re-
cently, the reactions of very-low-energy (eV order) ions
with an icy surface have been theoretically proposed to
be new non-negligible reaction pathways. In most of
the proposed pathways, neutral species and H3OT ions
are produced on the surface through reactions involv-
ing multiple water molecules.??) These reactions are
extremely complicated compared with gas-phase reac-
tions. In addition, an actual icy surface probably has
more variety and complexity than the theoretical as-
sumptions. Therefore, experimental investigations are
crucial to confirm theoretical predictions and explore
such reactions more deeply. However, no experiments
have been reported to our knowledge. Thus, we have
started developing an experimental apparatus. In this
report, we will provide an overview of our apparatus
under development.

Figure 1 shows a schematic of our experimental
equipment. An amorphous solid water (ASW) film
is made on an aluminum substrate mounted on the
cold head of a He refrigerator at a low temperature
(~10-50 K) by introducing water vapor of ~1 x107°
Pa into the vacuum chamber. The thickness of the
ASW film is estimated from its infrared absorption
intensity, which is measured using Fourier-transform
infrared spectroscopy (FTIR). After the introduction
of water vapor is stopped, the ASW surface is irradi-
ated with low-energy atomic/molecular ions using the
ion source located at the front of the substrate (low-
energy ion source in Fig. 1). This ion source consists of
an electron-impact ionizer, a Wien filter in which the
ions are mass-analyzed, and a deceleration lens system
to decelerate and focus ions on the substrate. In the
test of the ion source using a NJ beam, we obtained
an intensity of ~2.8 nA with an energy of ~3 eV and
an energy spread of approximately +2 eV on the sub-
strate.

*1 " RIKEN Nishina Center
*2  Institute of Low Temperature Science, Hokkaido University
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Fig. 1. Schematic drawing of the experimental setup.

Our apparatus has another ion source (Cs* ion
source in Fig. 1) for detecting reaction products by the
irradiation of low-energy atomic/molecule ions. The
detection method is based on reactive ion scattering
(RIS) and low-energy ion sputtering (LES) by Cs™
ions with a kinetic energy of a few or several tens
of eV, which has been mainly developed as a detec-
tion method for neutral and/or ionic species on metal
and ice surfaces at temperatures higher than ~70 K.%
When Cs™ ions collide with an ice surface, a part of
them pick up neutral species including water molecules
on the surface and scattered composite ions of CsM+
(RIS), where M is a picked-up neutral species. We can
obtain a mass of M from the mass analysis of scat-
tered CsM™ ions. Moreover, we can obtain the masses
of ionic species on the surface through the mass analy-
sis of ions sputtered by Cs* (LES). A quadrupole mass
analyzer is used for these mass analyses. At present,
we performed isolated tests of the RIS method using a
pristine ASW film at 30 K and could detect Cs(H2O)*
ions from the RIS process. However, the detection sen-
sitivity will be further improved for our purpose.

We are now continuing development of the low-
energy ion source and the RIS-LES method for the
ASW surface at low temperature, aiming for better
performances.
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Commissioning of a prototype novel laser melting sampler for analyzing
ice cores with high depth resolution and high throughput

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

A new facility for analyzing ice cores is being devel-
oped jointly by the Astro-Glaciology Research Group
(AGRG) of RIKEN Nishina Center and the Photon-
ics Control Technology Team of RIKEN Center for Ad-
vanced Photonics in a room (50 m?) at Wako Campus.
The mission of this facility is to analyze ice cores with
high depth (temporal) resolution and high throughput
to obtain concentration profiles of various isotopes such
as 180/1%0 and various ions such as SO3~ and NOj .

The ice cores that we study have been drilled by
the Japanese Antarctic Research Expedition (JARE)
around Dome Fuji (DF) station in East Antarctica, and
the current JARE project to obtain the third Japanese
deep ice core, which is expected to contain information
up to more than a million years ago, has been approved
and is in progress. We aim at investigating the long-
term history of climate change from the viewpoints of
the relation with solar activities and volcanic eruptions.
We also seek traces of supernovae in our galaxy and its
explosion rate as our final goal.

In our facility, a low-temperature (LT) room, i.e., a
prefabricated freezer container (3 m wide x 5 m long
x 3 m high), has been installed, and its inside has been
kept at —20°C. Outside the LT room, two sets of isotope
analyzers have been equipped at room temperature; we
plan to add the newest ion chromatography system here
in the near future.

The application of the laser melting method on ice
cores to obtain samples is the first in the world. Fig-
ure 1 depicts a schematic of the prototype laser melting
sampler. The sampler consists of a continuous-wave fiber
laser (A = 1.55 pm), an optical fiber (core diameter =
200 pm, our originally designed nozzle (2 mm outer ¢),
a sampling buffer system with an electromagnetic valve,
and a computer that controls the positions of the sam-
pling nozzle and the motorized stage on which an ice core
is placed. This system makes it possible to analyze ice
cores at a high depth resolution of ~2 mm scale, which
corresponds to a temporal resolution of ~1 month in the
case of a DF ice core. Our system is also applicable to a
1-year resolution (~3 cm) when sampling is performed
in the direction of core depth.

P Ice core
>

Agnozzle | e Y Tube pump
Heater block \ —d ~
Splitter p
(Fiber & Water)

e

Sampling

Laser input *w buffer
” 1 Nozzle Assy J e
Fiber Electromagnetic indicator
valve
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Fig. 1. Schematic of the ice-core laser melting sampling system.

*1 RIKEN Nishina Center
*2 RIKEN Center for Advanced Photonics
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In Fig. 1, the laser beam delivered by the optical
fiber irradiates the target ice-core surface, and 1.5 mL of
melted water (sufficient volume for our precision anal-
ysis) is sucked up through the nozzle and transported
into our original SUS vial bottle by a peristaltic tube
pump at a pressure drop of 1 atm. The nozzle and tube
are kept above 0°C by the heaters installed inside the
nozzle assembly.

We succeeded in continuous sampling into the vials
using this prototype sampler. Figure 2 shows the re-
sult: the holes were vertically made as small as 2 mm ¢
on a dummy ice block (p = 0.9 g/cc) by laser melting.
For this purpose, a laser beam with a power of ~1.3 W
was irradiated, and the nozzle intruding speed was set
to 0.40 mm/s. The efficiency of collecting melted water
was estimated to be ~100%. As the first step, we set our
target sampling time for a vial to 20 min, which was de-
termined in concordance with the measurement time of
one sample by a single isotope analyzer using the AGRG
protocol developed based on our isotope measurements.
By choosing optimum apparatus parameters and by us-
ing an automated multi-nozzle system that has already
been equipped in our system, we plan to attain a higher
throughput to handle many sample vials.

Our new technique has some advantages in compar-
ison with the standard heater-melting continuous flow
analysis method.!) They are as follows: 1) sampling
zones are discrete to avoid mixing with each other, 2)
the amount of sampling ice can be adequately mini-
mized, and 3) fragile low-density ice cores are also ap-
plicable because the portion of a core is placed horizon-
tally (Fig. 1). Making the most of these merits, we have
started to perform our first application on Antarctic ice
to study if there appear seasonal variations in the well-
established temperature proxy (1¥0/160) for the first
time in the past ~30 years for direct comparison with
the temperature measured in the area.

We are grateful to Michio Sakashita for supporting us
with laser fiber treatment and Yu Vin Sahoo for prepar-
ing clear dummy ice blocks suitable for our experiments.
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Revaluation of beam orbit calculation method for the injection line of
AVF cyclotron after tuning pepper-pot emittance monitor

Y. Kotaka,*' Y. Ohshiro,*! H. Yamaguchi,*! N. Imai,*! Y. Sakemi,*! T. Nagatomo,*? T. Nakagawa,*? M. Kase,*?
J. Ohnishi,*? A. Goto,*? K. Hatanaka,*® H. Muto,** and S. Shimoura*!

We developed a calculation method for the beam or-
bit from the Hyper ECR ion source to the AVF cyclotron
using the 4D emittance measured by a pepper-pot emit-
tance monitor!) named PEM_TH10%%) and evaluated it
with the degree of fit, which is x2 divided by the de-
gree of freedom (DOF) between two projections to an
arbitrary coordinate axis made from both the measure-
ment of other diagnostics and the beam orbit calculation.
However, the dispersion of x2 is assumed to be the square
of 10% of the highest value of the measurement. Sub-
sequently, the method of processing the beam image on
the fluorescent plate of PEM IH10 recorded by a digi-
tal camera was improved.?) This report is a summary of
Ref. 4).

This year, as it was found that the degree of fit varied
at different thicknesses of the fluorescent agent, the vari-
ation of the degree of fit was examined while varying the
combination of the exposure time and gain and the thick-
ness. The results of beam orbit calculations are com-
pared with the beam profile monitor (BPM), which mea-
sures 3 axes of profiles set 867 mm behind PEM IH10
using the 23.6-keV *He?T ion beam of 100 epA. In this
test, the degree of fit is defined by dividing the sum of 3
axes of x2 by the sum of 3 axes of DOF. The thickness is
defined by dividing the weight by the area and density.
The upper and lower tables of Fig. 1 show the degree of
fit obtained from thickness of 1.9 and 34.6 pm, respec-
tively. From these results, irrespective of the thickness,
the measurement of PEM IH10 can be homogenized if
the gain and exposure time are optimized.

In order to revalue the beam orbit calculation method
after the optimization with respect to the thickness of the
he fluorescent agent, the degree of fit is examined using 4
beam intensities (124, 187, 196, and 308 epA) of 15.4 keV

thickness 1.9 pum  High €«— Gain (dB) ——— > Low

- 15 | 18 | 11 9 7 5
4 1/10]1.33 | 097 | 077 | 0.68 | 0.63 | 0.68

Exposuretime |1/20] 091 | 0.8 [ 069 | 065 |0.79 | 1.1

(SEC)shon¢ 1/38] 081 | 0.63 | 064 | 0.81 | 1.43 | 1.73

thickness 34.6 pm High «<—  Gain (dB) ——> Low

s 13 [ o] 7 5
long 4 i/10] 168 | 138 | 1.1 | 0.93 | 0.51 | 0.51

Exposuretime [1/20] 1.19 [ 0.94 [ 067 [ 0.490 | 0.64 | 1.04

(sec) 1/38]0.72 [ 056 [ 0.5 [0.79 [ 1.52 | 1.86
short

Fig. 1. Degree of fit compared with BPM when the thickness
of the fluorescence agent and the exposure time and gain
of the digital camera are varied. (top) thickness = 1.9 um;
(bottom) thickness = 34.6 pm.
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Fig. 2. Scatter plots showing the degree of fit of (left) (u, u’)
and (right) (w, w’) compared with EM_136.
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Fig. 3. Scatter plot showing the degree of fit of (u, w) com-
pared with a BPM set 107.5 mm behind EM _I36.

4He?*, 100 epA of 12.6 keV 2H* | and 214 euA of 12.8 keV
2H* by comparing the measurement of a 2D emittance
monitor® (EM_I36) set 6.2 m behind PEM_TH10 with
u and w coordinate axes perpendicular to the beam di-
rection. The angles of u and w are indicated by u’ and
w’, respectively. The left and right of Fig. 2 show the
scatter plot of the degree of fit of (u, u’) and (w, w’)
of EM 136, respectively. The u or w values of all sam-
ples are less than 4. However, 3 samples showed u’ or
w’ values are greater than 6, and their widths of angu-
lar distributions from the beam orbit calculations were
all smaller than those from the measurements for both u
and w.

On the contrary, Fig. 3 shows the scatter plot of degree
of fit of (u, w) of BPM set 107.5 mm behind EM _I36.
It is found that all the degrees of fit are less than 4.2.
This reason is not clear yet. We will check the tendency
with more data. On the whole, the results of beam orbit
calculation using 4D emittance measured by PEM IH10
agree with real beam orbit so that they are useful for
analysing real beam orbits.
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Non-thermal equilibrium effect on plasma window with large diameter

N. Ikoma,*!*2 Y. Miyake,*! M. Takahashi,*! H. Okuno,*! S. Namba,*? K. Takahashi,*?> T. Sasaki,*? and
T. Kikuchi*?

The disposal of high-level radioactive waste (HLW)
is a serious social problem. To address it, a transmu-
tation scheme of long-lived fission products (LLFP)
employing a high-power accelerator, which provides
deuteron beams of 400 MW, was proposed in the Im-
PACT Fujita program.”) In such a system, a beam win-
dow, which separates the accelerator and target region,
is considered one of the key issues. A plasma win-
dow (PW),?) which exploits a large pressure gradient
generated by an arc plasma filling the discharge chan-
nel, is considered a promising candidate. However, the
first PW invented by Hershcovitch? had an aperture
of 2.36 mm, while the beam-spot size required in our
case is 100 mm or larger.

Therefore, we developed a PW with a maximum di-
ameter of 20 mm, as shown in Fig. 1, and demonstrated
conductance reduction by the PW.?) Furthermore, a
comparison between the achieved cell pressure P,
and the pressure estimated from Eq. (1)4’5) suggested
that the gas (or heavy-particle) temperature T}, was
lower at larger diameters due to the low-input power
density.?)

160kTy, QL

Pcell = m 2
h

; (1)

where 1, k, mp, Q, r, and L are the viscosity of the gas,
Boltzmann constant, mass of gas particles, mass flow
rate, channel radius, and channel length, respectively.
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Fig. 1. Structure of the PW developed in this study.
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Fig. 2. T, vs. PW diameter.

In this paper, the typical electron temperature T,
was estimated based on the report that the axial elec-
tron temperature variation in cascade arc devices is
small.®7) The T, is described by the Spitzer formula:

InA 2/3
T~ | ——0 ,
(2 x 104 )
where o is the average electrical conductivity of the
plasma obtained from discharge current, voltage, and
geometry of the channel, assuming a uniform cylinder.
The Coulomb logarithm In A was assumed as 10.

In contrast with the tendency of the heavy-particle
temperature,® the estimated 7. shown in Fig. 2 was
almost constant regardless of the diameters. This may
indicate that the temperatures of electrons and heavy
particles attain a non-equilibrium state as the diameter
increases. Because T}, is the most important factor in
the performance of the PW as described by Eq. (1),
the non-equilibrium effect will be discussed with the
conductance-reduction effect of plasma ignition.

This work was supported by RIKEN Junior Re-
search Associate Program. Furthermore, this work was
funded by ImPACT Program of Council for Science,
Technology and Innovation (Cabinet Office, Govern-
ment of Japan).
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Status report on update of alarm system and control system of magnet
power supplies for RIBF

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

We report the following two improvements of the RIBF
control system. The first is the update of an alarm sys-
tem, which supports the stability of beam delivery. The
second is an improvement of the performance of the new
module for the control system of magnet power sup-
plies: NIO-C developed as a programmable logic con-
troller (PLC) module.

In the RIBF facility, an alarm system has been oper-
ated along with the beam interlock system (BIS).!)) We
have applied an alarm system mainly to signals indi-
cating abnormal conditions of hardware of the accelera-
tor facility that may adversely affect accelerator tuning.
We are monitoring the status of the following equipment
with an alarm system now:

(1) Vacuum pumps and valves associated with the
pump system, such as the on/off status of turbo
molecular pumps on beamline.

(2) Vacuum pressure at the cyclotrons and beamline.

(3) Various devices in the AVF cyclotron and its ion
sources, such as the on/off status of the radio fre-
quency (RF) system and status of current from the
magnet power supply for the main coil.

The numbers of signals from the equipment listed above
are 198, 74, and 18, respectively.

The alarm system has been operated using a tool in
the Control System Studio (CSS)? and the Best Ever
Alarm System Toolkit (BEAST).?) The BEAST is a dis-
tributed alarm system consisting of Alarm Server, a CSS
user interface (UI) for viewing current alarms, and a
relational database for configuration and logging. The
BEAST was first introduced in the RIBF control system
in 2012, and it has been actively used in recent times
at the AVF console in the RIBF control room. As the
AVF console was moved to a new location in the sum-
mer of 2019, we updated the platform that operates the
Alarm Server and relational database from a dedicated
PC to a server running CentOS 7 in a virtual machine
to ensure its stable operation. The BEAST was also up-
dated to the latest version. The latest version of the
CSS software has undergone major improvements over
the previous version in the connection method for exper-
imental physics and industrial control system (EPICS)%
process variables (PVs). We newly employed CSS ver-
sion 4.5.0 for the Alarm Server and PostgreSQL version
9.2.24 for the relational database, and CSS version 4.5.8
was newly installed on client PCs. In addition, with
reference to the case of KEK, EPICS PVs dedicated to
the alarm system are created separately from the EPICS
PV used to control the equipment. They are operated
on the EPICS input-output controller (IOC) dedicated
to the alarm system. Changing the EPICS PV often

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
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Fig. 1. Sample of the CSS UI for the BEAST operated at the
RIBF control system. A green signal indicates normal
operation, whereas red-highlighted signals are currently
outputting an alarm (except for the alarm history part).

requires a restart of the EPICS IOC, which may affect
beam delivery. The new system allows changing alarm
conditions during beam delivery without affecting the
beam delivery.

The second is related to the NIO-C successor devel-
oped as a PLC module in 2016.%) We reported in Ref. 5)
that we could successfully control 34 magnet power sup-
plies by using the NIO-C successor in the same manner
as the existing system, which uses the NIO-C developed
based on the Versa Module Eurocard (VME) bus. How-
ever, it became clear that the command processing time
of the NIO-C successor is longer with higher fluctuation
than that of VME-based NIO-C. While the command
processing time for one NIO-S was 11.8 ms on average
and fluctuated in the range of 11.7-11.9 ms in the VME-
based NIO-C system, the NIO-C successor system took
18.3 ms on average and fluctuated in the range of 4—
37 ms. The speed is too slow in actual accelerator oper-
ation. After investigation, we found that the slow speed
is caused by a logic of polling performed by NIO-C, which
is one of the important functions of the NIO system. By
improving the logic, the average command processing
time was shortened to 7 ms on average, and the fluctua-
tion range was narrowed down to 2.7-12.2 ms. The next
step is to determine whether the new system shows the
same performance in an actual operating environment,
in which several NIO-Ss are connected to one NIO-C.
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Power supply backup system for injection and extraction magnets of
cyclotrons

K. Kumagai*! and N. Fukunishi*!

A large number of electromagnets are used to acceler-
ate ion beams in the RIBFY. For example, in the case of
the uranium-beam machine time, there are 500 electro-
magnets from RILAC2 to the end of SRC through RRC,
fRC, and IRC, each of which is excited by a DC power
supply with high current stability. As a high-quality
beam cannot be emitted unless all power supplies are
available, it is important to perform the regular mainte-
nance of power supplies and to consider how to handle
them if a failure occurs. In particular, in the case of
a failure during the machine time, it is necessary to re-
store the power supply as quickly as possible to minimize
downtime.

If any power supply fails, we attempt to repair it first.
However, if the defective part cannot be identified im-
mediately, the part is estimated to take time to repair,
or a replacement is not at hand, it is necessary to con-
sider whether another power supply can be used. As
power supplies with relatively low output current, such
as those for quadrupole magnets and steering magnets,
have relatively small chassis and are easy to handle, it is
easy to replace them with the same type of power supply
used for other beam courses. Since the output current
of the power supply for the trim coil and the dipole is
not very large, about 500 A at maximum, it is possi-
ble to substitute a power supply for other courses. On
the other hand, the main coil power supply for the four
cyclotrons (RRC, fRC, IRC, and SRC) typically has an
output of several hundred to several thousand amperes
and several hundred volts, and no power supply can be
replaced. Therefore, in the event of a failure, it is nec-
essary to repair this power supply; therefore, we prepare
as many spare parts as possible.

Each cyclotron has 4 to 5 injection magnets and 3 to
5 extraction magnets. These magnets require extremely
high current of approximately 1000 A to 3500 A and
various voltages ranging from 20 V to 120 V. Despite the
large number of power supplies, the power supply chassis
are large and need many thick output-current cables;
therefore, it is difficult to relocate the power supply after
a failure occurs. Therefore, a plan has been considered in
which a power supply that can be replaced in the event
of a failure is arranged at an appropriate place and used
as a replacement for as many injection/extraction power
supplies as possible by adding partial temporary wiring.

The fRC-EBM power supply, a power supply for the
fRC Extraction Bending Magnet manufactured in 2012,
was designed to be operated in the dual pattern of large
current-low voltage (2800 A—65 V) and medium current-
medium voltage (1500 A-100 V) in anticipation of use
as an alternative power supply. The thyristor rectifi-
cation part of the power supply is equipped with two
units, which can be connected in parallel or series, and
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Fig. 1. Wiring layout of the backup power supply for the
injection/extraction magnets of RRC and IRC.

the voltage-current ratio can be changed. In addition,
the transistor driver is prepared in two patterns having
different control constants. In 2014, we reassigned the
power supply as that for the DAKR magnet on the IRC-
E5 beam line, which is operated several times a year, and
wired it so that it could be used as an alternative power
supply for injection and extraction magnets of the RRC
cyclotron (hereafter referred to as “backup power sup-
ply”). In 2019, the wiring was extended so that it could
be used as a substitute for the power supply for injection
and extraction magnets of the IRC cyclotron if a failure
occurs. Figure 1 shows the current wiring layout of the
backup power supply.

A malfunction of the RRC-EBM1 power supply oc-
curred on November 13, 2019 during a preparation pe-
riod for uranium machine time. It was caused by the
failure of a shunt made of zeranin, a low-resistance alloy
for high-precision current detection, immersed in cool-
ing water and had been used since the power supply was
manufactured in 1985. It was expected that it would
take about a week to remove the failed shunt, install
the DCCT, replace the accompanying control boards,
and make overall adjustments. Therefore, we imme-
diately decided against repairing, switched the RRC-
EBM1 magnet to the backup power supply, and resumed
operation on the same day.

In addition, to enable the immediate use of the alter-
native power supply in case of trouble, we installed AC
400 V power receiving equipment, cooling water piping
for the alternative power supply, and wiring for the DC
current output in various places. In this manner we are
preparing to maintain the machine time.

Reference
1) Y. Yano, Proc. PAC07, TUYKI0Z2, 700 (2007).
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Improvement of beam stability by stabilizing the cooling-water
temperature for the main and trim coils of IRC

R. Koyama,*'*2 T. Maie,*! K. Kumagai,*! and N. Fukunishi*!

Thermal stability is highly important for the stable
operation of RIBF with a high-intensity beam. It makes
the beam trajectory in a cyclotron stable and thereby
reduces the heat load due to beam loss on the septum
of the electrostatic deflection channel (EDC), especially
of SRC. Consequently, the beam-tuning for obtaining a
high-intensity beam is facilitated.

The periodic fluctuation of the heat load on SRC-
EDC has been observed with high-intensity beams such
as 345 MeV /nucleon 2*®U since 2017. It has been the
fastest and most effective method to adjust the rf volt-
age and/or phase of RRC and/or fRC to suppress the
increase in heat load, but such an adjustment has a
negative impact on the improvement of overall beam-
transmission efficiency.

An investigation performed at the end of 2018 clar-
ified that the period of such heat-load fluctuations is
synchronized with the fluctuation period of the cooling-
water temperature for the main and trim coils of IRC
(upstream cyclotron of SRC). This synchronization is
caused by the periodic movement of the temperature-
regulating valves for the secondary cooling water of these
coils with 0-100% opening, which results from some kind
of failure of the temperature control system.

In a 2019 operation of a 345 MeV /nucleon 238U, the
temperature of both the primary and secondary cooling
water of the main and trim coils of IRC were drastically

stabilized by fixing the valve openings to 50%, and the
resulting extraction beam from IRC was stabilized.

The correlation between the values before and after
improvement are shown in the left and right part of
Fig. 1, respectively, where the details are as follows (the
itemization corresponds to that in Fig. 1):

a) Temperature of the primary cooling water for the
main and trim coils of IRC. The fluctuation ranges
of both were improved from ~6°C to 0.2°C.

b) Rising temperature of SRC-EDC due to the beam
loss. It was improved from 8 £+ 1°C to 6 + 0.5°C.

¢) Opening of temperature-regulating valves for the

secondary cooling water of the main and trim coils
of IRC. They were fixed to 50% for stabilization.

Stability of the beam intensity and phase observed

by the phase probe K01 (~5 m downstream from

IRC). The fluctuation range of beam intensity is

improved from 8% to 3% and that of beam phase is

improved from 0.1 ns to 0.01 ns.

The improvement of the thermal stability of IRC made
the extraction beam from IRC and the beam trajectory
in SRC stable, and thereby, a tuning procedure for the
suppression of heat load on SRC-EDC consistent with
the overall beam-transmission efficiency has been facil-
itated. Consequently, we achieved the highest intensity
thus far of 94 particle nA for 345 MeV /nucleon 233U
which is also attributed to other continuous efforts.
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Fig. 1. Stabilizing effect of cooling-water temperature for the main and trim coils of IRC in a
345 MeV /nucleon 2**U operation. The data acquired before and after stabilization are indicated

on the left and right part, respectively.

*1 RIKEN Nishina Center
*2 SHI Accelerator Service Ltd.
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Interlock signal application from radiation monitoring ion chamber for
SRC

M. Nakamura,*! K. Yamada,*! A. Uchiyama,*! H. Okuno,*! and M. Kase*!

Recently, we attempted to monitor the radiation due
to beam loss in the RIBF using ionization chambers
(ICs)."?) Usually, we investigate the radiation from the
electrostatic deflection channels (EDC) at RRC, fRC,
IRC, and SRC.?) On the other hand, the intensities of
the ion beams generated by RIBF increase in every year.
Accordingly, the management of the beam loss at impor-
tant positions in RIBF is increasingly important for safe
and efficient operation of RIBF. In this study, we investi-
gated the IC signal near the EDC of SRC and attempted
to input the alarm signal from this IC to the beam inter-
lock system (BIS) of RIBF in the user time of a 238786+
beam.

Usually, the alarm levels of the ICs are determined
by comparing the signals from the ICs with those from
thermocouples set at the septum of the EDC of SRC.%
Hence, the temperatures of the first septum were com-
pared with the signals of the IC set near the EDC of SRC
from October 15 to December 10 in 2018. The results
are shown in Fig. 1. The data demonstrated little dis-
persion, and we can obtain a calibration curve (red line).
From this curve, we can recognize that the voltage of the
IC became approximately 1.1 V when the temperature
of the first septum became 42°C.%

From November 12 to December 6 in 2019, the
Z8UB6H jon beam was accelerated to 345 MeV /nucleon.
Before this acceleration time, we set the alarm level of
IC at 1.1 V to the BIS.

Investigations were performed during this term by in-
putting the alarm signal to the BIS. However, in this
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Fig. 1. Correlation between the IC voltage and the temper-
ature of the first septum of EDC.

*1  RIKEN Nishina Center
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Table 1. Frequencies of troubles for which the BIS was en-
gaged during the acceleration of the 23¥U%%* beam in
2019.

SRC-EDC-ARC 1080
RF-Tr 450
PS-Tr 375

BF-Tr 282
Others 1614
Total 3801

term, we could not observe signals stronger than 1.1 V,
which was the estimated alarm level. Consequently the
BIS from IC near the EDC did not act in this time.
From these results, we could consider that the operation
of the SRC in this term was completed favorably.

Subsequently, we investigated the frequency at which
the BIS of all RIBF systems was engaged from Octo-
ber 23 to December 10 in 2018. In this term, BIS was
engaged 19049 times. This result shows that BIS was en-
gaged about 389 times per day. On the other hand, from
November 12 to December 6 in 2019, BIS was engaged
3801 times. This result shows that BIS was engaged
about 152 times per day. By comparing these two re-
sults, we could recognize that the operations of RIBF in
2019 were completed more safety and efficiently than in
2018.

Next, we investigated the type of alarm signals put
into BIS during the acceleration of the 233U8+ beam in
2019. BIS engagement via arc discharge at the EDC of
SRC (SRC-EDC-ARC) was observed most frequently.
BIS engagement due to a trouble of RF (RF-Tr) had
the second-highest frequency. BIS engagement due to
troubles of a power supply in RIBF (PS-Tr) and due to
troubles of baffles (BF-Tr) were also frequently observed.
The frequencies of these troubles are listed in Table 1.

Considering these results, we will investigate the cor-
relation of the IC voltage and the conditions under which
the arc discharge at the EDC of SRC is generated in the
next step. Subsequently, we will re-examine the alarm
level of IC.

References

1) M. Nakamura et al., RIKEN Accel. Prog. Rep. 52,114
2) M. Nakamura et al., RIKEN Accel. Prog. Rep. 51, 139
3) M. Nakamura et al., RIKEN Accel. Prog. Rep. 50, 152
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Nishina RIBF water-cooling system operational report 2019

T. Maie,*! K. Kusaka,*! Y. Watanabe,*! E. Ikezawa,*! M. Oshima,*? H. Shiraki,*?> H. Hirai,*> K. Kobayashi,*?
and J. Shibata*3

Operation condition

In 2019, the cooling systems of Nishina and
RIBF were operated for a slightly longer pe-
riod than the accelerators.  Excluding some in-
stallation that was run continuously, RIBF’s cool-
ing systems were operated for approximately four
months. Furthermore, Nishina’s cooling systems AVF-
standalone, AVF+RRC, AVF+RRC+IRC, and RI-
LAC II+RRC+GARIS-II were operated for approxi-
mately eight months.

No huge troubles that could cause the long-term in-
terruption of accelerator operation occurred, and the
cooling systems operated stably with the exception of
some minor problems.

Trouble report

Many issues occurred because of the cooling systems,
and all of the inverters were unexpectedly renewed ow-
ing to these issues. There was a malfunction of the
bearing of the cooling water pump motor, an issue with
the control valve of cooling water for stable supply, and
a failure of the inverter for the cooling-water pump due
to aging.

Periodic maintenance

(1) Cleaning of the cooling towers

(2) Inspection and overhauling of the cooling-water
pumps

(3) Inspection of the inverter for the RIBF cooling-
water pumps

(4) Replacement of some superannuated hoses,
joints and valves used in the system

(5) Cleaning of the strainers and filters used in the
deionized water production system

(6) Extension of the sensing wires of the water-
leakage alarm to floors of new areas

(7) Flushing work of the cooling-water pipe that was
blocked by dirt

New installations and improvememts

The cooling systems for the superconducting RI-
LAC, which had been constructed in the previous year,
started operation for commissioning. In addition, new
cooling systems, which were built for increasing the

*1  RIKEN Nishina Center
*2 Nippon Air Conditioning Service Co., Ltd.
*3  SHI Accelerator Service Co., Ltd.

.
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Photograph of the RRC Cooling capacity augment equip-
ment

cooling capacity of RRC and for stabilizing the cooling-
water temperature of RRC was safely completed in
March 2019. While the implementation of new sys-
tems has not started yet, reasonable data could be ob-
tained during the trial operation. It is expected that
a progress report concerning implementation will be
available in the next year.

References
1) T. Maie et al., RIKEN Accel. Prog. Rep. 51 (2017).
2) T. Maie et al.,, RIKEN Accel. Prog. Rep. 52 (2018).
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Development of ZeroDegree Large Acceptance Dispersive mode

H. Takeda,*! N. Fukuda,*! H. Suzuki,*! Y. Shimizu,*! D. S. Ahn,*! T. Komatsubara,*' N. Inabe,*! K. Yoshida,*!
S. Chen,*?*3 M. Wada,*3 A. Takamine,*! P. Doornenbal,*! and R. Tsunoda**

The ZeroDegree spectrometer?) is an RI-beam delivery
line following the BigRIPS separator.?) Four operating
modes are provided: two achromatic and two dispersive
modes with different momentum resolutions and accep-
tances. Among them, the Large Acceptance Achromatic
(LAA) mode is the standard one, and most experiments
have been conducted in this mode so far.

A parasitic experiment is proposed using ZeroDegree,
where the online commissioning of a SLOWRI gas
catcher and a multi-reflection time-of-flight mass spec-
trograph (MRTOF-MS) located at the final focal plane
F11 will be performed symbiotically with other Zero-
Degree experiments. For this purpose, mono-energetic
beams are desired to improve the stopping efficiency be-
cause the material thickness of a gas cell is very thin.

In order to realize such beams, a straight-forward solu-
tion is to employ a mono-energetic wedge degrader at the
dispersive focal plane (F9 or F10) in the standard LAA
mode. However, transmission loss due to the degrader
may be a problem. Another option is to use a disper-
sive mode of ZeroDegree with a mono-energetic degrader
located immediately before the gas cell to minimize the
transmission loss. Both the previously prepared disper-
sive modes (MRD and HRD') are undesirable because
they have a smaller acceptance compared to the LAA
mode as a result of aiming at a high momentum resolu-
tion. Thus, a new dispersive mode with a larger accep-
tance, named the Large Acceptance Dispersive (LAD)
mode, was developed. Figure 1 shows the first-order ion
optics in the LAD mode of ZeroDegree. The horizon-
tal acceptance and momentum resolution p/Ap are £35
mrad and 2100, respectively, while they are +20 mrad
and 4200 for the MRD mode and £10 mrad and 6500
for the HRD mode, respectively.

A machine study with a 8°Zn beam produced by the
in-flight fission of a 233U beam at 345 MeV /nucleon with
a 4 mm-thick Be target was conducted to examine the
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Fig. 1. First-order ion optics in the LAD mode of ZeroDegree
in the horizontal (X) plane. Red, green, and blue curves
correspond to the momentum deviation § = —1.5, 0, and
1.5%, respectively.
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Table 1. Measured (Exp.) and designed (COSY) F8F11
first-order transfer matrix elements in the LAD mode.
The units are mm, mrad, and % in z, a, and d, respectively.

(zlz) (xzla) (alz) (ala) (z[0) (a]d)
Exp. 102 027 035 080 203 —549
COSY 1.0 0.0 00 1.0 210 0.0

pid acgB11c long zi1lic long (True)

32

30

brips.pid.z i Tic_bt811_long.Z (arb)
28

25

26 27
brips. pd.aoq brhod 1 1_beta811_long.AcC (arb)

Fig. 2. Z versus A/Q plot measured in the ZeroDegree LAD
mode. The 8Zn beam is clearly separated.

LAD mode. The LAA mode with a mono-energetic de-
grader (LAAmono mode) was also tested® in the same
machine study. We report the results for the LAD mode
here.

The RI beam was identified and tagged® in the Big-
RIPS separator and delivered to the ZeroDegree spec-
trometer. We first measured the transfer matrix ele-
ments in the LAD mode. The results are summarized
in Table 1 and compared with the designed values calcu-
lated by COSY INFINITY. The main features are well
reproduced.

By using these matrix elements, particle identification
was performed independently in the ZeroDegree spec-
trometer. The measured Z versus A/(Q particle identifi-
cation plot is shown in Fig. 2. The A/Q resolution was
measured at narrow (£0.1%) and wide (£3%) momen-
tum slit settings. The results were 0.15% and 0.17%
in o, respectively. Higher-order aberration correction
is required to reach an expected value of 0.05% esti-
mated from detector resolutions and ion-optical param-
eters. Analysis is in progress.

The transmission efficiency was also measured by com-
paring the number of 89Zn with BigRIPS and Zero-
Degree. The results were 85.5% (narrow) and 70.2%
(wide). The transmission losses mainly occur at F10,
where the beam spreads for a large momentum devia-
tion (J) (see Fig. 1). The readjustment of ion optics is
necessary to reduce the beam spread.

References

1) T.Kubo etal., Prog. Theor. Exp. Phys. 2012, 03C003 (2012).

2) T. Kubo, Nucl. Instrum. Methods Phys. Res. B 204, 97
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3) S. Chen et al., in this report.

4) N. Fukuda et al., Nucl. Instrum. Methods Phys. Res. B
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Large-acceptance achromatic mode with mono-energetic wedge
degrader for ZeroDegree spectrometer

S. Chen,*!*2 H. Takeda,** M. Wada,*? P. Doornenbal,*® D. S. Ahn,*® N. Fukuda,*? S. Ilimura,*? H. Ishiyama,*?
J. Liu,**2 M. Rosenbusch,*? P. Schury,*? Y. Shimizu,*® H. Suzuki,*® A. Takamine,*®> and K. Yoshida*?

An experiment was proposed to achieve the online
commissioning of the SLOWRI gas catcher and multi-
reflection time-of-flight (MRTOF) mass measurements
symbiotically with in-flight experiments using the Ze-
roDegree spectrometer.’) A 50-cm-long cryogenic He gas
cell will be placed downstream of the F11 chamber to
provide low-energy radioactive isotopes from the ener-
getic radioactive isotope (RI) beams of ZeroDegree. For
ZeroDegree, the typically used large-acceptance achro-
matic (LAA) mode provides beams with a large energy
spread at the F11 focal plane, resulting in a relatively
low stopping efficiency (~1%) in the gas cell. In or-
der to improve the stopping efficiency, mono-energetic
beams are prefered. Two ion optic settings were pro-
posed to make such beams: the large-acceptance disper-
sive (LAD) mode? and the LAA mode with a mono-
energetic wedge degrader (LAAmono). The transmis-
sion efficiencies and particle identification resolutions
were investigated for both modes. Herein, we report
the results of the LAAmono mode.

A test was performed with a typical experimental con-
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Fig. 1. (a) ZeroDegree setup for the LAAmono mode. (b)
Energy distributions of 3°Zn before (left) and after (right)
the F10 wedge degrader.
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Fig. 2. Particle identification plots from the LAA mode (left)

and LAAmono mode (right). The ®°Zn isotopes are indi-

cated by the red ellipse in both plots.

dition for an in-beam gamma-ray experiment. A com-
bination of a 345 MeV /nucleon 238U primary beam and
a 4-mm-thick °Be target was used to produce radioac-
tive beams around "?Cu at ~270 MeV /nucleon. Both
BigRIPS and ZeroDegree were tuned for the 8°Zn iso-
topes. The LAA and LAAmono mode were applied in
turns for the ZeroDegree spectrometer. In the LAA-
mono mode, an Al wedge degrader with an angle of
20.8 mrad and a center thickness of 2.85 mm was em-
ployed at the momentum-dispersive focal plane (F10) of
the standard LAA mode, as shown in Fig. 1(a). The
energy distribution of 8°Zn isotopes after the wedge de-
grader [Fig. 1(b) right] shows a good mono-energetic
property. A stopping efficiency of ~5% in the gas cell
was estimated from this distribution.

The particle identification (PID) for both modes was
performed using the time of flight from F8 to F11, re-
constructed Bp between F8 and F10, Bp between F10
and F11, and AFE measured using the F11 ionization
chamber. The PID plots from both modes are shown
in Fig. 2. The one from the LAAmono mode exhibits
a resolution slightly worse than the one from the LAA
mode, but the resolution was sufficient to separate all
the different isotopes well. The transmission efficiencies
of ZeroDegree were studied by comparing the statistics
of the 8°Zn isotopes in BigRIPS and ZeroDegree PID
plots. The LAAmono mode keeps 95% efficiency in com-
parison with the standard LAA mode in this test exper-
iment. This efficiency is consistent with the value esti-
mated from LISE++ calculations, which suggests that
the main loss originates from the reaction losses in the
wedge degrader.

References
1) M. Wada, RIKEN Proposal NP1912-RIBF176.
2) H. Takeda, in this report.
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New ion-optical operating modes of BigRIPS and ZeroDegree
spectrometer for production and separation of high-quality rare
isotope beams and high-resolution spectrometer experimentst

H. Takeda,*! Y. K. Tanaka,*? H. Suzuki,*! D. S. Ahn,*! B. Franczak,*? N. Fukuda,*! H. Geissel,*?
E. Haettner,*? N. Inabe,*! K. Itahashi,*! T. Komatsubara,*! T. Kubo,*"*3 K. Kusaka,*! S. Y. Matsumoto,**
D. Murai,*! T. Nishi,*! M. Ohtake,*! C. Scheidenberger,*? Y. Shimizu,*! T. Sumikama,*! H. Ueno,*!
T. Uesaka,*! Y. Yanagisawa,*! and K. Yoshida*!

BigRIPSY is a powerful two-stage in-flight separator
that has been used for frontier experiments with exotic
nuclei for more than a decade. The ion-optical sys-
tem is very versatile owing to the multi-stage structure
of BigRIPS combined with the ZeroDegree spectrom-
eter?) or the Superconducting Ring Cyclotron (SRC).
Various optical modes can be flexibly realized accord-
ing to the purpose of experiments. Two categories of
developments are presented here.

One is a new operating mode of BigRIPS aiming at
a higher ion-optical resolving power. BigRIPS itself
has a two-stage structure consisting of FO-F2 and F3-
F7 with a matching section F2-F3 in between. In each
stage, the isotopic separation of projectile fragments
at an overall achromatic focus is performed in the Bp-
AE-Bp operation with an achromatic energy degrader
positioned in a dispersive focal plane. In principle, the
two stages act independently and their isotopic sepa-
ration powers can be added or subtracted depending
on the sign of the optical magnification in the match-
ing section F2-F3. In the standard operating mode of
BigRIPS, the two spatial separations with energy de-
graders are subtractive. The ion-optical solution for
adding the Bp-AE-Bp separation power (the additive
mode) is obtained by adding an z-focus at F2.5. The
spatial-separation performance of the standard and ad-
ditive modes of BigRIPS is demonstrated in the sim-
ulation with different combinations of achromatic F1-
and F5-degraders. With the resulting increased spatial
separation power, the isotopic background can be sub-
stantially reduced. On the other hand, the standard
mode has a slightly better overall transmission and is
superior in providing an isotope cocktail focused on a
small-area detector or a secondary target. One can
favorably use either the standard or the new additive
mode depending on the experimental requirements and
priorities.

Higher ion-optical resolving powers of the first and
second BigRIPS stages are also investigated with the
goals of further reducing the background and yielding

T Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 463, 515 (2020)
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access to new isotopes of heavier elements. First, the
resolving power of the second stage was doubled (the
high-resolution Ddouble mode®)). Improved particle
identification was confirmed by the first test experi-
ments. The simulation of a test case indicated that the
increased resolving power of both the first and second
stages in the additive mode can reduce the background
to a large extent. The actual use of the proposed and
prepared additive, standard, and higher-resolution ion-
optical modes primarily depends on the detailed goals
of future BigRIPS experiments.

The other development is a dispersion-matched sys-
tem with BigRIPS for high-resolution spectrometer ex-
periments. The BigRIPS and ZeroDegree spectrome-
ter are presently two independent, coupled achromatic
systems. A new dispersion-matched mode of BigRIPS
and ZeroDegree will enable novel experiments. In this
experimental scenario, the F8 focal plane is disper-
sive and accommodates the secondary target. The sec-
ondary target can be viewed, e.g., by the y-ray detector
array, and thus, high-resolution momentum measure-
ments after a removal reaction can be performed at
F11 in coincidence with ~-spectroscopy.

For high-resolution spectroscopy experiments with
high-intensity light projectiles, SRC and BigRIPS can
be operated as a dispersion-matched system. In this
mode, the dispersive beamline from SRC to FO and the
BigRIPS stages up to F5 form an overall achromatic
system. The momentum spread of high-intensity pri-
mary beams from the SRC is canceled in the position
spectra at F'5, for instance, in the experiments study-
ing pionic states. The first experimental tests of the
proposed ion-optical mode have been successfully per-
formed.

The described different ion-optical developments will
be a base for novel BigRIPS experiments with exotic
nuclei and mesic atoms, and thus, contribute to a bet-
ter understanding of the strong interaction and prop-
erties of hadronic matter.
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Purification of slowed-down RI beam

T. Sumikama,*! D. S. Ahn,*! N. Fukuda,*! N. Inabe,*! T. Komatsubara,*! K. Kusaka,*! M. Ohtake,*!
H. Sakurai,*! Y. Shimizu,*! H. Suzuki,*! H. Takeda,*' Y. Yanagisawa,*! K. Yoshida,*! M. Dozono,*? N. Imai,*?
S. Michimasa,*? R. Tsunoda,*!*2 Y. X. Watanabe,*> M. Hausmann,** and O. Tarasov*>*>

The purity of a slowed-down RI beam at the sec-
ond stage of the BigRIPS separator®) is important for
particle identification (PID) under the condition of a
total rate of 10° pps or higher.?) High-purity slowed-
down RI beams are desirable for experiments at Bi-
gRIPS and the OEDO beamline.?) A high-intensity pu-
rified slowed-down exotic RI beam (HIPSER) concept
is proposed to obtain high-intensity and high-purity
RI beams using two-stage separation with two thick
wedge degraders before measurement using beamline
detectors for PID. The HISPER concept consists of
three technical components:

(1) purification of the RI beam using the two-stage
separation,

(2) two-step momentum compression, and

(3) transport of three charge states coupled with
PID using a time-of-flight (TOF) measurement
after the purification.

In this report, we focus on the RI-beam purification.
An experiment to verify the HIPSER concept was
performed using a '°"Pd beam produced with the Bi-
gRIPS separator at RIKEN RIBF. The '°“Pd beams
were separated at the first stage of BigRIPS using a
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Fig. 1. Horizontal-position distributions of °"Pd and its
isotones at F3. The results of °Ru, 1°°Rh, °7Pd,
108 A and '°°Cd are shown by the green-dashed, black-
dashed, red-solid, black-solid, and green-solid lines, re-
spectively.
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wedge degrader with a thickness of 4.5 mm at F1 and
the F2 slit with a +5-mm setting. The thickness-to-
range ratio (d/R) was 0.47. The energy was slowed
down from 254 to 174 MeV /nucleon. The contami-
nants at F2 were isotones of °7Pd, since the horizon-
tal position zys of 197Pd at F2 were the same as those
of the isotones. Figure 1 shows zpg distributions of
105Ry, 196Rh, 197Pd, 198Ag, and '°°Cd beams mea-
sured at F3. The positions at F2 and F3 show the
relation, xp3 = —zre. The central values of the zps
distribution for these RI beams were the same.

With a thicker wedge degrader at F5, the °7Pd
beam could be separated from its isotones.'?) The sec-
ond wedge degrader at F5 had a thickness of 3.5 mm
(d/R = 0.69). The F7 position xp7 of the 1°"Pd beam
was separated from the isotones, as shown in Fig. 2.
By setting the F'7 slit as —10 mm < zp7 < 4+5 mm, the
purity of 1°“Pd was obtained as 32%. The beam energy
between F5 and F7 was 78 MeV /nucleon. The TOF
measurement for the three charge states was performed
at the ZeroDegree spectrometer. The charge-state sep-
aration at the ZeroDegree spectrometer, influence of
higher-order aberration, and beam-energy broadening
due to energy-loss straggling will be investigated in a
future analysis.
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Thermal model simulation of high-power rotating target for BigRIPS
separator

K. Yoshida,*! Z. Korkulu,*! Y. Yanagisawa,*! and T. Kubo*!

A realistic thermal-model simulation is particularly
important to evaluate the beam-power tolerance of the
high-power rotating target system of BigRIPS separa-
tor,’?) which has been successfully operating at RIBF
since 2007. The target system was designed to withstand
a beam power of 82 kW, which corresponds to the goal
beam intensity of 1 particle uA (puA) for a 238U beam at
345 MeV /nucleon. The available beam intensity at RIBF
was 13 kW so far, less than 20% of the goal. Therefore,
thermal-model simulations were utilized to estimate the
thermal behavior of the target system for high-intensity
beams from the observation at lower beam intensities.

Many efforts! ® have been devoted to the thermal
model simulations of the target systems with finite-
element ANSYS code. In the simulations, the rotat-
ing target was modeled using a mass transport option
of ANSYS9 to describe the rotating motion. The model
worked fine at the design stage? but has been less us-
able because a recent version of ANSYS limits the use of
mass transport only for motion slower than the thermal
diffusion speed. Since the rotating target distributes the
heat load by a fast rotating motion, the restriction pre-
vents the simulation in the operational condition of the
rotating target.

A new model of the rotating target was developed to
avoid the restrictions. In the new model, the target itself
is fixed, and a heat source moves along the circumference
of the target. Asshown in Fig. 1, many heat sources with
a square shape of 1 mm by 1 mm were defined along the
circle of the beam trajectory, and each source was ex-
cited by a heat load at a slightly different timing along
the trajectory. Thus, the rotation of the heat source was
successfully accounted for in the transient thermal calcu-
lation of ANSYS. In order to obtain the temperature dis-
tribution of a rotating target at the steady state, we have

rotating target
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Time steps in a calcﬂg_t‘_i‘gn
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Fig. 1. Model of the rotating target. Graphs are the time
structure of heat loads applied to heat source cells.
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Fig. 2. Temperature distribution of the rotating target for
irradiation with a 2**U beam at 345 MeV /nucleon, 1 puA.

to simulate whole thermal equilibration process starting
with the room-temperature target. More than 400 ro-
tations of a spot heat source were necessary to obtain
the saturation of the temperature. This process can be
shortened by starting with the temperature distribution
of a time-averaged heat source, which was calculated by
steady-state thermal calculations with a time-averaged
circular heat source. A nearly steady temperature dis-
tribution was obtained after 3—4 rotations of the spot
heat source in this case.

A simulation for the case of a 38U beam at an energy
of 345 MeV/n and 1 ppA impinging on a 2-mm-thick
Be target was performed, and the resulting temperature
distribution is shown in Fig. 2. Heat transfer coefficients
of 10.5 and 3 kW/m? K were used for thermal contacts
between the cooling water and cooling disk and between
the cooling disk and Be target, respectively. As shown in
Fig. 2, the highest temperature of 1230°C indicated by
the “Max” label was obtained at the beam spot. Start-
ing at the beam spot, the high-temperature region was
spread along the beam trajectory. The calculation shows
that the Be target does not melt in the heat of the beam
since the melting point of Be is 1287°C. The maximum
temperature of the calculation for 22U beam at 30 pnA
was 66°C, which is consistent with the measured tem-
perature of 63.6°C at RIBF. Thermo-mechanical calcu-
lations are in progress to check the thermal deformation
or destruction of the target.
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Incidents involving the DMT3 magnet in the beam transport line from
SRC to BigRIPS

K. Kusaka,*! K. Yoshida,*! M. Ohtake,*! and Y. Yanagisawa*!

After the October 2017 incident, wherein the lower
correction coil in the DMT3 magnet in the “T-course”
beam line was damaged,!) a new lower correction coil was
fabricated at Toshiba and installed in DMT3 in March
2018. In addition to repairing the correction coil, we re-
newed its water-cooling channels such that the cooling-
water lines of correction-coil pancakes are independent
from those of the main-coil pancakes. The DMT2 mag-
net, which is a ‘“2-Tesla” resistive-type dipole magnet
identical to DMT3, was also improved in the water-
cooling design. A 80 beam at 230 MeV /nucleon and
238U beam at 345 MeV /nucleon were safely transported
to the BigRIPS target via the “T-course” beam line with
the DMT2 and DMT3 magnets in 2018.

When we improved the cooling-water piping, we
flushed all the cooling channels in DMT2 and DMT3
coils. Every pancake of the main and the correction coils
was flushed with compressed air and water. We found a
considerable amount of black powdery impurities in the
water that rinsed all the cooling channels. The compo-
sition of the impurities was analyzed using an electron
probe micro analyzer (EPMA), and we found that the
impurity was mostly copper-oxide crystals. The amount
of the impurities we extracted from the non-damaged
upper correction coil of the DMT3 magnet was 0.8 g.

We investigated the cooling-water channel in the dam-
aged correction coil by cutting the coil conductor. We
cut the damaged coil into 11 pieces. Figure 1 shows,
as an example, a cross section of the correction coil cut
at a saddle-shaped coil end. Although we found no no-
table evidence of blockage by impurities, it is likely that
a shortage of heat removal due to poor cooling-water flow
in the correction coil damaged the epoxy isolation.

A Kr beam and '?*Xe beam at 345 MeV /nucleon
were transported and RI beam experiments were suc-
cessfully performed in the early summer 2019. However,
at the beginning of the uranium beam time in Novem-
ber 2019, we again faced a similar incident, wherein the
upper correction coil in the DMT3 magnet was dam-
aged. The DMT2 and DMT3 magnets were excited with
currents of 596 A and 594 A, respectively. However,
the total excitation voltage of the DMT3 magnet was

Fig. 1. Cross section of the damaged lower correction coil at
the saddle-shaped coil end.

*1 RIKEN Nishina Center

4

Fig. 2. Damaged upper correction coil of the DMT3 magnet.

131.6 V, which was about 10 V lower than the voltage
of the DMT2 magnet (141.2 V). Furthermore, the tem-
peratures of the cooling-water outlet of the upper and
lower correction coils of the DMT3 magnet were 20.5°C
and 40.1°C, respectively. We concluded that the upper
correction coil in the DMT3 magnet was short-circuited.

In order to complete the beam service successfully, we
isolated the upper correction coil from the excitation cir-
cuit, as we had done in 2017. The DMT3 magnet was
re-excited while monitoring the voltage of each coil pan-
cake.

Furthermore, we introduced an additional auxiliary
DC power supply in the DMT3 excitation circuit in a
parallel connection. Water-cooled protection diodes were
also used for safety. We excited the DMT3 magnet us-
ing two power supplies with currents of 110 A and 536 A
so that the uranium beam was safely transported to the
BigRIPS target from SRC. After 2 days of beam-time
suspension, scheduled experiments were performed till
December 6. At the end of the beam time, we tested the
transportation of the uranium beam using the DMT3
magnet without correction coils. We excited only the
main coils of DMT3 magnet using two power supplies
with currents of 110 A and 563 A. We confirmed that
the uranium beam focused on the BigRIPS target well
and the main coils were well cooled with a sufficient wa-
ter flow.

We investigated the upper correction coil by insert-
ing a fiberscope CCD camera into the space between the
main coils of the DMT3 magnet after the beam time.
Damage was found at the position of the second coil sup-
port from the beam exit side. Figure 2 shows the damage
on the outer circumference of the upper correction coil.
The origin of the incident is under investigation.
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First confirmation of stopped Rls at parasitic gas cell with new
approach

T. Sonoda,*! 1. Katayama,*! M. Wada,*? H. limura,*® V. Sonnenschein,** S. limura,*! A. Takamine,*!
M. Rosenbusch,*? T. M. Kojima,*! D. S. Ahn,*! N. Fukuda,*! T. Kubo,*! S. Nishimura,*! Y. Shimizu,*!
T. Sumikama,** H. Suzuki,** H. Takeda,*! M. Tanigaki,*® H. Tomita,** K. Yoshida,*! and H. Ishiyama*!

We are developing a scheme of parasitic low-energy
RI-beam production (PALIS)Y in the second focal
chamber (F2) of BigRIPS to establish the effective uti-
lization of rare isotopes and to perform comprehensive
measurements of the physical properties of exotic nu-
clei.

From previous experimental results,? we figured out
that very intense radiation stays around the high-
energy beam passage in F2. Under an intense radiation
environment, a strong plasma can easily be created in-
side the PALIS gas cell, which prevents the stopped Rls
from proper extraction. Therefore, we applied a new
approach to transport the stopped Rls from the strong
plasma via a long gas tube towards a lower-radiation
environment. This concept is similar to the “helium-
jet” technique, but the present approach does not use
aerosols. In this beam time, we investigated the feasi-
bility of this new approach by using alpha emitters pro-
duced by projectile fragmentation via a uranium beam
and beryllium target.

Figure 1 shows a schematic of the experimental setup.
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Fig. 1. Experimental setup.
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Fig. 2. Alpha spectra observed by SSD1 and SSD2.

The gas cell is separated into two parts: a stopping
cell and an extraction cell which are joined with a
70-cm-long and thin gas tube. High-energy alpha-
emitter beams were introduced to the stopping cell.
The BigRIPS optical parameters were set to those in
Sumikama et al’s experiment.?) Firstly, we confirmed
alpha rays created via decays from the alpha emitters
that were stopped in the delta-E SSD by adjusting the
energy degrader. By decreasing the degrader thickness,
those observed alpha emitters were stopped inside the
gas cell filled with argon gas at 0.5 to 1 atm. The alpha
emitters stopped in the stopping cell were transported
to the extraction cell by a gas jet, where the radiation
intensity is at least 100 times lower than in the stop-
ping cell. We observed a part of the alpha emitters
that were accidentally incident on the silicon pin-diode
(SSD1) surface facing the flow path at the entrance of
the gas tube. Finally, we could confirm the alpha emit-
ters by inserting another silicon pin-diode (SSD2) in the
flow path at the end of the gas tube. Figure 2 shows
the alpha spectra observed at SSD1 and SSD2.

The feasibility of the new gas cell structure was ver-
ified for the first time. In the next beam time, we will
evaluate the extraction efficiency and apply laser ion-
ization for those alpha emitters.
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Stopping examination for high-energy RI beams in the parasitic gas cell

T. Sonoda,*! I. Katayama,*! M. Wada,*? H. Iimura,*? V. Sonnenschein,** S. Iimura,*! A. Takamine,*!
M. Rosenbusch,*? T. M. Kojima,*! D. S. Ahn,*! N. Fukuda,*! T. Kubo,*! S. Nishimura,*! Y. Shimizu,*!
H. Suzuki,*! H. Takeda,*! M. Tanigaki,*> H. Tomita,** K. Yoshida,*! and H. Ishiyama*!

We are developing a scheme of parasitic low-energy
RI-beam production (PALIS)Y to establish the effective
utilization of rare isotopes and to perform comprehen-
sive measurements of physical properties of exotic nuclei.
So far, we spent totally about two days of on-line com-
missioning beam time from 2015,%%) thanks to the RIBF
MT committee. However, as the beam time is insuffi-
cient to optimize the new device, we requested the PAC
committee for authentic beam time in 2017, and 3 days
of beam time was approved. Our plan in this formally
provided beam time consists of 3 stages: 1) stopping ex-
amination for high-energy RI beams in the parasitic gas
cell, 2) an extraction test for stopped Rls and efficiency
evaluation, and 3) the demonstration of physical spec-
troscopy using a low-energy RI beam. Here we report
the results of the 12 h of on-line experiment in the first
stage.

A schematic of the experimental setup is shown in
Fig. 1.

Two silicon surface barrier Detectors (SSDs) were in-
stalled inside the BigRIPS F2-chamber and used for ex-
amining the AE-E relation. The first detector (AE-SSD)
was mounted immediately after the (glass) energy de-
grader, and the second (E-SSD) was mounted inside the
gas cell. A radioactive 57Se beam was introduced to this
setup as the main secondary beam, which was produced
by projectile fragmentation via "*Kr (340 MeV /nucleon)
and a beryllium target. We confirmed that each isotone
beam with the same neutron number (N) = 31, 32, and
33 was well separated energetically after the energy de-
grader. Here, the N = 33 isotone-beam, consisting of
67Se, 66As, 9°Ge, and %4Ga, was adjusted to maximize
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Fig. 2. Normalized transmitted and estimated stopped frac-
tions as functions of the degrader angle.

the stopping efficiency in the gas. The effective thickness
of the energy degrader was varied by adjusting its rota-
tion using a stepping motor. Energy-loss spectra were
obtained with AE-SSD and E-SSD as the angle of the
glass degrader was varied from 18 to 28 degrees.

The normalized transmitted fraction at E-SSD and
expected stopped fractions in the gas cell are plotted in
Fig. 2 as functions of the degrader angle for the cases
of no-gas (green rhombuses) and 440 mbar argon (red
circles) in the gas cell. The experimental data at 440
mbar were well reproduced by LISET™ calculations. In
addition, the expected stopped fraction in the gas was
estimated by comparing the transmitted fractions with
and without gas. In this experiment, we confirmed that
approximately 30% of the ensemble of N = 33 isotone
beams were stopped in 440 mbar argon at the optimum
degrader angle.

As a next step, we will establish the extraction tech-
nique of stopped Rls for low-energy RI-beams.
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Second report on offline tests for RF carpet transportation in RF ion
guide gas cell at the SLOWRI facility

S. limura,*1*2*3 A, Takamine,*! M. Rosenbusch,*> M. Wada,*3 S. Chen,** J. Liu,** P. Schury,*® T. Sonoda,*!
T. M. Kojima,*! Y. X. Watanabe,*> A. Odahara,*? and H. Ishiyama*!

We are developing a radio frequency carpet (RFCP)
-type ion guide! gas catcher cell (RFGC) at the
SLOWRI facility. In the previous version,? we could
achieve a transport efficiency of ~60% only in 133 mbar
helium gas on the first carpet from offline measurements.
In these developments, to improve the transport effi-
ciency, we changed the carpet pitch (the distance be-
tween the center of neighboring RF electrodes) from
0.32 mm to 0.25 mm.

In our offline measurements, we evaluated the trans-
port efficiency of the RFGC using a surface ionization Cs
ion source placed at the inner wall of the gas cell. Firstly,
we measured the ion reaching onto the 1st RFCP by us-
ing it as a Faraday cup. Subsequently, we used the 2nd
RFCP as a Faraday cup to measure ions transported by
the 1st RFCP after applying appropriate RF and DC
fields. The efficiency was defined by the current mea-
sured at the 2nd RFCP divided by that measured at the
1st RFCP.

Figure 1 shows the result of the obtained transport
efficiency as a function of the RF voltages applied to
the 1st RFCP in three different helium gas pressures.
The transport efficiency reached ~80% at each pressure,
which is ~1.3 times greater than in the previous mea-
surements.?

In an online experiment, the total extraction efficiency
is determined by the product of stopping, ion survival,
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Fig. 1. 1st RFCP transportation test results in three differ-
ent helium gas pressures: 133 mbar, 200 mbar, and 267
mbar. In this test, the drag dc field on the 1st RFCP, the
extraction DC field between the 1st and 2nd RFCPs, and
each RF frequency were 4 V/cm, 20 V/cm, and ~5 MHz,
respectively.
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Fig. 2. 1st RFCP transportation test results for three kinds
of gases: helium, neon, and argon. The DC fields condi-
tion and RF frequency were the same as in the previous
tests.

and transport efficiencies. In order to enable more ef-
ficient stopping, heavier species of buffer gas have been
investigated. Figure 2 shows the result of the measured
transport efficiency for three kinds of buffer gases. The
gas pressures of neon (55 mbar) and argon (31 mbar)
were adjusted so that the beam would be stopped with
the same efficiency as that achieved for 133 mbar of he-
lium. It was found that helium (133 mbar) and neon
(55 mbar) gases gave comparable transport efficiencies.
On the other hand, with a higher pressure for neon, i.e.,
equal to the helium pressure, the transport in neon gas
was observed to be four times less efficient. In addition
to these results, considering that the ion survival prob-
ability in helium is 1.3 times higher than that in neon,
as shown previously,?) the total efficiency in helium gas
may be the best performance.

We will keep testing the RFCP to search for the opti-
mum conditions, especially for the parameters of the 2nd
RFCP. Furthermore, the ion-guide system to be placed
behind the 2nd RFCP is under assembly; it consists
of a quadrupole ion beam guide and an ion trapping
system. After that, we can provide a low-energy RI
beam to a multi-reflection time-of-flight mass spectro-
graph (MRTOF-MS), which is under preparation. We
plan to start online commissioning of the RFGC and the
MRTOF-MS in spring FY2020 at the downstream of the
ZeroDegree Spectrometer.
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The 3rd report on offline test for RF carpet transportation in RF ion
guide gas cell at the SLOWRI facility

A. Takamine,*! S. Iimura,*! M. Rosenbusch,*?> M. Wada,*? S. Chen,*? J. Liu,*? P. Schury,*? T. Sonoda,*!
T. M. Kojima,*! I. Katayama,*! Y. X. Watanabe,*?> H. Ueno,*! and H. Ishiyama*!

A gas catcher cell using a radio-frequency (RF) ion
guide method? is being developed to provide ultra-slow
RI beams at the SLOWRI facility. We built a gutter-
structure ion guide gas cell, which consists of two-stage
RF carpets (RFCPs).?2) We previously used strip elec-
trodes with a pitch of 0.32 mm (electrode width of
0.16 mm and spacing of 0.16 mm) for the 1st RECP. The
transport efficiency was limited to ~60% in 133 mbar of
He gas and even lower in a higher pressure gas. We
replaced the 1st RFCP with a finer pitch of 0.25 mm
(electrode width of 0.1 mm and spacing of 0.15 mm)
to improve the performance. However, finer-pitch RF
electrodes have a larger capacitance, which would prac-
tically limit the RF resonance frequency for the RFCP.
Therefore, we conducted an offline test to investigate the
RF transport performance on the new 1st RFCP at dif-
ferent RFs by changing the resonance coil of the resonant
circuit.

The offline test was performed using surface-ionization
ion sources of Cs and K which were placed at the inner
wall of the gas cell. The setup is shown in a figure in
Ref. 2). The ions produced from the ion sources were col-
lected onto the 1st RFCP, transported on the 1st RFCP,
and collected onto the 2nd RFCP. We measured the ion
currents, Iy, on the 1st RFCP and those on the 2nd
RFCP, I5, by a pA meter using each of the RFCPs as a
Faraday cup. The transported efficiency was defined as
Iy /1. Tt should be noted that for the measurements of
I;, the DC potential distribution was slightly different
from that in the case of I because we could apply a DC
gradient on the on the 1st RFCP only for the measure-
ments of I.

Figure 1 shows the test results in 133 mbar of He
gas for (a) Cs* ions and (b) KT ions at different RF
frequencies. The drag DC field on the 1st RFCP was
4 V/cm, and the extraction DC field on 2nd RFCP was
20 V/cm. We achieved a higher transport efficiency com-
pared with the previous RFCP,?) although we found that
it requires a correction to the efficiencies by a factor of
not more than ~0.9, which results from the DC-field
distribution difference mentioned above. The results in-
dicate that an RF frequency of ~6 MHz was sufficient
for Cs* (m/q = 133), although it did not saturate the
K* (m/q = 39) transport efficiency. According to the
results, we will operate the RF ion guide gas cell at 7-
8 MHz in the commissioning at the end of the ZeroDe-
gree beam line in spring F'Y2020.

The plots clearly show that higher RF voltages are re-
quired to transport the lighter ions at a similar RF fre-

*1 RIKEN Nishina Center
*2 Wako Nuclear Science Center (WNSC), IPNS, KEK
*3  Department of Physics, The University of Hong Kong
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Fig. 1. RF voltage dependence of the RF transportation ef-
ficiencies for (a) Cs* and (b) K™.

quency, which can be straightforwardly interpreted from
the expression of the RF repelling force.!) The plot (a)
also shows that there exist RF voltages maximizing the
transport efficiency for each RF frequency. We observed
some discharge-like ion currents at a higher voltage than
the efficiency peak points; consequently, the discharge
seemingly disturbed the ion transport. However the
transport efficiency would be different depending on the
position in an RFCP stability diagram,® defined by the
RF and DC voltage values, which has a possibility to
explain this result. An attempt at quantitative inter-
pretation is underway.
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Battery-operated compact ion source for beam transport test

T. M. Kojima,*! T. Sonoda,*! I. Katayama,*! M. Wada,*? and H. Ishiyama*!

An ion source for a beam transport test at the
SLOWRI beamline® has been desgined and assembled.
The beamline was constructed to transport slow rare
isotope (RI) ions extracted with an accelerating voltage
of a few tens of kilovolts from the PALIS apparatus®
or RF gas cell.?) PALIS and the gas cell are systems
used for catching, thermalizing, and accumulating RlIs
produced at BigRIPS. At present, neither PALIS nor
the gas cell is completed, and no ion can be extracted.
Instead of those systems, an ion source is necessary to
examine ion transport at the SLOWRI beamline. How-
ever, there is no room for installing a usual ion source
at the upstream end of the beamline, since PALIS has
been already installed at that place, i.e., the F2 cham-
ber of the BigRIPS facility.

The newly designed ion source is used as a side-
inserted-type device. It can be installed at any of the
particular CF114 flanges for the beam-profile monitor
on the duct (see Fig. 1). The system consists of an ion
emitter part and extraction part. The former is biased
at an accelerating voltage of a few tens of kilovolts so
that it is isolated with a CF70 isolating nipple. A com-
ercial thermal-ionization-type alkali ion emitter (Heat-
Wave Labs, Model 101139 Cs*)* surrounded with a
50 mmg repeller electrode is mounted at the end of the
isolated rod (see Fig. 2). The emitter, which contains a
heater inside, has a cylindrical shape of 6.35 mm¢ and
9.9-mm length, and its end side is coated with alkali
compounds. Note that the center hole of the repeller
is 10 mme, which is slightly larger than the emitter, to
avoid thermal contact. The position of the emitter is
designed to be on the axis of the beamline duct. The
heater power of the emitter is supplied by a lithium-ion

Fig. 1. Left: The assembled ion source without the heater
controller. Right: The heater controller set on the top
of the CF70 isolating nipple.

*1 RIKEN Nishina Center
*2  KEK Wako Nuclear Science Center
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Fig. 2. Photograph of the electrode arrangement of the ion
source. The coated alkali compounds of the ion emitter
are seen at the center of the repeller.

battery (GlobalTech, GANGAN GT5)% with an output
regulating circuit. The battery and circuit are housed
in an acrylic box mounted on the top of the isolating
nipple; thus, they are isolated from the GND potential.
Therefore, it is easy to apply a high voltage bias to the
ion emitter part. The battery, when fully charged, can
operate the ion source for more than ten hours under
usual conditions. The extraction part is assembled on
the CF114 flange at the GND potential. It has two elec-
trodes, i.e., an extractor with a 6 mme¢ aperture and
a “collimator” with a replacable aperture plate. One
can adjust the emittance of extracted ions by changng
the aperture size of the “collimator,” though the ex-
tracted intensity decreases as the emittance decreases.
A 4 mm¢ aperture is set currently.

The ion source was tested at a very short (40 cm)
region of the beamline, which includes only one 20-cm-
long electrostatic quadrupole between the ion source
and a Faraday cup. With 10-kV acceleration and 6.8-
W heater power, the ion current extracted through the
4 mmg “collimator” was about 1 nA on the Faraday cup
at 40 cm downstream when the electrostatic quadrupole
was optimized. The intensity is sufficient for our pur-
pose. In addition, a higher intensity is expected with
a higher power since the rated power of the heater is
11.3 W.

With this ion source, the ion-transport properties of
the beamline will be examined and adjusted.
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Present status of ERIS at the SCRIT electron scattering facility

T. Ohnishi,*! S. Ichikawa,*! A. Enokizono,*! K. Kurita,*? S. Sato,*!*?> M. Watanabe,*! and M. Wakasugi*!*3

The electron-beam-driven RI separator for SCRIT
(ERIS)Y at the SCRIT electron scattering facility?
is an online isotope separator system used to pro-
duce low-energy RI beams using the photofission of
uranium. Recently, we developed ion-stacking and
pulse-extraction systems to improve the DC-to-pulse
conversion efficiency using an RFQ cooler buncher
named the fringing-RF-field activated DC-to-pulse con-
verter (FRAC).?) With a surface-ionization ion source,
a high conversion efficiency was obtained.*) In the
present year, we produced RI beams using the surface-
ionization ion source and applied the ion-stacking and
pulse-extraction systems to RI beams. In this paper,
we report the results.

Details of the RI production method and the surface-
ionization ion source of ERIS are reported in Refs. 4-5).
In this measurement, 43 uranium-carbide disks, with a
thickness of 0.8 mm and a diameter of 18 mm, were used
as production targets. The total amount of uranium
was about 30 g. The uranium-carbide disks were irra-
diated with an electron beam accelerated to 150 MeV.
The electron beam power was adjusted to approxi-
mately 0.25-1 W to reduce background events. The tar-
get and ionization chamber were heated to 1500-2000°C
by using registive heating. The electric currents applied
to the ionization chamber and target heater were 120 A
and 900 A, respectively. Ionized RIs were extracted by
the exit grid of the ionization chamber, accelerated to
10 keV, and transported to the PID system!) located at
the exit of FRAC. Particle identification was performed
by measuring specific v rays corresponding to the decay
of the RIs by using a Ge detector.

Each measurement was performed as follows. First,
we irradiated production targets for 4 min to achieve
the equilibrium state of the RI production. Next, RI
beams were injected to the PID system for 1 min while
continuing the target irradiation. Finally, the target
irradiation was stopped, and 7y rays were measured for
1 min. The rate of RI production is estimated from
the observed 7-ray yield using the efficiency of the Ge
detector and the half-life of the RI. For example, the
rate of 140Cs production is estimated as 4 x 10° atoms//s
with an electron beam power of 1 W. The transmission
efficiency from the ion source to the PID system was
measured as 23% using a stable Cs ion beam. This low
efficiency was due to the insufficient adjustment of the
ion-beam optics for the injection to FRAC.

The ion stacking and pulse extraction were exam-
ined using the 4°Cs beam. The stacking and extrac-
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Fig. 1. (a) Pulse shape of the *°Cs beam with a 100-
ms stacking time and 1-W electron beam power. (b)
Stacking-time dependence of the stacking ratio.

tion voltages of the exit grid were 100 and —200 V, re-
spectively. The pulse shape of the pulsed RI beam was
measured with a fixed time window, 10 us, by chang-
ing the time interval between the extraction from ERIS
and the injection to FRAC. Fig.ure 1(a) shows the time-
interval dependence of the measured yield of 14°Cs with
a 100-ms stacking time and 1-W electron beam power.
RI beams were extracted within 20 us, which helps re-
alize zero escape of stacked ions from FRAC during the
injection. The stacking-time dependence of the stack-
ing ratio is shown in Fig. 2(b). Here, the stacking ratio
is the ratio of the total number of RIs measured with
stacking inside the ion source to that measured with-
out stacking. A stacking ratio of almost 0.9 was ob-
tained at a stacking time of 100 ms, which corresponds
to the cooling time inside FRAC with a relatively small
amount of buffer gas (~1073 Pa).

Considering these results, ERIS is almost ready for
the first electron scattering experiment with unstable
nuclei. We consider 37Cs as a candidate isotope due
to its high production rate. Under the condition of
100% transmission efficiency and a 10-W electron beam
power, which is the present maximum beam power, the
rate of 137Cs is expected to be 4 x 107 atoms/s, which
is sufficient for the experiment.
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Latest performance of FRAC at SCRIT facility

S. Sato,*"*2 A. Enokizono,*? T. Ohnishi,*? K. Kurita,*! M. Wakasugi,*>*3 and M. Watanabe*?

The construction of the SCRIT electron scattering fa-
cility,)) which aims to realize the world’s first electron
scattering experiment for unstable nuclei, enabled mea-
surement with ~10% ions/s. In order to perform electron
scattering with unstable nuclei at a small production
rate, it is necessary to convert the ions generated contin-
uously by the ISOL-type ion separator, Electron-beam-
driven RI separator for SCRIT(ERIS),? to a pulsed
beam with an efficiency as high as possible. For this pur-
pose, we developed a dec-to-pulse converter, Fringing-Rf-
field-Activated dc-to-pulse Converter(FRAC).?) In 2018,
the dc-to-pulse conversion efficiency was greatly im-
proved through a modification to incorporate cooling
and the 2 step-bunching method.®) In this article, we
report the optimization of the 2 step-bunching method,
the latest performance, and the future plan.

In the 2 step-bunching method, pre-pulsed beams ex-
tracted from ERIS are stacked in FRAC and extracted
as a high-intensity pulsed beam from FRAC. There-
fore, to achieve a high dc-to-pulse conversion efficiency,
the efficiencies of both ERIS and FRAC are impor-
tant. The most important factor in these efficiencies
is the extraction frequency of the pre-pulsed beam, fprec.
To determine the most appropriate fpr., we performed
two measurements. The first measurement was of the
stacking-time dependence of the stacking efficiency of
ERIS, Fgris. Frris was ~100% for stacking times up to
100 ms. The details are reported in Ref. 5). The second
measurement is of the cooling time. The cooling time
is the time until the ions injected into FRAC are suffi-
ciently cooled. When '33Cs was used as the ion beam
and Xe gas of ~1073 Pa was used as the coolant, the
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Fig. 1. Stacking-time dependence of Errac.
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cooling time was 50 ms. From these results, the appro-
priate time interval for extracting the pre-pulsed beam
was determined to be from 50 ms to 100 ms. Therefore,
2 step-bunching was performed at fyre = 10 Hz.

In the measurement after the optimization of 2 step-
bunching, the stacking time dependence of the efficiency
of FRAC, Ergrac, was measured. The measurement was
performed twice while changing the number of injected
ions per second, Nj,j. Figure 1 shows the results. Errac
was constant at ~90% when the number of injected ions
was less than 5.2 x 107. However, Eprac decreased as
the number of injected ions increased further. This is
considered to be due to the shallowing of the pseudo
potential created by the RF electric field, which is a
result of the space charge effect of the stacked ions. The
ions injected thereafter cannot be stacked further.

The pseudo potential can be deepened by increasing
the RF amplitude. We measured the RF-amplitude de-
pendence of the number of stacked ions in order to ex-
plore the possibility of improving Errac by increasing
the RF amplitude. Figure 2 shows the result. As the
RF amplitude increases, the number of stacked ions in-
creases and Frrac approaches 100%. From this result,
it is concluded that increasing the RF amplitude was
effective. In order to stack ~10% ions with a higher effi-
ciency, we are planning to increase the RF amplitude.
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3D magnetic field measurement of the SCRIT electron spectrometer

H. Wauke,*"*2 T. Aoyagi,*!"*2 A. Enokizono,*! Y. Honda,*!*? K. Kurita,*!*3 S. Sato,*!*3 T. Suda,*!*?
S. Takagi,*!** S. Takayama,*"*2 D. Taki,*"*2 T. Tamae,*?> K. Tsukada,*!*?> T. Ohnishi,** M. Wakasugi,*!**
and M. Watanabe*!

Window-frame Spectrometer for Electron Scatter-
ing (WiSES)Y is an electron spectrometer for Self-
Confining Radioactive-isotope Ion Target (SCRIT)? ex-
periment. WiSES consists of a dipole magnet,?) two drift
chambers at the entrance and exit of the magnet, a he-
lium bag installed between the two drift chambers to re-
duce the multiple scattering effect, and two scintillation
counters used for trigger generation. The solid angle of
the spectrometer is about 80 msr, covering a wide range
of scattering angles, i.e., from 30° to 60°. A typical
momentum resolution of Ap/p ~ 1073 for an electron
energy in the range of 150-300 MeV is required to sepa-
rate elastic and inelastic scattering with WiSES. It was
found that the momentum resolution evaluated in past
elastic scattering experiments did not reach the design
value. One possible cause was that the map calculated
using OPERA3D to reconstruct the trajectories of the
scattered electrons had not accurately reproduced the
WIiSES magnetic field.

The scattered electrons passing through WiSES ex-
perience strong vertical focusing due to B,, which is a
horizontal component of the fringing field.

In order to check the calculated map, we measured
the 3D magnetic field of WiSES with the measured ac-
curacy AB/B ~ 1073, The magnetic field strength was
0.4-0.8 T, which corresponds to an electron beam en-
ergy of 150-300 MeV in the experiment. In 2018, we
developed a triaxial probe made from three Hall probes
to measure three field components simultaneously.®) The
measurement resolution of these probes is about 1076 T.
In addition, we developed a 3D driving device consisting
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Fig. 1. Comparison between the measured map and the calu-
culated one near the magnetic pole. The strength of the
magnetic field was 0.8 T. (a) shows vertical component
B, and (b) shows horizontal component of the fringing
field B,. The red line is the measured map, blue line
is the calculated one, and green line shows 50 times the
difference between the two maps.
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Fig. 2. Comparison of the momentum resolution between the
measured map and the calculated one. The solid lines
show the simulation results, the open circles show the
results obtained with the calculation map, and the filled
circles show the results obtained with the measured map.
Red indicates the results with 150 MeV, green indicates
the results with 200 MeV, and blue indicates the results
with 300 MeV.

of three electric sliders that move in a large measure-
ment area. The 3D driving device was controlled by a
LabVIEW program. The program also read the field
values from the Hall probes and the absolute magnetic
field of the WiSES magnet from nuclear magnetic reso-
nance (NMR).

Figure 1 shows the vertical component B, and the
horizontal component of the fringing field B, of the mea-
sured map and the calculated one. The structure of the
measured magnetic field is similar to the calculated one
even at about 1 cm from the magnet pole. Over the en-
tire measurement area, the difference between the two
maps was ~1073 T for both B, and B,. Similar results
were obtained for other magnetic field strengths.

In November 2019, an electron scattering experiment
using a carbon target was conducted.?) The momentum
resolution is the width of the elastic scattering peak ob-
tained in the experiment. The resolution was obtained
using the above two maps and compared. Figure 2 shows
the result. ¢ is the azimuth angle of the scattered elec-
trons as viewed from the target. The width of the elastic
scattering peak obtained in the experiment was used as
the momentum resolution. At three electron energies,
the momentum resolutions obtained from the measured
map in this study were almost the same as that obtained
from the calculated one.

We need further consideration to explain the differ-
ence of the WiSES momentum resolution between the
simulated and experimental values.
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Measurement of the luminosity of electron scaterring at SCRIT

D. Taki,**2 A. Enokizono,*! K. Kurita,*"*3 T. Ohnishi,*! S. Sato,*"*3 T. Suda,*"*? S. Takagi,*!*4
S. Takayama,*"*? T. Tamae,*' K. Tsukada,*!"*2 M. Wakasugi,*** M. Watanabe,*! and H. Wauke*!-*2

At the Self-Confining Radioactive-isotope Ion Tar-
get(SCRIT) electron scattering facility, we will measure
the absolute luminosity value with a luminosity moni-
tor (LMon),") which consists of a CsI calorimeter array
and two-dimensional fiber scintillators. Luminosity is
expressed as follows:

Np, 1
L= Norems. Ly -2 (1)
O Brems. €

where NBrems. is the number of measured bremsstrahlung
photons per second, o0pBrems. 1S the calculated
bremsstrahlung cross section, and ¢ is transmittance ef-
ficiency estimated as the number of detected photons
divided by the number of photons generated from the
electron target scatterings. Because LMon is located 7 m
downstream of the vertex position and there are some
obstacles in between such as cryopanels and pipes, ¢ is
as small as 0.30-0.55 depending on the electron beam
energy, angle, width, and so on.?) Therefore, it is impor-
tant to evaluate the beam condition and corresponding
€ precisely by using a detector simulation to obtain L
accurately. In a previous study,® ¢ was derived by com-
paring the spatial distribution measured using the fiber
scintillators with the simulated one. However, it was
found that the fiber scintillators with a spatial resolu-
tion of 3 mm are inadequate to determine the beam con-
ditions correctly. Therefore, the spatial distribution is
measured with higher resolution by using a silicon strip
detector (SSD) in this study.

Figure 1 shows the layout of the new LMon. The
SSD has four layers (X,Y,X,Y) of silicon sensors, each
of which has a sensitive area of 7.7 x 7.7cm? and 1536
strips with a pitch of 50 um pitch. We use two out of
the four layers of SSD to measure horizontal and vertical
distributions. In addition, two plastic scintillatiors are
used: one is used as a trigger counter, and the other is

Plastic Scintillator

Csl Calorimeters

Pb collimator

Trigger  Veto

Fig. 1. Layout of the new LMon.

*1 RIKEN Nishina Center

*2 ELPH, Tohoku University

*3  Department of Physics, Rikkyo University

*4 TInstitute for Chemical Research, Kyoto University

;. Y(vertical) strip[ch]

,gg.,uéu,.g,,,éu.. ] L

400 600 800 1000 1200 1400

X(horizontal) strip[ch]
Fig. 2. X, Y and XY distributuins.

used as a veto counter to remove the background elec-
trons and positrons created upstream. The thickness of
the SSD is about 300 pm, and it converts bremsstrahlung
into electrons and positrons for the trigger scintillator.

Figure 2 shows the measured horizontal and vertical
spatial distributions of the bremsstrahlung photons to-
gether with the two-dimensional spatial distribution at a
beam energy of 150 MeV. About 8000 events were accu-
mulated within 10 min. More detailed spatial distribu-
tions than the previous study®) are obtained. Since this
test experiment was performed without target ions, this
distribution represents bremsstrahlung generated from
residual gases throughout the straight section of the elec-
tron storage ring. As was observed in the previous study,
the vertical distribution is sharper than the horizontal
one due to obstacles. The spread of the beam is about
1000 ch, which coincides with 5 cm of the collimator hole.

At a next step, the spatial distributions will be
measured with target ions. By comparing them with
GEANT4 simulation results, a precise value of £ will be
obtained. In addition, the DAQ rate must be increased
by implementing the zero suppression mode. The ac-
quisition rate is currently limited about 10 Hz at most
because the information of all channels of the SSD is
recorded in the current DAQ setup. Note that the beam
condition and corresponding € change every moment,
and therefore, the spatial distributions have to be mea-
sured with a high DAQ rate for a short period in order
to obtain accurate total luminosities.
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Yield development with in-gas-jet laser ionization at KISS
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T. T. Yeung*®*>

We are developing the KEK Isotope Separation Sys-
tem (KISS)Y to perform experimental studies such
as lifetime measurements, mass measurements, [-7y
spectroscopy, and laser spectroscopy for neutron-rich
nuclei around the closed neutron shell N = 126,
which is relevant to r-process nucleosynthesis. KISS
is an argon-gas-cell-based laser ion source, in which
these neutron-rich nuclei are produced by multinucleon
transfer (MNT) reactions between a 13¢Xe beam and
198Pt target.?) The beam is provided by RILAC2 +
RRC with an energy of 9.4 MeV /nucleon on the tar-
get, which had a thickness of 12.5 mg/cm?. The re-
action products ejected from the target enter the gas
cell through a 5-pum polyimide window placed 10 mm
downstream from the target. The gas cell is filled with
l-atm argon gas, which thermalizes and neutralizes in-
jected reaction products. They are transported to the
exit of the gas cell by laminar gas flow. In or out of the
gas cell, these neutral atoms are irradiated by lasers for
laser resonance ionization. Two lasers are used: one is
for excitation, while the other is for ionization. One
specific element can be selected for ionization by tun-
ing the wavelength of the excitation laser. These ions
are transported by radio frequency (RF) ion guides and
accelerated by a high voltage of 20 kV followed by a
dipole electromagnet for mass separation.

Since the neutron-rich nuclei of interest around N =
126 are produced in rare channels of MNT reactions,
their efficient extraction is essential for their measure-
ments. Thus far, in-gas-cell laser ionization has been
used, in which two lasers are irradiated into the gas
cell. Recently, KU Leuven group demonstrated in-gas-
jet laser ionization with efficiency more than 10 times
that of in-gas-cell ionization.?) In-gas-jet laser ioniza-
tion uses two lasers, which are irradiated on a gas jet
formed by a de Laval nozzle attached at the exit of
the gas cell. Low-temperature and low-pressure condi-
tions in the supersonic jet could reduce the loss of ions
caused by their collisions with dense gas atoms. For
yield development at KISS, we introduced an in-gas-jet
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Fig. 1. KISS setup for in-gas-jet laser ionization.

laser ionization setup, as shown in Fig. 1. In order to
sufficiently irradiate two lasers on the neutral atoms
of interest in the supersonic jet, the overlap among
them are optimized by arranging the excitation laser
collinearly with the gas jet, and the ionization laser
is perpendicularly reflected several times by two mir-
rors. An S-shaped RF quadrupole ion guide (SRFQ)
was introduced to enable the collinear injection of the
excitation laser. The SRFQ was segmented along the
ion transportation to apply an increasing electric po-
tential from the upstream to the downstream because
a simulation with the SIMION code for the ion trans-
portation indicated that ions stopped in the absence
of such an electric-potential gradient. The on-line ex-
periment did not show increased extraction yields with
in-gas-jet laser ionization. When the same SRFQ was
used with in-gas-cell ionization, the count rates of ex-
tracted ions were the same between extraction with
and without the electric-potential gradient. This re-
sult indicates that the initial ion velocities obtained
from the gas jet are not correctly evaluated in the sim-
ulation. We will further investigate the SRFQ design
for yield development with in-gas-jet laser ionization
through a more realistic simulation.
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Observation of charge-stripping of 20 keV /q ions upon injection into
gas cell cooler-buncher at KISS
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At the KISS facility, rare isotopes are produced
in-flight by multi-nucleon transfer (MNT) reactions.
They are then stopped and neutralized in high pres-
sure argon gas and transported by gas flow to an exit
nozzle. Atoms of rare isotopes are then re-ionized in
an element-selective manner by use of a 2-step laser ex-
citation; the method can only produce singly-charged
ions. The gas cell system floats on a 20 kV bias, thereby
producing 20 keV /q ions. A magnetic separator with
R,, ~ 900 ensures only a single isobar chain is trans-
ported downstream to the experimental apparatuses.

One of the primary experimental devices at KISS
is multi-reflection time-of-flight mass spectrograph
(MRTOF). The MRTOF, however, requires very low-
energy ions. To make the 20 keV /g KISS beam useable
by the MRTOF, a gas cell cooler-bucher (GCCB)Y) has
been constructed. This device is similar in construc-
tion to a small rf carpet gas cell,?) but is windowless
and pressurized to only 1 mbar. The beam from KISS
stops in the GCCB, and is then extracted to vacuum
and transferred to the MRTOF. The MRTOF makes
rapidly interleaved time-of-flight measurements of an-
alyte (the beam from GCCB) and reference ions.

In the initial test of the GCCB, a 20 keV/q beam
of 18pPt+ was delivered from KISS. Figure 1 shows
a time-of-flight spectra measured during that study.
It was presumed that the peak at A/q = 99 was
198pt++ and a high-resolution follow-up measurement
confirmed as much.

There are two ion traps between the GCCB and
MRTOF. While the first of these has a very broad-
band response, the second trap (referred to as “flat
trap”) is somewhat mass selective. The amplitude of
the flat trap was systematically varied to determine the
probability of conversion to a doubly-charged state. A
time-of-flight spectrum was measured at each ampli-
tude, and the number of singly- and doubly-charged A
= 198 ions was recorded. The result, shown in Fig. 2,
indicates that ~80% of incoming Pt ions were con-
verted to the doubly-charged state.

From the occurrence of such charge-stripping reac-
tions we presume the GCCB will also be highly effec-
tive at breaking molecular contaminants which are a
common problem for gas cell based studies. We hope
to report on such an effect in the near future.
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Fig. 1. Time-of-flight spectra from offline test of KISS gas
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Reliable connection methods for gas piping and signal cabling of
PPAC in focal-plane vacuum chambers at BigRIPS

H. Sato,*! D. S. Ahn,*! N. Fukuda,*! T. Komatsubara,*' Y. Shimizu,*! H. Suzuki,*! H. Takeda,*! and
K. Yoshida*!

Two sets of parallel-plate avalanche counters
(PPACs) are installed in each focal-plane vacuum
chamber at the BigRIPS and ZeroDegree separators.!)
For replacing the PPACs in a short time without any
trouble, we introduced reliable connection methods for
gas piping and signal cabling inside the chamber: a
quick coupling and a multipole connector, respectively.

The PPAC is filled with 10 Torr of gaseous isobutane
when in operation. The gas introduced from outside
of the chamber is transferred to the PPAC through
two Teflon tubes (for the inlet and outlet), and each
tube is inserted into a Wilson seal connector on the
PPAC. Because of the bad working environment due
to the narrow space of the chamber, a defect in the fit-
ting of the Wilson seal may occur, causing gas leakage.
To avoid this, Full Flow Quick-Connects (Swagelok
SS-QF4-B-6MO0 and SS-QF4-S-6M0) were adopted for
easy coupling (Fig. 1). The stems and bodies of the
Quick-Connects are attached to the PPAC and Teflon
tubes, respectively. A leakage test of the PPAC with
the Quick-Connects was performed by filling 10 Torr of
isobutane, and we observed no leakage in a vacuum of
5.5 x 107° Pa. In addition, no degradation of the vac-
uum occurred during the up-and-down motion of the

Fig. 1. Images of the Quick-Connects. (a) Ordinary gas
ports with Wilson seals. (b) New gas ports with the
stems of Quick-Connects.

*1  RIKEN Nishina Center
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Fig. 2. Images of signal cables with multipole connectors.
The shorter (200 mm) cables are connected to the
PPAC, and the longer (800 mm) cables are connected
to the chamber.

PPAC. We applied the Quick-Connects to the PPACs
in the F2, F3, F5, F7, F8, F9, F10, F11, and F12
chambers during the autumn beam time in 2019.

For signal readouts, five coaxial cables (for an-
ode, x1, x2, yl, and y2) are independently con-
nected to the output ports of the preamplifier of
the PPAC. In addition, another cable for supply-
ing a DC 12 V to the preamplifier is connected.
For easy and error-free connection, 14-pin multi-
pole connectors (LEMO FGG.1B.314.CLAD76 and
PHG.1B.314.CLAD76) were adopted (Fig. 2). Six
coaxial cables (RG178B/U) are soldered to one mul-
tipole connector. We performed the noise-level testing
of the signal from the PPAC with the multipole con-
nectors by using an alpha source *'Am. As a result,
the noise level of the signal was the same as that ob-
tained with ordinary cabling. We applied the multi-
pole connectors to the PPACs in the F3, F5, F7, and
F8 chambers during the spring beam time in 2019.

We will finish the introduction of these two improve-
ments to all the PPACs in 2020.
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Performance of a none-isochronous position-sensitive detector for the
Rare-RI Ring
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We have developed a large area position-sensitive de-
tector with a thin foil to be used for mass measurement
with the Rare-RI Ring.") The principle of the detec-
tor operation is shown in the bottom of Fig. 1. When
high energy beam passes through the thin foil, sec-
ondary electrons (SEs) are released and reflected by
the outer and inner mirror grids potential. The SEs
energy is determined by the acceleration grid placed
after the foil. The beam position is inferred from SEs
position measurement with the delay line MCP placed
45° from the foil. To minimize the effect of the SEs ini-
tial velocity, the detector has an isochronous design,?
which is achieved by careful choice of geometry and po-
tentials: D/(Ly + L2) = 0.236Unir/Uace, where Uy
and U, are the acceleration and mirror potentials, re-
spectively, D, Ly and Ly are dimensions of detector as
shown in Fig. 1. We have designed the detector to be
operated in the isochronous condition and also in the
none-isochronous condition, simply by modifying the
distance D between the inner and outer mirror grid.
In the isochronous detector operation D = 28 mm,
while for the none-isochronous operation D = 8 mm.

We have tested the detector at HIMAC with
200 MeV /nucleon 84Kr beam in both isochronous (Iso)
and none-isochronous (None-Iso) operation. For the
Iso detector we tested the performance for a grid pitch
of 1 mm, while for the None-Iso detector 1 mm and
2 mm pitch were tested. The test results are sum-
marized in Table 1. The detector position accuracy
is determined by the deviation from the foil image re-
constructed by two PPACs. The position resolution is
determined from a 2 mm diameter gate on the recon-
structed foil image. For the mass measurement with
the Rare-RI Ring the accuracy and resolution of the
horizontal position are critical. The horizontal reso-
lution of the None-Iso is better than the Iso detector.
The position accuracy of the None-Iso detector with
2 mm grid pitch is best, because we introduced a cali-
bration mask in front of the foil to correct for any mis-
alignment between the PPACs and the detector that
could result in a compromised position accuracy.
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Fig. 1. (Top) Experimental setup at HIMAC consisting of
a trigger plastic scintillator, two PPACs and a vac-
uum chamber containing the DL-E-MCP. (Bottom)
Side view of the DL-E-MCP detector, where the beam
passage through the foil generates secondary electrons
that are reflected to the MCP with position-sensitive
delay line anode.

Table 1. The detector position accuracy A, , and reso-
lution in sigma (o,,,) are shown for both horizontal
(z) and vertical (y) beam positions for different detec-
tor operation; Isochronous (Iso.) and none-isochronous
(None-Iso.). The performance of the latter is shown for
two different grid pitch of 1 mm and 2 mm. The results
are shown for the same acceleration potential and dif-
ferent optimized mirror potential in each configuration.

Iso. None-Iso. None-Iso.
1 mm pitch 1 mm pitch 2 mm pitch
A, [mm] +4.0 +1.5 —-0.8
Ay [mm] —0.1 0.0 +0.6
0, [mm] 3.5 24 2.9
oy [mm] 2.2 2.9 4.5
References
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Intermediate Tracker Integration in sPHENIX
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The sPHENIX collaboration at RHIC is construct-
ing a major upgrade to the PHENIX detector, con-
sisting of an entirely new spectrometer based on the
former BaBar solenoid magnet and the PHENIX facil-
ities and infrastructure.!) The upgrade will allow for
an in depth jet and beauty quarkonia physics program
to address the fundamentals of strongly coupled quark-
gluon plasma. The solenoid magnet is sandwiched by
hadronic calorimeters (HCal) followed by an electro-
magnetic calorimeter (EMCal). Inward of the EMCal
is a time projection chamber (TPC), INTermediate sil-
icon strip Tracker (INTT) and MAPS-based VerTeX
detector (MVTX) composing the sSPHENIX tracking
system. All of the subsystems have their challenges
when coalescing with one another, but the INTT is of
particular interest in terms of integration considera-
tions.

The INTT design, constrained by its neighbors, has
been heavily influenced by the other sSPHENIX track-
ing components. The MVTX’s active region has an
outer diameter of 10.5 cm and has a service cone lon-
gitudinally starting at 25 cm from the vertex and grows
to a diameter of 21.5 cm. The TPC has an inner diam-
eter of 40 cm that spans a length of 117 cm from the
vertex in both directions. The INTT has to fit between
these envelopes. The INTT detector itself consists of
three main components each consisting of several sub-
components as seen in Fig. 1.

The first main component is the active region con-
taining the silicon sensors. Four sensors are wire
bonded to 52 FPHX chips?) which are wire bonded
and epoxied to two high-density interconnects (HDI)
and both are epoxied to a stave for structural support.
This assembly, known as a ladder, as seen in Fig. 2,
covers an acceptance of pseudorapidity of +1.1. Sev-
eral ladders arranged tangentially to a circle around
the vertex compose what is referred to as a barrel.
The active area of the sensors is approximately half
the width of the HDI, which lends itself to a configura-
tion where two barrels are required to obtain hermetic
27 azimuthal coverage, referred to as one layer. The
detector consists of four barrels or two layers at ap-
proximate radial positions of 7.2, 7.7, 9.7 and 10.3 cm
from the beam axis. The layers are held in position
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Fig. 1. INTT in sPHENIX 3D model cross section.

- N

Fig. 2. INTT ladder 3D model.

with a series of stave end-caps and end-rings.

The end-rings also attach the barrels to the second
main component, the service barrel. The service bar-
rel, consisting of two carbon fiber tubes and miscel-
laneous brackets, carries the services (cables, cooling,
nitrogen, etc.) from the ladders to beyond the TPC
volume. The cables terminate just beyond the TPC
and connect to the readout cards (ROC). The cooling
and nitrogen connect to manifolds beyond the TPC.
From there all the services are routed to the respective
racks and/or infrastructure facilities. The outside of
the service barrel also has features that allow for the
detector and service barrel to installed as a singular
unit.

Lastly, the third main component of the INTT is its
support structure. Consisting of a carbon fiber tube
and aluminum I-beams, the support structure facili-
tates the installation and operation of the INTT and
all of its services. The I-beams connect the carbon fiber
tube to the inner HCal creating a direct load path for
the detector and direct service routing to the INTT’s
racks. The I-beams also support the ROCs at an ap-
propriate location for the HDI extension cables that
have a maximum length of 120 cm.

Prototype ladders are being produced to verify the
design and assembly fixtures for production.?) Proto-
type end-rings will be produced in conjunction with the
ladders to verifying the barrel configurations. The ser-
vice barrel and support structure designs are far along
and are continuously being verified that they properly
integrate with the surrounding sSPHENIX detectors.
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Assembly of Intermediate Silicon Tracker in Taiwan
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The INTermediate Tracker (INTT) is the tracker
system between the Time Projection Chamber (TPC)
and the MAPS-based Vertex Detector (MVTX). INTT
makes up the gap between TPC and MVTX, it can pre-
cisely reconstruct the track of charge particles. One
INTT ladder consists of 59 components, 1 stave, 2-high
density interconnects (HDIs), 52 readout chips and 4 sil-
icon sensors. All the components will be fixed by glue
and screws. A ladder assembly is performed in the fol-
lowing sequence. 1), Fix the readout chip on HDI by
silver epoxy with 26 chips per HDI. 2), Bond the read-
out chips to HDI using a bonding machine and check
the response to slow control commands in a test bench.
3), assemble HDI with readout chips onto stave by ther-
mal glue and screws. 4), Assemble silicon sensors onto
the ladder by silver epoxy. 5), Bond the silicon sensors to
readout chips by a bonding machine and check the FPHX
response again and also silicon sensor performance. 6),
Apply an encapsulation to protect the bonding wires.
The National Central University (NCU) in Taiwan is re-
sponsible for one-third of the INTT ladder production.

The assembly procedures 1) and 2) are planned to be
covered by a private company in Taiwan, and the re-
maining procedures will be conducted in a clean-room
facility at the National Taiwan University (NTU). Fig-
ure 1 shows the gantry to be used for the assembly in
NTU, which consists of a large flat table with a four-
dimensional robotic gantry head. The gantry head is
equipped with an optical microscope, which allows a cal-
ibration error in position to be the order of 10 um. Thus
far, the assembly procedure requires 9 tools, as shown

Gantry table

Fig. 1. Photo of the clean room in NTU. Gantry, bonding
machine and optical gaging products (OGP) microscope
are all available.
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Fig. 2. The designs of the prototype of INTT ladder assembly
tools, the assembly tools family.

Module assembly tray
+ HDI handle

Fig. 3. Assembly tools already fabricated by AS CNC.

in Fig. 2. The assembly unit is one ladder, and the
designs of all prototype assembly tools have been com-
pleted. The idea is to assemble the entire ladder on the
ladder assembly tray, while HDIs and silicon sensors are
placed on the HDI sample tray and sensor sample tray
by hand, respectively. Pick up tools are used to pick up
the HDI and silicon sensors via the vacuum system and
move them to the stave by the gantry. An order for the
tools has already been submitted to the Academia Sinica
(AS) computer numerical control (CNC) factory. The
production of 5 has been completed, as shown in Fig. 3.
The assembly exercise and bonding exercise are sched-
uled to start simultaneously in early March. A dummy
HDI, dummy silicon sensor, and dummy stave have also
been produced, which are sufficient for the exercise. Two
important aspects namely, the type of glue and the pro-
cedure to apply the glue, are uncertain and need to be
determined. Both are expected to be finalized at the
end of March. A new INTT test bench has been set up
in NCU, and a few checks are to be made to be fully
functional.

The conclusion for the INTT assembly in Taiwan is
that we aim to provide one functional complete ladder
for INTT phase - 3 Test Beam at 22th April.
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1) Conceptual Design Report of sPHENIX (2018).
2) The PHENIX Forward Silicon Vertex Detector.

- 119 -



RIKEN Accel. Prog. Rep. 53

II-9. Instrumentation

Development status of long data cable for sSPHENIX-INTT detector
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The intermediate tracker (INTT) is a silicon strip
barrel detector for the sSPHENIX experiment.!) INTT
requires a special extension cable for data transfer be-
tween the INTT module and readout electronics. The
data cable must satisfy the following requirements to
fit the tight space available for INTT at the sSPHENIX
detector: (1) flexibility, (2) a very long length of
at least 120 cm, (3) high-density signal lines (128
lines/5 ¢cm width), and (4) high-speed signal transfer
(by LVDS).?) The development of the cable is the most
challenging part of the INTT project.

We performed research and development of the ca-
ble in the past two years. The design of the cable was
optimized using a signal-transfer simulation with the
strip-line structure. We then made a prototype of the
cable using a flexible printed circuit board (FPC) with
a liquid crystal polymer (LCP) as the substrate. The
LCP realizes a small signal loss because of its small
dielectric constant. The electrical and mechanical per-
formance of the prototype were tested.?) Based on this
knowledge, we made a 120-cm-long prototype cable.

We measured the eye diagram to study the transfer
performance of the cable. Figure 1 shows the input
(left) and output (right) shapes of the eye diagrams.
The signal height is 30% attenuated, and the waveform
is rounded. This change in waveform is consistent with
the expectation from simulation. We found that the
eye is clearly open. To quantify the performance, we
will measure the bit error rate.

In June 2019, we performed a beam test with a
120 GeV proton beam at the Fermilab Test Beam Fa-
cility (FTBF). The performance of the INTT module

Input signal Output from the data cable

Fig. 1. Eye diagram with (right) and without (left) the
cable.
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Fig. 2. Setup for testing the cable during the beam test at
FTBF.

was evaluated in terms of the detection efficiency and
minimum ionizing particle (MIP) peak.?) In addition,
the prototype cable was tested under a beam environ-
ment. The data were taken using the cable together
with the INTT module and, later, readout electron-
ics. Figure 2 shows the test setup at the beam test.
The INTT modules are installed in a dark box, and
the readout electronics are placed. The cable, shown
as an orange flat cable that makes loops, is connected
to them. This was the first attempt to take data with
the full readout chain of the INTT detector. Further
investigation is ongoing to quantify the performance
under the beam environment.

An issue was found in the production of through
holes on the cable. We found that the through holes
have nodules caused by the residue of the adhesive
sheet used to laminate the FPC layers. Several at-
tempts to clean the through holes by changing the drill
process and desmear process were unsuccessful. We
will test new adhesive sheets from different manufac-
turers. These sheets are suitable for LCP according to
the catalog.

In summary, the development of an extremely long
and high-density cable is in progress. The production
version of the cable was made and tested under a beam
environment. An issue is under investigation. We will
test new adhesive sheets, and a new prototype will be
made using a new adhesive sheet and tested during the
beam test in May 2020.
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Performance evaluation of a sensor module for INTT at sPHENIX
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The intermediate silicon strip tracker (INTT) is one . 'oocveee
of the tracking detectors of sSPHENIX.") An INTT sen- D DBDD
sor module consists of a silicon strip sensor, a read-

cwip2t

out chip called FPHX and a high-density interconnect | nienieeionimsl i s DNDE
(HDI).?) The size of the silicon strip sensor is 232.2 x D DDDDDE EDD : :
22.5 x 0.32 mm?. FPHX is a read-out LSI chip used

for PHENIX." One FPHX reads out 128 channels. 26
FPHXSs correspond to 128 x 26 read-out channels. Each

Fig. 2. Hit channel distribution of L0O. X-axis: entries, Y-
axis: channel number.

channel is equipped with a shaping amplifier and 3-bit (@)  corsleton ot derominstor of Lo (b)) Deha chame o denominator or Lo
ADC. HDI is a flexible PC board. §" B
We performed a beam test using a 120 GeV proton & | - T
beam in June, 2019 at Fermilab and analyzed the data .| A N
to evaluate the performance of the INTT sensor module. o _ e . [
Figure 1 shows the setup of three sensor modules and two  «f A [
trigger scintillators. We call the layers from the front of  =f / [
the beam direction LO, L1 and L2. Two scintillators are A
arranged to sandwich the sensor modules. R E T dhan
We define the efﬁciency of L.O by Eq (1) and describe (C) Correlation of closest delta of L0 (d) Delta channel of LO
how to calculate the efficiency. (1) Figure 2 shows the LEW_‘ g . et
hit channel distributions for 26 FPHXs in a layer. The guwf .. /.~ " o i o
beam spot was observed at chip 6, 7, 19 and 20, respec- w0 . T =
tively. L1 and L2 required a single strip hit at chip 6 o s . n
and ADC > 3 to reduce noise. An L0 hit can be multi-  <f - ./ """ L taal hit e L
strip hits among several chips around the beam spot. (2) N3 N ,
We calculate the channel difference between L1 and L2 i el ‘B LI

to choose the coincident hit from the track. Figure 3(a) ' LO chan
shows the hit correlation between L1 and L2 so that
events of channels with a difference <45 are selected for

a.s shofv&gl Om FlgL?i(b)d(E); Xye (l:)alcu‘l.ate éhe h21t expecta}; L2 channel). (c) Hit correlation between LO and expecta-
tion o using L1 and I its by using Eq. (2) to searc tion. X-axis: LO channel, Y-axis: expected channel. (d)
for the most probable hit at L0. (4) We search for a cor- Difference (LO channel - expected channel).

responding hit at L0 to choose the one closest to the hit
expectation. L0 channels are numbered from 0 to 256
by combining two FPHX chips to cover the whole width

Fig. 3. (a) Hit correlation between L1 and L2. X-axis: L1
channel, Y-axis: L2 channel. (b) Difference (L1 channel -

of the sensor. Figure 3(c) shows the hit correlation of
L0 with the expectation so that events of the closest hit
of channels with a difference <45 are selected as shown
Fig. 3(d). (5) The events of (2) as the denominator and
(4) as the numerator for Eq. (1) are counted. The detec-
tion efficiency is evaluated as 96.040.5%, which is within
the error margins of the value of 96.4 +1.0% obtained in
the previous experiment conducted in 2018.

Sci A LO L1 L2 SciB

N(LOpis N Llpie N L2pit)
N(Llhit N L2hit)

L0 Efficiency = (1)

LOexp = Llchan X 3 — L2chan X 2. (2)

70mm 35mm
In summary, we analyzed the beam test data to eval-

uate the efficiency of the INTT sensor module. The effi-

ciency of L0 is 96.04+0.6%. This result is consistent with

Nara Women’s University the 2018 result.

*2 RIKEN Nishina Center

*3 Brookhaven National Laboratory

*4 National Central University References . .
*5 Japan Atomic Energy Agency 1) I. Nakagawa et al., in this report.

*6  Tokyo Metropolitan Industrial Technology Research Institute ~ 2) C. Aidata et al., Nucl. Instrum. Methods Phys. Res. A
*7 Purdue University 755, 44-61 (2014).

Fig. 1. Setup of ladders and scintillators in the beam test.
The orange arrow indicates the beam direction.
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Sensor testing of Intermediate Silicon Tracker

K. Cheng,*® Y. Akiba,*! D. Cacace,*? E. Desmond,*? T. Hachiya,*!** T. Kondo,*® C. Kuo,*> M. Lenz,*?
E. Mannel,*? C. Miraval,*?> M. Morita,** I. Nakagawa,*! R. Nouicer,*? R. Pisani,*?> M. Shibata,** C. Shih,*3
A. Suzuki,** T. Todoroki,*! X. Wei,*¢ and R. Xiao*®

The Intermediate Silicon Tracker (INTT) uses a multi-
channel silicon sensor to record tracks of charged parti-
cles. The characteristics of all channels should be mea-
sured to determine the performance before assembly.
Some coarse quality assurances of every sensor are made
by Hamamatsu Photonics K.K. before delivery, includ-
ing total IV and CV measurements of combined multiple
channels. Individual channels are then tested at the Na-
tional Central University (NCU) in Taiwan.

A half ladder of the INTT detector has 26 chips, and
each chip has 128 channels. If we use a micropositioner
to touch the sensor channel by channel, the measurement
time will be huge. Furthermore, in this method, it is dif-
ficult to control the touch force on AC pads, resulting
in severe damage to the pads. A major scratch on an
AC pad can cause a fatal problem in the wire bond to
the pad in an assembly process. The best solution is to
use a probe card to connect 128 channels simultaneously
and then pass through the relay matrix to scan each
channel. We only need to raise the voltage once in one
chip and keep the voltage to measure other channels. To
avoid severe scratching on bonding pads in this testing
process, we employ a probe station (MPI TS200) that
can control the contact force of the probe. When height
is defined, the repeatability of the machine is smaller
than 2 pm, and the contact force is controlled by a ma-
chine, rather than a human hand. Because INTT silicon
sensors have an AC-coupling design, all of the leakage
current originating from silicon will be blocked by a ca-
pacitor between silicon and the readout metal. The most
important measurement is, thus, the capacitance of each
channel for the AC-coupling silicon sensors. To mea-
sure the capacitance, the silicon sensor should be fully
depleted.?) In the AC-coupling silicon sensor structure
(Fig. 1), the AC pads and silicon are isolated; therefore,

Top View contact windows

Bias ring
1t Metal

() contact between
P+ and 1% metal

O contact between
15t and 2" metal

O contact between
1st metal and poly

2 Metal

Cross-section View

Fig. 1. Schematic of the AC coupling sensor.
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Fig. 2. CV curves of all channels in one chip. The blue mark-
ers show the result of connecting the DC pad to 0 V, and
the red lines show the result of connecting the bias ring
to 0 V.
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Fig. 3. Channel distribution of capacitance at full depletion.
The red circles show the values obtained with the bias
ring connected to 0 V, the blue and cyan circles show
the value with the DC pads of channel-1 and channel-128
connected to 0 V.

we need a contacting bias ring to create a closed circuit
to ensure full depletion. However, using a probe card to
touch the readout pads and bias ring together is difficult
because the contact window only opens at four corners
of the full sensor. Therefore, the coordinates of the win-
dow are not constant for each chip. Now, we change the
connection to the DC pad to 0 V create a circuit. In
the first study, the capacitance difference is only 0.5 pF
between the connections to the bias ring and DC pad.
CV curves (Fig. 2) and the channel distribution of ca-
pacitance (Fig. 3) measured with two methods in one
chip show almost the same behaviors, thus suggesting
that the DC pad provides a reasonably consistent 0 V
contact point as the bias ring with an extra offset of
~0.5 pF. Figure 3 shows that the capacitance is inde-
pendent of which channel is connected to 0 V; therefore,
a one-pin connection to the DC pad should be sufficient.
Therefore, the probe card will have 129 pins: 128 for
the measurement of the AC readout and one for the DC
pad. Subsequently we can determine the existence of
bad strips on the sensor and mark them.

Reference
1) R. Nouicer et al., Nucl. Instrum. Methods Phys. Res. A
461, 143-149 (2001).
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Geant4 simulation of INTT Phase-2 Test Beam at Fermilab

C. Shih,*? Y. Akiba,*! D. Cacace,*?> K. Cheng,*® E. Desmond,*? T. Hachiya,*!** S. Hasegawa,*® T. Kondo,*5
C. Kuo,*> M. Lenz,*? E. Mannel,*?> C. Miraval,*> M. Morita,** 1. Nakagawa,*! R. Nouicer,*?> R. Pisani,*?
M. Shibata,** A. Suzuki,** T. Todoroki,*! X. Wei,*” and R. Xiao*”

The INTermediate Tracker (INTT) is the tracker sys-
tem between the Time Projection Chamber (TPC) and
the MAPS - based Vertex Detector (MVTX). It makes
up the gap between the TPC and the MVTX, and it
can produce the track reconstruction of charged particles
more precisely. To check the performance of the INTT
modules, a beam test of INTT phase-2 was conducted in
Fermilab in May 2019. Protons at 120 GeV were used in
the test beam. Geant4 is applied to check the analysis
results. The geometry of the INTT beam test in simu-
lation is shown in Fig. 1. There are 4 layers of INTT
modules, each of which is formed by 2 silicon sensors,
HDI, and a cooling system. The air gap between two
layers is 35 mm. The INTT modules are sandwiched by
trigger scintillators, one in the front and one in the back.
The readout chips and glue layers are not considered in
the simulation.

The beam is set to be perpendicular to the modules
in the first simulation. To be consistent with the actual
data analysis of the beam test, only events that fire a
single strip in layer 1 were selected in MC. A comparison
of energy deposit distributions is shown in Fig. 2. The
horizontal scale for MC is adjusted to match the MIP
peak position. The result shows that MC is wider than
the data. In order to investigate the discrepancy, the in-
jection angle theta of the beam is scanned from 0 to 2.81
degree with 0.01 degree step in the second simulation.
For most cases, the distribution of energy deposit is sim-
ilar to that of the first simulation. However, we found
that the shape of the distribution changes once the an-

Fig. 1. Geometry of INTT Test Beam in simulation.
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Fig. 2. Distribution of energy deposit, the beam direction is
set to be perpendicular to modules.
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Fig. 5. Real energy deposit distribution.

gle passes a threshold, as illustrated in the right panel of
Fig. 3. The proton starts to fire multiple strips, and the
pass length of the primary strip becomes shorter than in
the perpendicular case. Consequently, the MIP peak of
the MC shrinks and leads to better agreement with the
data, as demonstrated in the left panel of Fig. 3. The
beam information of the phase-2 beam test is recorded
by three wire chambers, and the beam spot is in Fig. 4,
the sigma is 0.0025 degree. Thus, the beam information
is optimized.

The second step is to reproduce the most probable
value (MPV) of energy deposit. The function to convert
data from mV to KeV is 0.075 * mV = KeV. The MPV
ratio of the data and MC is 56.5%, the plot is shown in
Fig. 5.

In conclusion, the simulation indicated that the beam
was not injected at a perfectly perpendicular condition to
the INTT modules. The next step is to feed the beam-
spot distribution to a simulation with a different angle
and to find the angle between the beam direction and
modules. In the phase-3 INTT test beam, the gain and
timing setting needs to be checked.

Reference
1) Conceptual Design Report of sSPHENIX (2018).
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Development of high-resolution hard X-ray detector system by using
transition-edge sensor for accelator-based experiments

T. Isobe,*! H. Kaori,*? T. Okumura,*' S. Okada,*! S. Yamada,*® H. Tatsuno,*3 D. A. Bennett,**
J. A. B. Mates,** D. Yang,** D. S. Swetz,** and T. Hashimoto*® for the HEATES collaboration

A transition-edge sensor (TES) is a type of low-
temperature microcalorimeter that provides a much
better energy resolution than semiconductor detec-
tors by using a superconducting material as the
temperature sensor at the superconducting-to-normal
transition-edge. Recently, a detector system with TES
was employed for accelator-based experiments.!) For
instance, a high-resolution X-ray measurement of a
Kaonic atom was succesfully performed at J-PARC in
spring 2018.2) An energy resolution of 5.7 ¢V in FWHM
was shown for the Co Ka X-ray line (6.9257 keV)
during the beam time, while a resolution of 5 €V in
FWHM can be achieved for the same line with the
beam off. As the next step of high-resolution X-ray
spectroscopy with a TES detector system for accelator-
based science, we are constructing a new system by
indroducing a modern cryogenic system (HPD Co.
Ltd. model 107 adiabatic demagnetization refrigera-
tor, ADR, cryostat) and novel microwave readout sys-
tem for TES. The model 107 cryostat has a helium-
3-backed, single-stage ADR with an ADR base tem-
perature of 30 mK and a 300-h no-load regulation at
100 mK. Figure 1(a) shows the inside of the new cryo-
genic system.

The sensitivity of the TES is expressed as AT =
E/C, where AT is the temperature change, E the en-
ergy of X-rays, and C' the heat capacity of the TES.
Thus, the size of the TES, which determines C, is lim-
ited for a target performance. Typically, the size of
one pixel is 100 x 100 gm?. In order to enlarge the ac-
ceptance of the detector, it is necessary to increase the
number of TES pixels (readout channel). However,
the number of electric connections to the cryostat is
limited to less than ~100 due to the limitation in cool-
ing power of the cryogenic system. Recently, a novel
readout technique using a microwave resonator was de-
veloped.?) By introducing such microwave readout, the
number of readout channels is expected to be increased
up to ~1000 per readout connection. Figures 1(b) and
(c) show the transmitted power of the prototype res-
onator, which gives 64 tones, where one tone is used
for one TES pixel readout.

After finishing the construction of the new detec-
tor system, we plan to execute online experimental
projects for the precise measurement of hard X-ray

*1 " RIKEN Nishina Center

*2 National Institute of Advanced Industrial Science and Tech-
nology (AIST)

Graduate School of Science, Tokyo Metropolitan University
*4  National Institute of Standards and Technology (NIST)

*5  Japan Atomic Energy Agency (JAEA)
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Fig. 1. (a) New cryogenic system to introduce the novel
TES detector. The top plate is used for vacuum sealing.
The other plates are used for shielding thermal radia-
tion of 300 K, 3 K, and 300 mK from top to bottom.
The TES detector is supposed to be mounted on the
bottom part indicated by dashed square. (b) Transmit-
ted power of the prototype resonator. Each tone corre-
sponds to one channel (TES pixel). (c¢) Enlarged view
of the X-axis of (b). (d) Prototype resonator mounted
in model 107.

lines from atomic/nuclear excited states. For example,
X-rays from a muonic atom will be measured for the
validation of quantum electromagnetics. Furthermore,
X-rays from the excited isomeric state of Th-229 are
proposed to be measured. Currently, a molybdenum-
gold bilayer TES microcalorimeter for X-rays in the
range of 20 keV to 45 keV X-rays has been designed,
and its prototype has been tested.

This work is supported by the Japanese MEXT
KAKENHI under grant No. 18H05458 and No.
18H03713.

References

1) S. Okada et al., Prog. Theor. Exp. Phys. 2016, 091D01
(2016).

2) T. Hashimoto et al., J. of Low Temp. Phys. 199, 1018
(2020).

3) J.A.B.Mates etal., Appl. Phys. Lett. 92,023514 (2008).



II-9. Instrumentation

RIKEN Accel. Prog. Rep. 53

SAMURAI DAQ speed improvement

J. Gao,**3 H. Baba,*! M. Sasano,*! and L. Stuhl*?

In this contribution, we report the improvement of
the SAMURAI DAQ speed. SAMURAI DAQ contains
several VME subsystems. The typical dead time was

about 200 ps. It is necessary to improve the DAQ system £

to acquire sufficient data for recent studies.

The accurate measurement of dead time is critical for
the performance improvement. Conventionally, we esti-
mate the typical dead time by checking the width of busy
signals using an oscilloscope. However the width can be
different for events with different data sizes. Therefore
we developed a new method to evaluate the dead time
as a function of data size using saved data. This method
helps us find the device that critically limits the DAQ
speed.

The data size is easy to obtain from the data file, while
the dead time can be extracted from event time-stamps.
Let At be the time interval between neighboring events
(see Fig. 1). If we acquire a large amount of data, we
can expect some events to be accepted immediately after
the dead time is finished (like event 3 in Fig. 1).

dead time(size = s) = inf{ At;|size; = s}.

With pairs (size;, At;) of each event, where size; is
the data size of the device of interest for event i and
At; is defined in Fig. 1, we can draw a 2D histogram.
For example, Fig. 2 shows two plots generated from
SAMURAI30 experiment?) data. In this example, the
histogram for the proton drift chamber (PDC) has a lin-
ear edge, but that for the beam drift chamber (BDC)
appears to have a plateau on the small data size side.
This implies that BDC should wait for other device(s)
to finish data saving when it has a small amount of data.
We conclude that PDC is the bottleneck and should be
improved. We can repeat these steps to optimize DAQ
performance until all devices show a linear edge on the
histograms or the dead time becomes low enough for the
experiment.

This method is also useful for comparing the perfor-
mance of different modules. For example, Fig. 3(a) and
Fig. 3(b) show the results for two widely used TDCs,

o NG o
< < < <
) @4 e\\ 04
dead time
time
t1 t2 t3 t4
At,=t,t, Dt=tet, At=tet,

Fig. 1.: Definition of the time interval between neigh-
boring events At.
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Fig. 2.: Plot of At versus data size for SAMURAI30
data. A comparison of the figures indicates that PDC
limits the DAQ performance.
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Fig. 3.: Plot of At versus data size for source test data.
AMT-VME TDC has a larger slope, implying that its
performance is worse.

AMSC AMT-VME TDC and CAEN V1190 TDC, re-
spectively. We performed a source test for each TDC
and plotted the resulting 2D histograms. The edge in the
AMT-VME’s histogram exhibits a sharper slope, which
implies that the dead time of this module quickly in-
creases when the data size increases. We emphasize here
that it would be very difficult to recognize this perfor-
mance difference through an oscilloscope measurement.

We applied this method to optimize DAQ for the
SAMURALI 11 experiment.?) According to the results
shown in Fig. 3, the DAQ speed was limited by the TDC
modules, rather than the detectors. Therefore in the ex-
periment, all AMT-VME TDCs were replaced by V1190
TDCs. Combined with other optimizations, such as the
disabling of unnecessary TDC headers, the typical dead
time in SAMURAI 11 was about 50 us, and the accepted
trigger rate was about 5 kHz. This is a large improve-
ment over previous experiments in SAMURAI, which
typically had a dead time of about 200 us and accepted
trigger rate of about 1 kHz.

(This work is funded by the China scholarship Coun-
cil.)
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High-stability high-voltage power supply for MRTOFT

P. Schury,*! M. Wada,*! H. Wollnik,***? J. -Y. Moon,*!*3 T. Hashimoto,*"*3 and M. Rosenbusch*!

Achieving the highest possible mass resolving power
in a multi-reflection time-of-flight (MRTOF) mass
spectrograph requires very high-stability power sup-
plies. To this end, we have developed a programmable
high-voltage power supply that can achieve long-term
stability on the order of parts-per-million. We have
demonstrated that in the <1 Hz band the output sta-
bility is on the level of 1 part per million (ppm) dur-
ing one hour, with only slightly more output variation
across 3 days. We have further demonstrated that the
output is largely free of noise in the 1 Hz—200 Hz band.
We have also demonstrated settling to the ppm level
within one minute following a 100 V step transition.
Finally, we have demonstrated that when these power
supplies are used to bias the electrodes of an MRTOF
the measured time-of-flight is stable on the ppm-level
for at least one hour.

In order to achieve a fast-settling, high-precision,
long-term stable high-voltage power supply for driv-
ing our MRTOF, we have extended the concept laid
out in the Voltage Multipliers, Inc, application note
“AN-0300 - High Voltage Op-Amp Application Using
Opto-Couplers,}” which describes the use of infrared
LEDs and high-voltage photodiodes to emulate an op-
erational amplifier with up to 15 kV power supply span.
A conceptual circuit diagram of our design, separated
into functional blocks, is given in Fig. 1.

A crate of 16 power supplies was built to bias the

Digital controls

Veet
.

MCU 20-bit DAC

=

16-bit digital
thermometer

Gain adjustment

Low-noise reference

| Precision resistive divider |

Regulation circuit with
"high-voltage op-amp"

Fig. 1. Design of the high-voltage stabilization circuit.

t Condensed from Rev. Sci. Instrum. 91, 014702 (2020)
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Fig. 2. Allan deviation from individual ion times-of-flight.
The PID regulation without and with RC filter exhibit
a slope approximating white noise to ~1 s and ~10 s, re-
spectively. The dashed line indicates the trend expected
for white noise. The Allan deviation curve switches
to a flat line indicative of flicker noise at a level of
~0.02 ppm, which coincides with the 0.1 ns raw bin
width from the TDC.

electrodes of 50 cm MRTOF-MS in the E3 (KISS)
vault. The voltages were adjusted until a time resolv-
ing power of ﬁ ~ 250,000 was achieved. Due to the
lens voltage requiring a bias of 5 kV or more, we have
thus far opted to use an NHR 42 60r high-precision
46 kV power supply from ISEG to bias this electrode.

Figure 2 shows the result of an analysis of time-
of-flight data from a several-hours-long measurement
using our newly developed power supplies with the
MRTOF in E3 along with a similar analysis using
pre-existing hours-long duration data from our full-
size MRTOF-MS operated with a PID stabilization
scheme. The data for the PID stabilization was ob-
tained using a 30 ms cycle period, yielding a minimum
Allan deviation? sampling period of ~80 ms. The data
for the present system was obtained using a 15 ms cycle
period, yielding a minimum Allan deviation sampling
period of ~40 ms. These analyses shows that in terms
of long-term stability the voltage stabilization circuit
of the present work exceeds the performance of our RC
filter enhanced PID regulation system. Using our new
power supplies, the MRTOF exhibits white noise in
the ion time-of-flight over a much wider duration than
with the PID-based regulation systems.
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Eliminating mass-dependent inaccuracies in MRTOF-MS for the study
of RI using arbitrary reference masses

M. Rosenbusch,*! P. Schury,*! M. Wada,*! S. Iimura,*?>*? Y. Ito,** and H. Wollnik*®

In high-precision mass spectrometry of radioactive
isotopes, mass dependent inaccuracies are one of the
major topics to be discussed, because the ionic mass
(mass-to-charge ratio) of the rare isotopes to be stud-
ied can be distant from that of the reference ions
used for calibration. In Penning-trap mass spectrom-
etry, such effects have been studied extensively in
the past using carbon cluster sources.") For multi-
reflection time-of-flight (MRTOF) mass spectrometry
similar investigations are awaited, but are not com-
pleted yet. Other than in Penning traps, in electro-
static ion optics systems the trajectory of ions of equal
energy but different mass is exactly the same, which
comes from fundamental theorems. Following that, the
detected TOF of any ion is obtained by tp = ay/m/q,
with the characteristic device constant o and m, q as
mass and charge. The mass can be calculated by use
of a reference ion with m,q; and TOF tp; by:

mq ( tD — to )2
¢ g1 \tp1 —to 7
with ¢o being the offset time of the measurement (start
of the TDC). However, mass-dependent inaccuracies
can come from the acceleration process of the ions,
which has been investigated in a new theoretical frame-
work.?) The acceleration process of ions out of an ion
trap happens with an electric field that is switched on
with a transient in time with duration ¢, and induces
a mass-dependent dynamic process. We have found a
solution to include such a field transition, and to cali-
brate masses far away from the reference mass despite
this effect, while having only one reference ion species
available during the online measurement. To this end,
the system can be pre-calibrated once using two stable
ion species before the online measurement according
to the new equation tp = av/m/q+ 8+/q/m having a
second device constant 5. During the online measure-
ment, only one of the two reference species serves again
as reference ion. Using a linear approximation of the
acceleration field during the increase E = Emaxﬁ, a
new equation has been found for the mass of the ions:

~ o~ ~ o~ 2
i o (tt) 8

%?m 2a 1, a

m =

(1)

2

(2)
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Fig. 1. Relative deviation from the real mass value (upon
recalculation of the mass from the TOF data of the
reflectron simulation) as a function of the mass number,
using a transition time of 100 ns. a): Recalculation
of masses using the usual approach without correction
with mass A = 85 as reference ions. b): Recalculation

with correction using Eq. (2). Note the different scales.

The times t5,, t5,, and p; are reduced detection times
of the radioactive ion, the reference ion online, and the
reference ion before the measurement, respectively. All
times are reduced according to th, = t/, — 2 —to, where
tr/2 is a new correction for the switching transition
emerging from the calculations. A simulation model
for a simple TOF mass spectrometer with short TOF of
only about 40 us and a long switching time ¢ = 100 ns
has been written to show amplified effects. The TOF
of ions has been simulated including dynamic accelera-
tion, and over a broad mass range while assuming that
our reference ions have mass A = 85. The results using
the mass equation of the electrostatic problem and the
newly derived mass formula is shown in Fig. 1. It can
be seen that, in our constructed example, the impact of
such dynamic ion acceleration can be very significant if
the switching is not fully considered. For MRTOF-MS,
however, this effect is usually very small because of the
fast switches (20 ns) and the very long TOF of 6 ms.
It will become important for measurements of super-
heavy nuclei with large mass distances of reference to
the SHE mass (depending on charge state), where the
effects can become significant. The masses can then
be accurately derived using the new correction.
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On-line mass measurement using multi-reflection time-of-flight mass
spectrograph (MRTOF-MS) at KISS

J. Y. Moon,*! T. Hashimoto,*! S. C. Jeong,*?> M. Wada,*? P. Schury,*? Y. X. Watanabe,*? Y. Hirayama,*?
Y. Ito,*® M. Rosenbusch,*® T. Niwase,** H. Wollnik,*® and H. Miyatake*?

We report the first online measurement using a newly
developed multi-reflection time-of-flight mass spectro-
graph (MRTOF-MS), which recently achieved a mass
resolving power of, ~120,000 in an offline test. The de-
tailed structure of the MRTOF-MS can be found in a
previous report.)) As a calibrant for the A ~ 200 mass
region, ®°Rb ions were chosen because the 98Pt ions ex-
tracted from the gas cell cooler buncher (GCCB), were
found more likely doubly charged.?) The Rb ions exist-
ing in the 133Cs ion source were filtered out by using the
rear linear Paul trap mass filter and transported with
significant intensity. During the online experiment us-
ing a %8Pt target of 12.5 mg/cm? and !*5Xe beam of
10.75 MeV /nucleon, different target-like isotopes were
produced in a multi-nucleon transfer reaction at KISS,?
and among them, '?4Os ions were used to study the hy-
perfine structure.*) At KISS, by adjusting the laser fre-
quency, specific ions are selectively ionized by irradiat-
ing the ionization lasers in two steps and transported
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Fig. 1. Measured TOF spectra : '%*0Os run (Upper) and
1940s run (Lower). See the text for details.
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with almost 100% purity. However, in most of the
measurements, huge contaminants were observed, which
seemed irrelevant to the ionization laser. As an exam-
ple, Fig. 1 demonstrates the contaminants observed in
the 19319405 runs, in which (a) and (c) are 93Pt and
194Pt jons, respectively, that survived from the elastic
events emitted from the production target. The other
contaminant near 4Pt (d) is more likely a mixture of A
= 194 isotopes (Ir, Au, and Hg). The contaminant (b),
6.5 micro-amu heavier than %3Os, is not identified yet
but sufficiently removed by the ion collection electrode
(ICE). Fig. 2 demonstrates the accuracy and precision of
each measurement of 1**Os (T /> = 6 y), 1%50s (T2 =
30 m), '¥Ir (T /o = 8 s), and 'Ir (T} /5 = 6 s). Three
different methods implemented to derive their masses,
i.e., the single referencing method® using ®°Rb ions or
Pt ions and the double referencing method,®) were com-
pared there. It should be noted that the large discrep-
ancy of 1°40s is more likely due to the contaminant in-
cluded in the '*Os position, as previously described.
The mass of 8Ir has been directly measured for the
first time, but it still needs more careful analysis.
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Collinear laser spectroscopy of Bat in 6s2S; /2-6p 2p, /2 transition

Y. Sasaki,*!*2 M. Tajima,*! A. Takamine,*! H. limura,*"*3 M. Wada,** Y. Matsuo,***? and H. Ueno*!

The nuclear electromagnetic properties in nuclear
ground states and long-life isomeric states for a wide
range of nuclides have been determined using collinear
laser spectroscopy (CLS).") We are developing a CLS
apparatus for the slow RI beams that will be provided
from the SLOWRI facility? in the near future, with the
goal of realizing CLS for RIs that are difficult to obtain
through the isotope separation on-line (ISOL) method.
We have started off-line CLS test. As a first step, we
selected stable Ba-+ isotope ions since their high inten-
sity ion beams can be produced with a compact surface
ionization source.

This report describes the off-line CLS experiment for
the transition from the ground state 6s2S; s2 to the
excited state 6p?Ps/o. Tajima et al. report on the
CLS test for the transition from 4d2D5/2 to 6p2P3/2
in this progress report.?) The excitation wavelength for
the 6s2S;/5 — 6p*P3/ transition for Ba't is 455 nm.
We built an external cavity diode laser (ECDL), which
was assembled with an anti-reflection-coated laser diode
NDBA116T (peak wavelength range: 450 to 470 nm;
manufactured by Nichia Corporation) and a 2400/mm
holographic grating (Thorlabs GH13-24V) in a Littrow
configuration. The wavelength of the ECDL was locked
to a desired wavelength using a feedback system of a
high-precision wavemeter (HighFiness WS-U-10). The
resulting time variation of the center frequency of the
laser was narrowed to 4 MHz in full width at half max-
imum (Fig. 1).

The CLS test was performed using a home-built
ECDL. Figure 2 shows a schematic of our CLS appa-
ratus. Barium ions generated from the surface ionizer
were accelerated by a high voltage of 10 to 20 keV. The
accelerated ions were transported to an observation re-
gion after mass separation by a mass analyzing magnet.
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Fig. 1. Frequency locking result for our ECDL.
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A series of electrodes to control the Doppler shift was
placed around the observation region. Laser-induced
fluorescence (LIF) from the ions was collected in a pho-
tomultiplier tube in front of the electrodes, as shown
in Fig. 2. We observed resonance spectra while scan-
ning the voltage of the electrodes to control the Doppler
shift of the ions, instead of scanning the laser frequency.
Figure 3 shows the observed spectra for 136, 137138 Bg+,
At this time, the ions were accelerated to 10.51 keV,
the laser frequency was locked to 658.372682 THz, and
the laser power was 0.1 mW. The beam intensities were
200 pA, 350 pA, and 1.4 nA for 35Ba*, 13"Bat, and
138Bat, respectively. We successfully observed five res-
onance peaks for the transition between the hyperfine
sublevels of 1¥"Ba™, and only the peaks for the 6525 /5
state (F = 1) — 6p°Pg/y state (F = 0,1) transition
were not resolved, because the spacing is 32 MHz at
most.

We continue systematic measurements under various
experimental conditions such as different laser powers,
acceleration voltages, and laser light path alignments
for resolution improvement. We will also improve the
sensitivity using a coincidence method,* aiming at the
spectroscopy for low-yield nuclei obtained at online ex-
periments.
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LIF observation of Rb atoms in superfluid helium
by picosecond pulsed laser pumping
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Y. Zempo,** T. Tahara,*® and H. Ueno*?

Our research group has been developing a laser spec-
troscopic method named OROCHI. The system uses su-
perfluid helium (He II) as a trapping medium of atoms,
and the interaction between the immersed atoms and the
surrounding helium atoms leads to a unique property of
the spectroscopic environment. In particular, the Stokes
shift of the immersed atoms is important for understand-
ing the dynamics of He II. In this study, we focus on the
“atomic bubble” that causes the Stokes shift.

When atoms are introduced into He II, the surround-
ing helium atoms are pushed out by the exchange (Pauli)
repulsion force.!) The resulting vacuum region is called
an atomic bubble. When the shape of the outer electron
orbit of the atom changes owing to a state transition
such as excitation or absorption, the deformation of the
atomic bubble follows. This cycle is repeated at each
excitation (Fig. 1).

The absorption and emission occur within about
1071% s, while it is estimated that the deformation of the
bubble occurs on a timescale of a few picoseconds.?) How-
ever, this relaxation time has not been directly measured
in the picosecond time scale so far. To clarify the dynam-
ics of the atomic bubble system, we combined the laser
spectroscopic technique in He II and an ultrafast laser
spectroscopic technique.?) In this research, we started
with Rb as a target atom because its characteristics in
He IT has been well studied.?* We here describe the cur-
rent status of preparation for the first measurement of
the relaxation time.

The wavelengths of atomic transitions in He II shift
between absorption and emission owing to this defor-
mation cycle.?) In the excited state, a part of atoms in
the observation area are expected to emit photons dur-
ing the deformation process before the atomic bubble
reaches its potential minimum of the excited state. Be-
cause the change of the emission wavelength corresponds
to the degree of deformation, the relaxation time is mea-
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Fig. 1. Deformation cycle of an atomic bubble.
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sured by observing the time dependence of the emission
wavelength.

For the observation, we plan to use a time-correlated
single photon counting (TCSPC) system with a detec-
tor of high time resolution. The TCSPC records the
time between the input of the excitation pulse laser sig-
nal and the detection of the laser-induced fluorescence
(LIF) photon to obtain the time dependence of the LIF
intensity. The typical time resolution of the system is
80 ps.

In this method, the pulse width of the excitation laser
must be shorter than the relaxation time. Therefore,
a picosecond mode-locked Ti: sapphire laser was intro-
duced. The typical pulse width of the laser is 1.6 ps.
Since the LIF of atoms in He II with ultrashort pulse
lasers has not been observed, we conducted a laser per-
formance evaluation experiment.

The observation was performed using the picosecond
laser (laser power: 103 mW, repetition rate: 80 MHz)
and an offline experiment setup and a laser sputtering
method to introduce atoms. We used a monochromator
and a photomultiplier tube for the fluorescence detection
system. First, the LIF was measured by a wavelength
sweep of the excitation laser. We obtained a spectrum
that showed a peak in the fluorescence intensity at a laser
wavelength of approximately 778 nm. This wavelength
corresponds to the D1 excitation of Rb atoms in He II.
Next, by fixing the laser wavelength fixed at the peak
position, a wavelength sweep of the monochromator was
performed. We observed an LIF spectrum centered at
794 nm, which is the D1 emission wavelength in He II.

In summary, we successfully observed the LIF of atoms
in He II using the picosecond laser. We are planning to
conduct an experiment of the relaxation time measure-
ment by the TCSPC system.
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Measurement of stopping-position width of highly energetic Rb ion
beams in liquid nitrogen
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We are developing a laser spectroscopy technique
named optical RI-atom observation in conduced helium
as ion catcher (OROCH) for the study of nuclear prop-
erties of unstable nuclei. In this method, highly ener-
getic ion beams are stopped in superfluid helium (He
IT) and neutralized, following which atoms are subjected
to in-situ laser spectroscopy. The combination of opti-
cal pumping and the laser radiofrequency (RF) of mi-
crowave (MW) double-resonance methods enables us to
determine the Zeeman and hyperfine splittings of atoms,
from which the nuclear spin and moment are deduced.
The method is promising particularly for low-yield nuclei
because the stopping efficiency of He II is nearly 100%.
We have successfully observed laser-induced fluorescence
(LIF) from 8°Rb atoms of about 200 pps injected into He
IT as a 66 AMeV beam in the RIKEN RIPS beamline.)

However, the above energy beams could just reach the
center of the optical cryostat after travelling for several
millimeters in He II. In order to apply this method to
heavier elements such as Ag, Cs, and Au, a beamline of
higher energy is necessary to transport beams to the LIF
observation region (¢2 mm X 5 mm).

As the first step, we plan to apply this method to
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Fig. 1. Schematic of (a) the pre-cryo and (b) the cryostat
chambers.
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radioactive Rb isotopes provided by the HIMAC SB2
beamline at NIRS. To verify the feasibility of an online
experiment, we investigated beam yields and beam pro-
file using a ®*Rb beam produced from a primary 5*Kr
beam on a Be target of 350 AMeV. We observed pho-
tons from plastic scintillators to estimate the number of
84Rb ions stopped in the LIF observation region. Lig-
uid nitrogen was used as a stopper instead of superfluid
helium in this experiment.

Figure 1 shows the schematics of the “pre-cryo” and
cryostat chambers where two plastic scintillators PL1
and PL2 are placed. Details of the apparatus and
measurement method are described elsewhere?) in this
progress report.

The result of the PL1 counts acquired to investigate
the transverse beam profile is reported in Ref. 2). In or-
der to measure the longitudinal stopping position of the
beam, we counted the PL2 photons as a function of the
thickness of aluminum energy degrader. The degrader
thickness was changed in steps of 50 pm. Figure 2 shows
the differential counts between neighboring thicknesses,
which correspond to the number of stopped ions. That
is, the differential counts indicate the range distribution
for the beam if the stopper material is regarded as alu-
minum. We found that the optimal degrader thickness
was ~750 pym. The beam was stopped within a longitu-
dinal width of 0.3 mm in aluminum. From this result,
we roughly determined that the beams were stopped in
a width of 1 mm in liquid nitrogen. If we convert this
value to the stopping-position width in He II, the beams
are estimated to be stopped in a width of 6 mm, con-
sidering the material density of He II. Further analysis
to estimate the 3¥Rb atom yields in the LIF observation
region combined with the transverse beam profile is in
progress.
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Investigation of the secondary rubidium beam profile at HIMAC
towards laser spectroscopy in an optical cryostat
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We are developing a laser spectroscopy technique
named Optical RI-atom Observation in Condensed He-
lium as Ion-catcher (OROCHI) for the study of nuclear
spins and moments. In the OROCHI experiment, we
catch highly energetic ion beams in superfluid helium
(He II) in our cryostat to neutralize them and conduct
in-situ laser spectroscopy. We irradiate the neutralized
atoms with circularly polarized laser light to produce
spin polarization and measure the atomic Zeeman and
hyperfine splitting of the atoms using the laser-radio-
frequency and laser-microwave (mw) double resonance
method.

In the previous online experiment,?) our group ob-
served the laser-rf double resonance spectra for 84 3"Rb
ion beams. It was reported that the atoms in superfluid
helium shows a hyperfine structure constant slightly
lager than that of a free atom by ~1%.23) Now, based
on our interest in the hyperfine anomalies of the atoms
in superfluid helium, we plan to measure the hyperfine
splitting of the radioactive Rb, Ag, Cs, and Au iso-
topes, to which this method has not been applied.

We plan to apply this method to radioactive Rb
isotopes provided by the HIMAC SB2 beam line at
NIRS in FY 2020. As a prerequisite online experi-
ment, we measured the beam yields of a ®*Rb beam
produced in proton pickup reactions by a 84Kr beam
of 350 A MeV on a Be target of 12 mm thickness to
investigate the beam profile of ®*Rb ions stopped in
a laser-induced fluorescence (LIF) observation region
(¢2 mm X 5 mm).

The beam yields were counted with two plastic scin-
tillation counters. Onme plastic scintillator (“PL17:
30 mm square X 0.1 mm thickness) was placed in
a chamber, which we call the “pre-cryo chamber,”
in front of the cryostat. Another plastic scintillator
(“PL2”: 10 mm square x 0.5 mm thickness) was placed
at the center of the cryostat. A variable energy de-
grader system was placed upstream of PL1, and one
of the collimators having various diameters can be set
just upstream of PL1 in the pre-cryo chamber. A fig-
ure for the setup and the role of PL2 is described in the
report by M. Nishimura et al.*) in this progress report.

We measured the beam yields using PL1 as a func-
tion of the collimator diameter in order to investigate
the transverse beam profile. The coincidence pulses
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Fig. 1. Collimator diameter dependence of the yield of the
secondary beam.

of two photomultipliers mounted at the left and right
sides of PL1 were counted by a multichannel scaler
(Techno AP APG7400A USB-MCA4) with a dead time
of 1.5 us. Figure 1 shows the collimator diameter de-
pendence of PL1 counts. The primary beam intensity
was 2x 108 particles per spill (the repetition cycle of the
beam spill was 3.3 s) for this measurement. Because
the beam purity was ~40%, which was evaluated from
the particle identification, we found that 84Rb beams
of 3.8 x 10* particles per spill were provided from the
HIMAC SB2 line at the full primary beam intensity
of 5.9 x 10® particles per spill with a dead-time cor-
rection. This value agrees with a LISE4++ calculation
result. Currently, we are carefully analyzing the data
and evaluating the beam profiles of ®4Rb and impurity
82Kr, assuming the beam profiles follow a Gaussian
distribution.

In summary, we evaluated the secondary beam yield
variations by changing the collimator size to investi-
gate the transverse profile of the beam. Combined
with the results for the longitudinal distribution of the
stopped atoms in the cryostat using PL2 counts, the
estimation of the yield and profile of 8¥Rb atoms in
the LIF observation region is in progress. We will ver-
ify the feasibility of the hyperfine structure constant
measurements for various Rb and Ag isotopes at the
HIMAC SB2 beam line.
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Degrader system for ZD-MRTOF
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After the successful experience with gas-cell tech-
niques and the multi-reflection time-of-flight mass
spectrograph (MRTOF-MS) at SLOWRI and GARIS-
II, parasite experiments for commissioning the cryo-
genic He gas cell and MRTOF-MS using the ZeroDe-
gree spectrometer have been proposed. A gutter RF
carpet gas cell will be installed at the downstream
side of F11 to stop heavy ions and extract them to
the MRTOF-MS. Since the maximum stopping power
of the gas cell is ~0.7 MeV /nucleon ions dumped
from ZeroDegree that have an energy higher than
100 MeV /nucleon need to be slowed down before enter-
ing the gas cell. A degrader system will be installed.
Additionally, as the commissioning will be run sym-
biotically with other ZeroDegree experiments, an in-
dependent data acquisition (DAQ) system for particle
identification (PID) should be developed.

A movable flat Pb-glass degrader with a thickness of
7.1 mm was combined with a step motor rotating in
the vertical direction from 0° to 90°, which is mounted
in front of the gas-cell window. The step motor has
a high resolution of 0.0072° per step enabling the fine
tuning of the effective degrader thickness. The max-
imum effective thickness of the degrader is 10.04 mm
when the degrader rotates to 45°, while there is no
degrader at 90°. An online PID DAQ system with
shared beam signals from ZeroDegree is developed in-
dependently for the BigRIPS DAQ, which will not be
in conflict to other experiments. The PID could be per-
formed by the AE-AE method using a multi-samping
ion chamber at F11 and Si detectors. Moreover, the
AE-TOF-Bp method for PID could be applied using
the multi-samping ion chamber at F11, time of flight
from F8 to F11 and F10 PPAC position information.
With the selection of specified ions, the degarder angle
can be optimized by measuring beam energy loss in the
Si array. After fixing the angle of the degarder, the Si
array will be removed and ions will be transported to
the gas-cell.

The degrader system has been tested in an online
experiment. A 23%U primary beam with an energy
of 345 MeV /nucleon was incident on a 4-mm thick
9Be target. Fragmentation around 3°Zn was produced
and selected by BigRIPS and ZeroDegree spectrome-
ters, where a wedge-shaped degrader at F10 was uti-
lized so as to mono-energetically focus particles on F11
by adopting the LAA-monoionic optical mode. The
PID has been performed by the AE-AFE, as shown

*1
*2
*3
*4

Department of Physics, the University of Hong Kong
Wako Nuclear Science Center, KEK

RIKEN Nishina Center

Institute of Modern Physics
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Energy loss in Si (a.u)
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Fig. 1. (a) Particle identification using the AE-AE method
by a multi-sampling ion chamber at F'11 and Si detector;
(b) energy loss in the Si detector as a function of the
degrader angle

in Fig. 1(a), with a reasonable resolution. By scanning
the degrader angle 6 from 0° to 90° and gating on 8! Ga,
the energy loss in Si as a function # was obtained as
shown in Fig. 1(b). By fine tuning of 6 from 39° to
40°, 8'Ga was expected to be caught by the gas cell.
This result is consistent with LISE++ calculation.

A real-time PID trigger is under construction within
the PID DAQ system, and it can be possible to stop
a single ion in the gas cell. With selected particle in-
formation from the DAQ, a pulse will be generated to
turn off the DC field in the gas cell for a half life of
the selected ion. In such a condition, the p-delayed
neutron emission probability of the ion can be deter-
mined by counting daughter nuclei distinguished using
MRTOF-MS.

Reference
1) M. Wada et al., Nucl. Instrum. Methods Phys. Res. B
204, 570-581 (2003)
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First test of graphenic carbon vacuum windows with heavy ions

S. Purushothaman,*! H. Haba,*? E. Haettner,*! S. Ishikawa,*3 K. Itahashi,*?> S. Y. Matsumoto,*?**
Y. Miyake,*? A. Sakaue,* R. Sekiya,™ Y. K. Tanaka,*!**> and M. Tomut*%

Currently, one of the main concerns in experiments
involving high-luminosity hadron beams is the limi-
tations imposed by the materials directly interacting
with the beam. Beam windows are essential compo-
nents in every accelerator and many experimental sys-
tems, and they experience enhanced radiation damage,
high operation temperatures, and high thermal and
transient stresses, adding to pressure differences be-
tween the beam vacuum and atmosphere. Graphenic
carbon membranes are an excellent replacement for
conventionally used window materials such as steel,
beryllium, aluminum, or Inconel alloys because of their
low atomic number and excellent thermomechanical
properties. The excellent mechanical properties and
molecular impermeability of suspended graphenic car-
bon membranes'?) make them an ideal vacuum win-
dow material with an extremely low window thickness
that meets the mechanical stability requirements.

Due to the ultrahigh electron transmissivity in a
wide electron energy range, high electrical conductiv-
ity, and high chemical stability of suspended graphenic
carbon membranes, their use as a vacuum window ma-
terial is currently being explored, and they are being
implemented in fields such as electron microscopy and
X-ray photoelectron spectroscopy. In a recent devel-
opment, a novel x-ray transmission window based on
polycrystalline graphene or graphenic carbon (GC) has
been developed?) as a replacement for the beryllium
transmission windows in X-ray detectors. A maximum
burst pressure of about 0.5-0.6 MPa at a window thick-
ness of 1 ym and a diameter of 7.5 mm has been re-
ported in Ref. 2).

The work outlined here aims intended to explore
the outstanding mechanical properties demonstrated
by the above-mentioned GC X-ray window within the
context of hadron beams. As the first step, differ-
ent aspects of irradiation-induced damage in the ma-
terial were investigated in detail using 200 particle nA,
5 MeV /nucleon 2°Ne ion beam from the AVF acceler-
ator at RIKEN. GC samples were placed at the E7B
target position and irradiated. The total dose of each
irradiation procedure was quantified by measuring the
beam current with an accuracy of 5%. A collimator slit
of a 3 mm width was used to limit the beam size on the
samples. A Faraday cup downstream of the collimator
was used to quantify the fluence.

*1 GSI Helmholtzzentrum fiir Schwerionenforschung

*2 RIKEN Nishina Center
*3  Tohoku University

*4  Kyoto University

*5 RIKEN CPR

*6 University of Miinster
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Fig. 1. (a) Non-irradiated sample. Foil irradiated at
200 particle nA for (b) 1 h 51 min at a total fluence
of 9.7 x 10'% particles/cm?, (c) 3 h 30 min at a total
fluence of 2.1 x 10'7 particles/cm?, and (d) 10 h at a
total fluence of 2.1 x 10'” particles/cm?. Although the
beam was collimated using a 3 mm collimator slit, the
obtained beam spot was “comma” shaped with a non-
uniform intensity distribution. This is reflected in the
shape of the beam-induced compaction (marked with
red dotted curves).

Five graphenic carbon samples of thickness 1 ym and
diameter 7.5 mm were irradiated for different time in-
tervals (fluences ranging from 9.7 x 106 particles/cm?
to 9.7 x 1017 particles/cm?) to study the evolution of
irradiation-induced structural change.

The foil could mechanically withstand a 200 parti-
cle nA DC beam up to 10 h. A detailed investigation of
the effects of irradiation-induced damage in the mate-
rial is ongoing at the University of Miinster and at GSI
using Raman spectroscopy, scanning and transmission
electron microscopy, and nanoindentation.

The next step will be to evaluate the performance
under pressure during the irradiation under a differen-
tial helium pressure of 0.2 MPa across the membranes
while monitoring the evolution of helium leakage. This
will check the feasibility of the GC vacuum window as
a candidate for hadronic ion beams.
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Heavy-ion irradiation test of radiochromic films

T. Kambara,*' A. Yoshida,*! Y. Hayashi,*! K. Ishii,*! and T. Abe*!

The heavy-ion irradiation of biological or industrial
samples requires the dose-distribution measurement of
a beam spot 5-10 cm in diameter. A radiochromic

film changes its color according to the absorbed dose ng4

of ionizing radiation and enables two-dimensional high-
resolution dose-distribution measurements. It is easy to
handle and portable, and a personal computer can cap-
ture its image with an inexpensive and common image
scanner and convert the numerical data of the image
to optical density (OD) as a function of the absorbed
dose.?) Radiochromic films are widely used in radiother-
apy for dosimetry of high-energy photons.

In order to assess the usefulness of radiochromic films
in our high-energy heavy-ion irradiation, we tested two
types of films, GAFCHROMIC™ HD-V2 for a higher
dose and EBT-3 for a lower dose,? using heavy ions
with a wide range of linear energy transfer (LET). The
irradiation targets were 4 cm x 5 cm rectangular seg-
ments of vendor-supplied 25 cm x 20 cm sheets of the
films. The HV-D2 targets were irradiated by C ions
with LETs of 22.5 and 179 keV /um, Ar ions with LETs
of 184 and 673 keV/um, and Fe ions with LETs of 637
and 1061 keV/um with dose ranging from 1 to 400 Gy,
and the EBT-3 targets were irradiated by C ions with
LET of 22.5 keV/pm, Ar ions with LET of 184 keV /pum,
and Fe ions with LET of 637 keV /um with dose ranging
from 0.2 to 10 Gy.

The targets were irradiated at the E5B beamline of
the RIKEN Ring Cyclotron where the LET was adjusted
by Al-plate degraders.? The beam was collimated by a
20-mm-diameter aperture on a 10-mm-thick brass plate
about 153 mm upstream of the target.

Before and after the irradiation, the target was
scanned by an image scanner and converted to a 24-bit
75-dpi bitmap file. The numerical values of the three
primary colors (RGB) of each pixel were converted to
OD values following the procedure described in Ref. 1).
Although each of the RBG colors can yield OD distri-
butions, we show in the following the results for green,
which is the most sensitive.

(a)

0.6 0.6

-
5]

4

0

20

0

Fig. 1. Images, the corresponding OD distributions and one-
dimensional vertical distributions through the center of
films irradiated by (a) C ions after an 18.6-mm-thick de-
grader and (b) Ar ions without a degrader.

*1 RIKEN Nishina Center
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Fig. 2. OD of the films irradiated by heavy ions with different
LETSs as functions of the absorbed dose.

Figure 1 shows examples of images of the irradiated
targets, the corresponding two-dimensional OD distribu-
tions, and its one-dimensional distribution along a verti-
cal line through the center: (a) an HD-V2 film irradiated
by 200 Gy of 179-keV /um C ions and (b) an EBT-3 film
irradiated by 10 Gy of 184-keV/um Ar ions. The im-
age in (a) is blurred since the C ions passed through an
18.6-mm-thick degrader before the target. The image in
(b) is clear; its OD distribution is flat in the beam spot
and drops sharply within about 1 mm at the edge since
the Ar ions did not pass through a degrader.

We obtained the net OD distribution of a target as the
difference between the distributions before and after the
irradiation, and we took the OD value at the center of
the beam spot. Figure 2 compares the dose dependence
of the net OD value for different irradiation conditions
and films.

The dose dependence of OD has a common feature: it
first increases linearly and finally saturates above 200 Gy
for HD-V2, but it does not saturate up to 10 Gy for
EBT-3. It is higher for lighter ions and lower LETs but
does not strongly depend on the ion and LET, remaining
within +£30% overall, although the atomic number of the
ions is different by more than 4 and the LET is different
by nearly 50.

As a whole, the radiochromic films can be useful for
various heavy ions with a wide range of LETs to evalu-
ate doses between 0.2 and 200 Gy and to measure the
two-dimensional dose distribution with a spatial resolu-
tion of about 1 mm. The films may also be useful for
the comparison of irradiation dose between distant ir-
radiation facilities since they are easily transported and

o0 treated.
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Computing and network environment at the RIKEN Nishina Center

T. Ichihara,*! Y. Watanabe,*! and H. Baba*!

We are operating Linux cluster systems') at the
RIKEN Nishina Center (RNC).

Figure 1 shows the current configuration of the
Linux servers at the RNC. The host RIBF.RIKEN.JP
is used as the mail server, the NFS server of the user
home directory, and the NIS master server. This is
the core server for the RIBF Linux cluster. A new
ssh login server RIBF02.RIKEN.JP with the CentOS
8.0 operating system (OS) was installed in November
2019.

For the mailing list service, we have been using
the Majordomo? mailing list software at the host
RIBF.RIKEN.JP for a long time. Since the main-
tenance of Majordomo was terminated several years
ago, we have changed the mailing list software to
Mailman.?) Mailman has several functions address-
ing Domain-based Message Authentication Reporting
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Fig. 1. Configuration of the RIBF Linux cluster.
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Fig. 2. Mail trends: message categories in 2019.

and Conformance (DMARC)* which has been intro-
duced recently at the Federal Agencies® in US to-
gether with Sender Policy Framework (SPF) and Do-
mainKeys Identified Mail (DKIM).

The hosts RIBFSMTP1/2 are the mail gateways,
which are used for tagging spam mails and isolat-
ing virus-infected mails. The latest version of Sophos
Email Protection-Advanced (PMX 6.4.8) has been in-
stalled. Figure 2 shows the mail trends in 2019. Ap-
proximately 50% of the incoming mails were blocked
by the PMX ip-blocker.

The host RIBFUSER has been used for the RIBF
User Group registration and election of Users Execu-
tive Committee (UEC) members. Since twelve years
had passed since the installation of this server, we re-
placed it with a new server, HP-DL20G9 with SL7.4
0OS, in January 2019.

The host RIBFWEBI has been used as the Web
server in RNC. Because seven years had passed since
the installation of this server, we replaced it with a new
server, HP-DL20G10 with CentOS 8.0 OS, in Novem-
ber 2019. With a virtual host function of the Apache
http server, eight multi-host Web contents have been
served at the server simultaneously

An anonymous ftp server, FTP.RIKEN.JP, is man-
aged and operated at the RNC. Major Linux distribu-
tions, including Scientific Linux, Ubuntu, and CentOS,
are mirrored daily for the convenience of their users
and for facilitating high-speed access.
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CCJ operations in 2019

S. Yokkaichi,** H. En’yo,*! T. Ichihara,*! W. Nakai,*! and Y. Watanabe*!

Overview

The RIKEN Computing Center in Japan (CCJ)Y
commenced operations in June 2000 as the largest off-
site computing center for the PHENIX? experiment
being conducted at RHIC. Since then, CCJ has been
providing numerous services as a regional computing
center in Asia. We have transferred several hundred
TBs of raw data files and nDST ) files from the RHIC
Computing Facility (RCF)? to CCJ.

Many analysis and simulation projects are being
conducted at CCJ, which are listed on the web page
http://ccjsun.riken.go.jp/ccj/proposals/. As of De-
cember 2019, CCJ has contributed to 43 published pa-
pers and 44 doctoral theses.

Computing hardware and software

The network configuration and the computing hard-
ware (nodes) and software (OS, batch queuing sys-
tems, database engine, etc.) are almost the same as
described in the previous APR.Y We have two login
servers, one main server (users’ home directory, NIS,
DNS, and NTP), and two disk servers the disk sizes
of which are 13 and 26 TB. The main server has an
external SAS RAID (21 TB) for the home and work
regions of users as well as system usage. Moreover, the
server has a RAID with built-in disks (13 TB) that can
be used temporarily by users and the system.

We operate 26 computing nodes, of which 16 nodes
were purchased in Mar. 2009 and 10 nodes were pur-
chased in Mar. 2011. Thus, in total, 368 (= 8 x 16
nodes + 24 x 10 nodes ) jobs can be processed simulta-
neously by these computing nodes using a batch queu-
ing system, LSF 9.1.3.4 The LSF license contract in
CClJ is for 358 in total in JFY 2019, after the transfer
of 80 licenses from the RIBF cluster. Table 1 lists the
number of malfunctioning SATA or SAS disks in the
HP servers, namely, computing nodes and NFS/AFS
servers.

One database (postgreSQL?)) server and one AFS®)
server are operated in order to share the PHENIX com-
puting environment. It should be noted that only the
SL57) environment is shared by the computing nodes,
which have approximately 0.9 TB of library files. We
started two new data-transfer servers, which have a
10 G Ethernet I/F and 12 TB SATA RAID with built-
in disks. Data transfer of the order of 100 TB from
J-PARC will start in 2020 and also from BNL in the
future. In addition, we operate two dedicated servers

*1
a)

RIKEN Nishina Center
term for a type of summary data files in PHENIX
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Table 1. Number of malfunctioning HDDs in HP servers
during 2011-2019.

Type(Size) |total || 19|18 |17 |16|15|14|13|12|11
SATA (1TB) | 192 || 8|16|18| 8|14|11|16(20| 9
SATA (2TB) | 120 ||10| 2|10| 2|10| O| 2| 5| 4
SATA (4 TB) | 10 0 O -| -| - - -| -| -
SAS (146 GB) | 38 6| 3| 1| 5] 3| 2| 0 1] 1
SAS (300 GB) | 26 21 0] 1} 0] 1| 1] 0] O 1

for the RHICf group® and two servers for the J-PARC
E16 group,? in order to keep their dedicated compila-
tion and library environments along with some data.
Three 10-K'VA UPSs are operated as power supply for
these CCJ nodes, should be replaced in 2020.

Joint operation with ACCC/HOKUSAI

CCJ and the RIKEN Integrated Cluster of Clusters
(RICC) have been jointly operated since July 2009. In
April 2015, a new system named “HOKUSAI Great-
wave” was launched by RIKEN ACCC,'9 and the joint
operation with CCJ continued, with the inclusion of
a new hierarchical archive system in which approxi-
mately 900 TB of CCJ data are stored. As of Nov.
2019, 886 TB is used, with the inclusion of 749 TB of
PHENIX official data, 25 TB of KEK/J-PARC data,
3 TB of RHICf data, and 109 TB of user-level archive
data. Subsequently, the “HOKUSAI BigWaterFall” TA
cluster, which has 840 nodes/33600 CPU cores, was
launched in 2017 by ACCC. CCJ has not started to
use the cluster, because it lacks support for NFS to
share the computing environment of PHENIX, unlike
RICC. In autumn in 2020, ACCC will start a charging
system to users for thier usage of CPU-time and stor-
age capacity. Thus we are discussing the optimal ratio
of purchasing new machines to paying to ACCC.
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Control of electrical conductivity in diamond by boron implantation
—application of high-temperature and high-pressure annealing

H. Yamazaki,*! T. Minamidate,*?> M. Kidera,*! A. Yamamoto,*? R. Kato,*? and H. Ueno*!

Diamond is an excellent electrical insulator with a
large band gap of 5.5 e€V. Interestingly, it becomes a semi-
conductor when doped with a small amount of boron
(for p-type) or phosphorus (for n-type). Ekimov et
al. reported that B-doped diamond, when doped be-
yond the metal-to-insulator transition at ng ~ 3 X
10%° B/cm?, shows superconductivity in samples grown
by high-pressure and high-temperature synthesis.)) The-
oretically, the superconducting critical temperature 7T
can be increased substantially by reducing the effects of
disorder in the B-doping processes.?) For a higher T,
more subtle control of doping using CVD and/or MBE
methods is required, whereas a different method based
on ion implantation is also worth investigating, since it
enables selective ion doping in a controlled manner.

We attempted to control the electrical conductivity
in diamond by means of the ion-implantation technique
with the use of RILAC at RIKEN. In our study, for n-
and p-type semiconductors (and possibly superconduc-
tors), nitrogen and boron ions are implanted into dia-
mond, respectively. By changing the beam intensity and
irradiation time, the concentration of nitrogen or boron
was controlled. Note that achieving an n-type semicon-
ductor, and needless to say an n-type superconductor,
by the nitrogen-doping of diamond is challenging, since
nitrogen behaves as a deep donor in diamond and does
not contribute to conductivity.?) The electrical conduc-
tivity observed in the nitrogen-implanted diamonds (e.g.,
at ny ~ 7.5 x 102! N/cm?) is, therefore, most likely ex-
plained in terms of the carbon atoms connected via the
sp? bonding produced by radiation damage. The Raman
spectra support this scenario.

In this fiscal year, we mainly investigated boron-
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Fig. 1. Phase diagram of carbon. The annealing condition in
this work is indicated by a red circle.
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Fig. 2. Laser Raman spectra (632.8 nm excitation) of the
as-implanted and annealed samples for ng ~ 6.8 X
10> B/cm®. The broken lines indicate the fluores-
cence emission of the zero-phonon line (ZPL) and n-
phonon lines (nPLs; “phonon side band”) due to nega-
tively charged nitrogen-vacancy (NV ™) defect centers.

implanted diamonds. Boron ions were implanted into
diamond crystals (each size is 1 x 1 x 0.3 mm?) at
5 keV (implantation depth: ~10 nm) using an ECR ion
source.®) We prepared ten samples of different concentra-
tions ranging from ng ~ 4.9 x 10?" to 6.8 x 10?2 B/cm3.
Measurements of the magnetization and electrical resis-
tivity show that the as-implanted diamond samples do
not exhibit superconducting transitions, even though ng
values are nominally beyond the metal-to-insulator tran-
sition at 3 x 102° B/cm3. In order to reduce the lat-
tice damage produced during the implantation, we at-
tempted annealing treatments after implantation. As
the phase diagram of carbon (Fig. 1) shows, diamond is
not stable at low pressures; we annealed the samples at
800°C and 4 GPa (in the diamond-stable region) for one
hour. The annealed samples, however, indicate no sign of
superconductivity. Rather, the annealing treatment de-
graded the diamond crystals: the (222) peak at a higher
angle in x-ray diffraction measurement disappeared after
annealing, whereas the (111) peak remained. Figure 2
shows a typical change in the Raman spectra after an-
nealing. The fluorescence emission due to NV~ defect
centers is clear, suggesting that the annealing treatment
promotes the NV formation process, where nitrogen ions
have been embedded in the Ib-type diamond as impuri-
ties. Hereafter, we must also consider the effect of the
NV~ centers on the electrical conductivity in the im-
planted diamonds.
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Superconducting proximity effect in epitaxial
Nb(110)/Au(111) /Nb(110) trilayers

H. Yamazaki,*! N. Shannon,*? and H. Takagi*3

Superconducting electronics, in which currents are car-
ried by superconducting pairs of electrons, have great
potential for future application in quantum comput-
ing. An essential element of superconducting circuits
is the 7 junction, in which the phase of a supercon-
ducting wave function is inverted. One promising ap-
proach to building such a junction is to exploit the inter-
play between superconductivity and magnetism in su-
perconductor (SC)/ferromagnet (FM)/SC heterostruc-
tures. Such multilayer structures are widely believed
to achieve a Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state, in which the superconducting proximity effect
drives a superconducting order with oscillating phase
within the FM layer.)) However, this approach suffers
from a serious drawback that the ferromagnetic elements
tend to suppress superconductivity, forcing devices to
operate at lower temperatures and with lower critical
current densities.

In this study, we show that, in epitaxial Nb(110)/
Au(111)/Nb(110) trilayers, the equilibrium supercon-
ducting state presents strong evidence of 0-7 state tran-
sitions as a function of the Au-layer thickness (tay).
Through the analysis of experimental data, we make
a reasonable argument that a form of order-parameter
oscillation, similar to the FFLO-like state in FM for
SC/FM/SC junctions, is intrinsic to the proximity-
induced Cooper pairs in the Au(111) layer. We tenta-
tively ascribe this effect to the spin-orbit coupling (SOC)
within the Au layer. Where SOC lifts the degeneracy be-
tween “up” and “down” spin electrons, electron pairs can
form with a non-zero momentum. This leads to FFLO-
like oscillations of the superconducting order parameter
in real space. In the fcc lattice of Au, inversion symme-
try is broken in the direction perpendicular to the (111)
plane because of the ABCABC...stacking sequence of
atomic planes, and the lack of inversion symmetry leads
to the emergence of SOC.

We prepared a series of Nb(110)/Au(111)/Nb(110)

cap Au(111) 1.74 nm uppTrTbi T.o'nm
Nb(110) 20.0 nm a8
AU(111) tAU Au tp8=1.91nm
Nb(110) | 20.0 nm Ul
— lower Nbe 20.0 nm
Al 112 \ \
203(1120) : "’ .

Fig. 1. Schematic diagram of a vertical section of the sample
and the reversal images of RHEED patterns obtained in
the growth process (right).
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Fig. 2. Critical current density J. of the Nb/Au[tau|/Nb tri-
layers at 4.2 K and 6.0 K (ML: atomic monolayer).

trilayers on single crystals of Al;O3(1120) using MBE
method. The sample structure is shown in Fig. 1. We
will focus on single-domain samples (0 < ta, < 2.10 nm),
the superconducting properties of which are uniquely de-
termined by tay. The superconducting critical current
density J. in zero magnetic field was estimated from the
width of the M-H hysteresis curve for H// sample plane
by using a Bean model.?) The data in Fig. 2 appear ex-
actly like those for FM/SC multilayers, which have been
confirmed to exhibit the 0-7 state transitions as a func-
tion of tpyr.?) Following previous articles,?* we used the
equation:

y = 2rEST A /RVR. (1)

where <

']C = Jg| Siny|/y7

The solid and dashed lines in Fig. 2 show theoretical fits
to the data for 6.0 K and 4.2 K, respectively. Fits are
obtained as a function of ESf (= 84.6 meV) for V;-\u =
1.39 x 10° m/s and the ratio J2(4.2 K)/J2(6.0 K) =
5.0, where EST is an effective parameter characterizing
the order-parameter oscillations in the Au layer, 1/]‘?“ the

Fermi velocity of Au, and J? the overall scale for J..

The value of EST (=84.6 meV) is consistent with the
SOC strength (120 meV) of conduction electrons in Au.
A pairing state should occur between two electrons on
the SOC-induced split parts of the Fermi surface. One
might refute this argument on the grounds that a differ-
ence of 84.6 meV in energy between the spin-split bands
is too large for the electrons to form a pair since the
superconducting gap is no more than 1.40 meV in Nb.
However, this is not the case with regard to the proxim-
ity effects.?) Clearly, a theory is needed that treats the
SOC effect on the proximity-induced Cooper pairs in a
SC/normal metal/SC system.
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Simultaneous cluster dissociation and optical pumping of Ag in
superfluid helium using a single UV laser

T. Yamamoto,*"*? K. Imamura,*! A. Takamine,*! W. Kobayashi,*? Y. Takeuchi,*!*2 M. Doi,***2 H. Ueno,*! and
Y. Matsuo*!»*2

We have been developing a laser spectroscopy method
for atoms introduced into superfluid helium (He II).
We generate spin polarization by the optically pumping
the atoms and perform laser-radiofrequency and laser-
microwave (MW) double resonance. This method en-
ables us to determine the nuclear spins and electromag-
netic moments through measurements of Zeeman split-
ting and hyperfine structure (HFS) splitting. Moreover,
because HFSs in He II shift slightly from the value in
vacuum, we are studying such an interaction between
He II and atoms.

We have successfully measured HFSs of alkali atoms
such as stable 85 8"Rb and '3Cs in He II and observed
small differences from those in vacuum.? Currently, we
are attempting to apply this method to group 11 atoms
to verify whether a similar difference appears in atoms
other than alkali metal elements. The HF'S transition of
the stable isotope 7 Au atom in He II was observed us-
ing this technique.®) To discuss the differential hyperfine
anomalies between isotopes, it is necessary to measure
the HF'Ss of at least two isotopes. Silver is a good can-
didate with two stable isotopes, °"Ag and '"9Ag, the
natural abundance ratio of which is almost 1:1.

In offline experiments, atoms have been introduced
into He II using a two-step laser sputtering method,
namely, by laser ablation and laser dissociation. As the
first step, a metal sample placed above the He II surface
is ablated by the second-harmonic pulse of a Nd: YAG
laser (wavelength: 532 nm, repetition rate: 10 Hz, pulse
width: 8 ns, pulse energy: ~5 mJ). Only clusters gen-
erated by the ablation process can be immersed in He
I1. Subsequently, atoms are supplied by the dissociation
process for the spectroscopy of atoms in He II. Although
a femtosecond Ti:Sa laser (wavelength: 800 nm, repeti-
tion rate: 500 Hz, pulse width: ~120 fs, pulse energy:
~200 pJ) has been efficient in the dissociation for vari-
ous atomic species, we found this is not the case for Ag
clusters.?) Inspired by a report that Ag clusters in He II
droplets show absorption in the range of 330-360 nm in-
stead of 800 nm,? our group applied the third-harmonic
pulse of Nd:YAG laser (wavelength: 355 nm, repetition
rate: 20 Hz, pulse width: 5 ns, pulse energy: 8 mJ) to
the dissociation process. The dissociation of Ag clusters
was clearly confirmed by the generation of spin polar-
ization of Ag atoms in He IT through optical pumping.®)

For further study of Ag atoms using the laser-RF /MW
double resonance method, it is indispensable to increase
laser induced fluorescence (LIF) photon counts.

In particular, increasing the power of the pumping
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Fig. 1. Variation of LIF intensity with a magnetic field.

laser is promising because the LIF intensity is propor-
tional to the pumping laser power for atoms in super-
fluid helium.” This approach should also be effective if
the pumping laser simultaneously function as the disso-
ciation laser.

Herein, we report the introduction of the forth har-
monics of a new DPSS laser (wavelength: 335 nm, rep-
etition rate: 20 kHz, pulse width: ~20 ns, pulse energy:
5 puJ). The wavelength of the laser matches the wave-
length for both Ag cluster dissociation and Ag atomic
excitation in He II. Since the output power of the laser
is greater than 100 mW on average, it is expected that
the laser pulses can dissociate Ag clusters.

Figure 1 shows the result of increase and decrease in
LIF intensity when a magnetic field (0-11.5 G) and an
RF field (10.0 MHz) were applied to Ag atoms in He
II. When a sufficient magnetic field is applied, spin po-
larization is achieved, and the LIF intensity decreases.
In addition, when a constant RF is applied, the LIF in-
tensity increases at the magnetic field that provides the
Zeeman splitting energy corresponding to the resonant
RF. We confirmed that the single laser can efficiently
perform as both the dissociation and pumping laser for
Ag atoms. In the next step, we will measure the HFS
splitting of Ag atoms in He II by using this laser system.
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Baseline correction system for precision measurement of the hyperfine
structure of Rb atoms in superfluid helium

M. Doi,*"*2 K. Imamura,*? A. Takamine,*? Y. Takeuchi,*"*? T. Yamamoto,*"*2 H. Ueno,*? and Y. Matsuo*!*?

We have been developing a laser spectroscopic method
for the atoms injected into superfluid helium (He II)
with the objective of studying the nuclear structure of
unstable nuclei with low production yields and short
lifetimes. In this method, laser-induced fluorescence
(LIF) is observed by applying the laser-radiofrequency
(RF)/microwave (MW) double resonance method to
atoms in He II to measure Zeeman splitting and hy-
perfine structure (HFS). It enables us to determine the
nuclear magnetic moments and nuclear spins that reflect
nuclear structure.

One of the effective ways to introduce atoms to He II
is a two-step laser sputtering method. In a previous ex-
periment, we successfully measured the hyperfine struc-
ture of 33Cs atoms in He II with an uncertainty of 107>
via the laser-microwave double resonance method.?) In
order to discuss the hyperfine anomaly of atoms in He
II, it is necessary to measure hyperfine structure split-
tings for at least two isotopes. We attempted to show
the feasibility of deducing hyperfine splittings with an
accuracy and a precision of 10~ for Rb, which has two
stable isotopes. However, it has been difficult to realize
measurement with a sufficiently high precision owing to
the fluctuation of the number of observed photons when
we use the two-step laser sputtering method to supply
atoms to He II. To overcome this difficulty, a baseline
correction system to cancel the fluctuation of the num-
ber of atoms was developed.?)

The baseline correction system consists of an electro-
optic modulator (EOM) to switch the polarization of the
excitation laser quickly and a multichannel scaler (MCS)
equipped with multi-channel inputs to count photons for
circular and linear polarizations. It has been success-
fully demonstrated by observing the LIF count difference
between spin-polarized and unpolarized atoms that the
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Fig. 1. (a) Switching of the polarization of the excitation
laser by EOM. (b) Schematic of the experimental setup
in a cryostat.
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Fig. 2. Laser RF double-resonance spectrum of 887 Rb ob-
tained using the baseline correction system.

baseline correction system works properly.?)

Next, we applied this system to a double-resonance
experiment. With circularly polarized laser light irra-
diation, we expect to observe fluorescence from atoms
only when the RF/MW frequency is resonant with the
Zeeman splitting or hyperfine structure while scanning
the RF/MW frequency. On the other hand, when the
laser light is linearly polarized, all the atoms are excited;
thus, the observed number of photons was proportional
to the number of atoms.

We performed an RF double-resonance experiment for
Rb atoms injected into He II using the baseline correc-
tion system. Rb atoms were irradiated with a 120-mW
Ti:Sa laser (wavelength: 780 nm, laser diameter: 2 mm)
of either circular or linear polarization. Figure 2 shows
the spectrum obtained when we swept the RF frequency.
We observed two fluorescence peaks. The peaks on the
left and right correspond to resonance for the Zeeman
splitting of 8®Rb and 87Rb, respectively. The center fre-
quencies of both peaks were consistent with the reso-
nance frequencies estimated from our experimental con-
dition. This result indicates that the baseline correction
system works well in the double-resonance experiment
as well as the previous work.?)

In the future, the present research will be extended by
measuring the hyperfine structure of Rb with the base-
line correction system to evaluate the hyperfine anomaly
of Rb isotopes in He II, which requires a MW double-
resonance experiment with a long sweep time and, hence,
an increased fluctuation in the number of atoms.
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Profile measurement of laser microbeam produced by glass capillaries:
tilt dependence

M. Mori,*!*2 T. Ikeda,*? Y. Hikima,*!*? S. Kawamura,*!*? and W. -G. Jin*!

Tapered glass capillaries can simultaneously produce
ion and laser microbeams with diameters of several tens
of um."?) In the irradiation experiments at the RIKEN
Pelletron facility, for example, H and He ions with ener-
gies of a few MeV are used. Their ranges are only about
100 pum in water at most. Since it is difficult to confirm
incidence on the target by using detectors, the use of
a pm-order laser sight system prior to the ion irradia-
tion plays an important role in avoiding mis-shootings.?
The pm-order laser sight through a capillary was demon-
strated with visible light and then extended to UV in
2018.9 This may be applicable to shorter wavelengths
such as X-rays. Moreover, a multi-quantum beam (laser
+ ion) or (laser + laser) transmission through a capil-
lary will be feasible. However, the transmission property
is different between lasers and ions. Here, a laser beam
bending along the tilted capillary axis is reported, which
is known as the guiding effect for keV-energy ion mi-
crobeams through the capillaries without any magnetic
field.

Figure 1 shows the experimental setup. A UV
laser 375 nm in wavelength was extracted from a
semiconductor laser source (THORLABS L375P70MLD;
max.70 mW), and it entered a capillary mounted on a
precise stage after reflection on two mirrors. The power
of the laser microbeam was measured at a photodiode
(OPHIR PD300) after a slit, which shields the scattered
light from the taper part of the capillary. The microbeam
was cut by a knife edge attached on a motorized stage
(SURUGA SEIKI XYCV620-G-N) with a scan length
and minimal step of 2 mm and 0.5 pum, respectively. The
knife edge was located 3 mm downstream of the capil-
lary outlet, of which the corresponding distance from the
center of the tilting (0) was 72 mm for a capillary with
an outlet of 18 yme.

The profiles were obtained by differentiating the beam
power as a function of the knife-edge position. The peak
shift according to 6 is shown in Fig. 2. A steeper de-
crease for the 6(+) tilting, i.e., an asymmetry of the
profiles in the 6(+) and 6(—) tilting, can be found and
may be attributed to the slightly asymmetric shape of
capillaries. Satellite peaks are due to higher-order rings
of the Fraunhofer pattern.!) The angles reconstructed
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Fig. 1. Experimental setup with the knife-edge method.
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Fig. 3. Reconstructed angles as a function of 6.

from the measured peak positions are summarized for
five outlet sizes, as shown in Fig. 3. The reconstructed
angle is found to be nearly proportional to 6. The solid
line shows y = x as a guide to the eye. Most of the
reconstructed angles are less than the tilting angles, es-
pecially for the outlets of 53, 63, and 80 um¢. Such a
phenomenon is not found in ion experiments.® This is
considered a result of different transmission mechanisms
of ions and light in capillaries. Because ions lose their
energies during scattering at the inner wall, they cannot
penetrate the capillary window, and only those paral-
lel to the capillary axis contribute to the output beam.
However, light does not lose its energy during scattering
and always contributes to the output beam. We con-
cluded that the knife-edge method is capable of measur-
ing the laser microbeam profile. Further, laser light is
possibly guided by the capillary tilting. The next step
will be to test the dependence on the divergence of the
initial laser beam.
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Study on magnetism of defective reduced graphene oxides

R. Asih,**2 D. P. Sari,*3*2 M. A. Baqiya,*! Darminto,*! and I. Watanabe*?

The origin of magnetism in graphene-based materi-
als has been determined to be related with the pres-
ence of defects in their sheets.! ) A graphene-derived
material that has a significant amount of defects is re-
duced graphene oxide (rGO). The magnetic state of rGO
has been reported to vary depending on the defect state
and, thus, on the preparation history. Paramagnetic,
super-paramagnetic,” and even room-temperature fer-
romagnetic states’’?) have been reported to coexist in
rGO.%9 A magnetic ordering is expected to appear in the
presence of a sufficient amount of defects in rGO.?) In
this study, we investigate the presence of possible room-
temperature magnetic ordering in rGO prepared using
the green-synthesized method” by means of muon-spin
relaxation (uSR).

The investigation of the Raman spectra of the synthe-
sized rGO revealed the presence of a significant amount
of defects and that the amount of defects can be en-
hanced by thermal reduction.”) In addition to sp? car-
bon hybridization (C = C), the main functional group,
the presence of different types of oxygen functionalities
was observed in the synthesized rGO.™® The magne-
tization at 300 K was found to increase with an in-
creasing amount of defects, and the enhancement was
not attributed to magnetic impurities.” Moreover, a di-
vergence in x(7') was observed under field cooling (FC)
and zero-field cooling (ZFC) conditions, which might in-
dicate that the blocking temperature is noticeable at
300 K. Thus, the uSR experiment was subsequently per-
formed to microscopically investigate magnetism in rGO
at 300 K.

The inset in Fig. 1 shows the zero-field (ZF) time spec-
trum of the synthesized rGO at 300 K. An appreciable
muon-spin precession on top of the decaying signal was
observed in the spectrum, which is somehow similar to
that observed in as-prepared graphene.?) The spectrum
can be well fitted by a single precession component and
a Lorentzian decay. The fitting results in a hyperfine
field of about 6 G. Such coherent muon-spin precession
could indicate the presence of long-range magnetic or-
dering and/or the formation of a muonium (Mu)-H en-
tangled state.?) Meanwhile, the Lorentzian decay signi-
fies muon diffusion through a carbon surface.'®) Under
the assumption of the Mu-H dipolar interaction, a dipo-
lar field of approximately 5 G is obtained which is equal
to a Mu-H internuclear distance of 1.344 + 0.005 . Fur-
thermore, a longitudinal-field (LF) was applied to de-
couple the muon spin from the electron spin. The LF
dependence of the muon-spin repolarization fraction is
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Fig. 1. Field dependence of the muon-spin repolarization
fraction of the synthesized rGO at 300 K fitted by a sim-
ple model for the muonium radical (Eq. (1)). Inset: zero-
field (ZF) pSR spectrum (at 300 K) of the synthesized
rGO fitted by the summation of Lorentzian decay and a
single precession component, as described in the text.

displayed in Fig. 1, which can be well fitted by a simple
model for isotropic muonium with the function described
in Eq. (1).1%

Pewp = Pdia + Arad[x2/(x2 + 1)]a (1)

where & = B/Bpyp. Bhyp is the hyperfine field for free
muonium. Py, and A,.q are the diamagnetic fraction
and the amplitude of the radical fraction, respectively.
The obtained By, is about 4.35 £ 0.24 G, which is al-
most as large as that procured from the ZF spectrum.
This By, value corresponds to a hyperfine frequency of
12(1) MHz, which is close to the instrument cut-off of
13 MHz. This can be the reason why ~45% of the im-
planted muons were not observed in the ZF spectrum.
Furthermore, a more detailed analysis in conjunction
with first-principles calculations is required to confirm
that the observed muon-spin precession originates from
Mu-H interaction to form the CHMu group as suggested
for hydrogenated graphene.?)
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Magnetic ground state of J.g = 0 Mott insulator AgzLiRus0Og under
pressure

T. Takayama,***2 M. Blankenhorn,*!»*2 A. Krajewska,*>*? D. P. Sari,*>** 1. Watanabe,** and H. Takagi*!*2*>

The interplay of strong spin-orbit coupling (SOC)
and electron correlation in heavy transition-metal ox-
ides has been found to give rise to unprecedented elec-
tronic phases. Among such oxides, Mott insulators with
a d* (t3,) configuration are expected to exhibit exotic
magnetism. In the d* systems, Hund’s coupling pro-
duces an S = 1 and Leg = 1 state. SOC thus yields
a spin-orbit-entangled Jog = 0 ground state. Although
the Jog = O state is non-magnetic, it may interact mag-
netically with each other through the excited J.g = 1
levels separated by SOC. It was proposed that the sys-
tem undergoes magnetic ordering when the energy gain
by magnetic interactions overcomes the energy cost of
the Jog = 0 to 1 excitation, which is dubbed excitonic
magnetism.l) Particularly, when the Jeog = 0 state is ar-
ranged on a honeycomb lattice, exotic magnetic ground
states such as a spin-nematic phase or magnetic triplon
liquid, are expected to emerge.

The J.g = 0 honeycomb lattice may be realized in
Rut (4d*) oxides. However, a honeycomb ruthenate
LisRuOj3 is known to display spin-singlet dimerization
accompanying orbital ordering.? In the dimerized state,
the spin and orbital degrees of freedom are quenched,
and spin-orbit coupling is inactive. In order to sup-
press the dimerization and realize the J.g = 0 state,
we employed an ion-exchange reaction and obtained the
silver-intercalated compound AgsLiRusOg.>) The crys-
tal structure at room temperature shows no appreciable
distortion in the Ru honeycomb lattice, indicating the
disappearance of dimerization.

The magnetic susceptibility x(7T') of AgzLiRusOg in-
creases on cooling from room temperature and shows
saturation below 100 K. Interestingly, no magnetic order
is observed down to 0.3 K. From inelastic neutron scat-
tering and “Li-NMR measurements, AgzLiRusQOg was
found to have a gapped magnetic excitation of ~35 meV,
as expected for the Jog = O-type singlet ground state.)
The singlet ground state suggests that the magnetic ex-
change interactions are not strong enough to drive ex-
citonic magnetism. We thus investigated the magnetic
properties under high pressures as an attempt to en-
hance magnetic interactions. Indeed, under a pressure
above 0.4 GPa, x(T) shows a broad peak below room
temperature, indicating the appearance of a pressure-
induced electronic phase transition. However, the nature
of the magnetic ground state under pressure remains un-
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Fig. 1. Zero-field time spectra of muon asymmetry for
AgsLiRusOg under a pressure of 0.64 GPa.

clear.?

In order to understand the magnetic ground state un-
der pressure, we performed a muon spin rotation mea-
surement on AgzLiRuyOg under pressure by using AR-
GUS, ISIS. At ambient pressure, the time dependence
of muon asymmetry at low temperatures only shows a
monotonic decrease, which is consistent with the non-
magnetic singlet ground state. As shown in Fig. 1, the
time dependence of muon asymmetry did not show any
pronounced change down to 2 K even at a pressure of
0.64 GPa, while x(T') showed a broad peak at approx-
imately 150 K at that pressure. This suggests that the
broad peak observed in x(7') under pressure is not asso-
ciated with a magnetic ordering but represents another
electronic phase transition while retaining the nonmag-
netic ground state.

The nature of the pressure-induced nonmagnetic
phase, revealed by the uSR measurement, remains elu-
sive. The z-ray diffraction under pressure excluded the
restored dimerization in this pressure range. The can-
didates of possible ground states include a spin-orbit
triplon liquid, molecular orbital formation, or fluctuat-
ing dimers. We are currently attempting to determine
the nature of this phase in combination with other spec-
troscopic probes.
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Non-magnetic ground state of InsRusO; probed by muon spin rotation

T. Takayama,*'*? A. Krajewska,*!*? I. Watanabe,*? D. P. Sari,*3*4 and H. Takagi*!:*2*>

The interplay of charge, spin, and orbital degrees of
freedom in correlated systems gives rise to a variety of
exotic electronic states. Among these materials, ruthe-
nium oxides containing Ru** cations (d* electron count),
which host orbital degeneracy, display a variety of spin-
orbital ordering phenomena such as spin singlet dimer
formation in LioRuOs!) and LasRuO5.2) A particularly
interesting situation may be found when Ru** cations
are placed on a frustrated lattice, for example, in py-
rochlore ruthenate Tl;Ru;O7, which displays a metal-
to-insulator transition with a spin-singlet ground state.?)
The spin-singlet state is discussed to originate from the
formation of 1D zig-zag Haldane chains and is poten-
tially the first example of such a system emerging in
a 3D lattice. While there is still discussion on the
plausibility of the Haldane-chain scenario, the origin of
this unique state and behavior distinct from those of
other pyrochlore ruthenates remains unclear. Pyrochore
ruthenates appear to be an interesting playground for
novel electronic states.

We discovered a new pyrochlore ruthenate InsRus O~
which adopts a weakly distorted pyrochlore structure at
300 K. InsRusO7, is an insulator and shows Curie-Weiss
behavior at high temperatures. At T,, ~ 220 K, a sharp
drop in magnetic susceptibility x(7'), similar to those of
other spin-singlet ruthenate compounds,' ) is observed.
To elucidate the nature of the ground state of InoRusO~
and the absence of a long-range magnetic ordered state,
the temperature dependence of zero-field muon spin
rotation (ZF-uSR) is necessary. In this report, we
present the result of a ZF-uSR experiment performed
on CHRONUS at ISIS, UK. We recorded the time evo-
lution of ZF-uSR spectra of InoRusO7 from 300 K down
to 10 K (Fig. 1(a)). No oscillation down to the low-
est temperature was observed, excluding the presence
of long-range antiferromagnetic order and pointing to a
non-magnetic spin singlet state. The data over the whole
studied temperature range were fitted to a “stretched”
exponential:

P(t) = e, (1)
where P,(t) is the asymmetry, ¢ is the time, A is the
relaxation rate, and (3 is the shape parameter. We ob-
served a cross-over from a Gaussian-like to a Lorentzian-
like damping with decreasing temperature (Figs. 1(a)
and (b)). The high-temperature and low-temperature
response can be explained by the slowing behaviour of
the fluctuations of dilute Ru spins, which originate from
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University of Stuttgart

*3  RIKEN Nishina Center

*4  Graduate School of Engineering and Science, Shibaura Insti-
tute of Technology

*5  Department of Physics, University of Tokyo

g
o
kS
E I
5 300K A
< [——220K
150K |
10K (@)
o 5 0
Time (us)
L E—— T 2.0
0.20 \
E\. f\{* 8L I ]
“5-eg-® E/ E/E ; 1
0.15|- i\*“\.\. ]
- -, 415
2 ﬁ/ ’
< oo Hf /'
l\!\xl/ _
0.05} (b)
0 50 700 750 200 250 300"

T(K)

Fig. 1. (a) Time evolution of ZF-uSR spectrum of IngRu2 O~
powder sample at various temperatures. (b) Temperature
dependence of A and § fitted using equation (1).

the defects present in the system, or by the appearance
of slowly fluctuating quasi-particle spins excited from
the spin-singlet state induced by injected muons. Such a
response was reported in other materials hosting a spin-
singlet ground state.®% In addition, a sharp change in A
and S is observed at T;,, (Fig. 1(b)). The enhancement
of A below T}, would point to the opening of a gap.

In this report, the ground state of InoRusO7 was in-
vestigated with ZF-uSR. No evidence of long-range mag-
netic order was found; hence, the non-magnetic ground
state was confirmed. The temperature dependence of
the relaxation rate implies the opening of a gap. Other
techniques such as resonant inelastic x-ray scattering
could aid the determination of the gap size.
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Short-range magnetic order in the frustrated antiferromagnet
Cus(P0O4)3(OH), (pseudomalachite)

H. Kikuchi,*! Y. Fujii,*? U. Widyaiswari,*> and I. Watanabe*?

Geometrically frustrated magnets have recently been
attracting much interest, because they are expected
to exhibit new physical states including spin liquid.
Almost every frustrated magnet studied so far, e.g.,
kagomé, triangular, and pyrochlore lattices, are based
on triangular units. The spin frustrated effect, however,
is not restricted to a triangle but appears if antiferro-
magnetic spins are on a polygon with odd-number edges
such as a pentagon. A lattice containing pentagons as
its unit can afford a new category for the spin frus-
tration effect. Cus(POy4)3(OH)4 (mineral name: pseu-
domalachite) is an orthorhombic crystal’) with three
crystallographically inequivalent sites of copper. Lay-
ers consisting of face-shared CuOg octahedrons extend
in the bc plane and are separated by interlayer POy
tetrahedrons. A spin network in the bc plane formed
by Cu?* ions (S = 1/2) has a unique structure com-
posed of triangles and pentagons.

We measured the magnetic susceptibility, specific
heat, and high-field magnetization of pseudmalachite
using natural mineral samples.?) The sign of the Weiss
temperature is found to be negative, indicating that the
dominant interaction is antiferromagnetic. The specific
heat C(T') has a broad maximum at Ty =~ 4.2 K, where
X(T') shows a peak anomaly.

The relative change of C(T') at T} is very small if this
transition is a long-range magnetic order.

The entropy change associated with the magnetic or-
der was estimated to be approximately 5.5 J/(K-mol),

30 : ,
. ZF - uSR
‘, pseudomalachite
Moy, ® 10K
g ® 472K
R B 448K |
£ ROV ® 424K
S O T O ® 374K
' .:,:u..z " .*. ."’ ";*# o 16K
T
' w.,it:i,}: TR ‘
i *§1~M1¢‘SN+|$‘{h¢“*§;ulHi[“
20 th ‘L*' L
| 1
0 2 4 6

time ( W sec)

Fig. 1. ZF-uSR spectra of pseudomalachite.
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which is only one-fifth of the expected value 5R In 2
~ 28.8 J/(K-mol). In order to clarify the magnetic or-
dering transitions in this frustrated magnet, measure-
ments using a microscopic and dynamic probe is highly
desired.

Figure 1 shows the zero-field muon spin relaxation
(ZF-uSR) spectra measured down to 1.6 K. At rela-
tively high temperatures, the spectra follow Gaussian
curves.

Below approximately 4.2 K, the initial asymmetry
begins to decrease, and the form of the spectra changes
from the Gaussian to an exponential curve following
exp(—A/t), where A is the relaxation rate. Figure 2
shows the temperature dependence of the relaxation
rate obtained from a fit to the observed spectra. A has a
distinct peak at approximately 4 K, where the anomaly
was observed in the specific-heat data. These observed
results clearly indicate that the magnetic phase transi-
tion occurs at T7.

The spectrum below 7', however, does not show any
spin rotation, suggesting that the internal field is dy-
namic, rather than static. Furthermore, even in the
lowest-temperature spectrum, spin relaxation remains,
and finite spin fluctuations seem to be present in the
ordered phase. These findings are consistent with our
macroscopic indication that the transition is not a long-
range order but has the character of a short-range order,
which originates from the geometrical spin frustration
effect of the peculiar spin network of pseudomalachite.
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puSR investigation of spin liquid states in magnetic properties of
MgTi,O4 sample

U. Widyaiswari,*!*2 N. Hanasaki,*> B. Kurniawan,*?> and I. Watanabe*!*2

The investigation of the geometrical frustration of
strongly correlated systems is an interesting research
field. These systems show various exotic physical prop-
erties such as spin ice,") and spin liquid states.?) In
the spin liquid state, spins do not show magnetic or-
dering even at the ground state. The spin liquid state
generally appears in triangular lattices and Kagome
lattice systems, which show geometrical frustration of
spin systems.?) Materials with pyrochlore structures,
such as pyrochlore oxides and spinel compounds, that
have corner-sharing tetrahedral lattices are strong can-
didates to exhibit such exotic physical properties.

The spinel titanate, MgTisOy4, has 3d* electron (S =
1/2) within the Ti** ion and forms a pyrochlore lat-
tice.?) At room temperature, the lattice structure of
MgTisO4 is cubic, and it shows a structural transi-
tion to a tetragonal lattice at Ts; = 260 K.Y This
structural phase transition is accompanied by a metal-
insulator transition and changes in magnetic proper-
ties.®) Isobe et al. proposed a spin-singlet insulator as
the ground state, which did not form any magnetic
ordering, suggesting the appearance of a spin liquid
state.) At this moment, the spin state of MgTipsO4 in
the ground state is still unclear and open for discus-
sion. To explore the magnetic properties of MgTisOy,
we performed microscopic measurements using muon-
spin relaxation (uSR) spectroscopy.

We measured the time evolution of the muon-spin
polarization in the zero-field (ZF) condition at the
RIKEN-RAL Muon Facility in the United Kingdom.
Time spectra measured at several temperatures are
shown in Fig. 1(a). No muon-spin precession was ob-
served in the time spectrum, indicating that there was
no long-range ordered state down to 6 K. We fitted the
time spectra using Eq. (1).

A(t) = Ag exp(—2t), (1)

where Ag is the initial asymmetry of the muon spin
at t = 0 and A is the muon-spin relaxation rate. The
temperature dependence of A is shown in Fig. 1(b).
A gradually increases with decreasing temperature be-
low 250 K. The increase of A indicates the appearance
of a slowing down behavior of Ti*t spin fluctuations.
However, there is no critical slowing down behavior
indicating the absence of a magnetic ordered state in
the current ZF-uSR study, as suggested in a previous
study.®) Accordingly, we plan to gather more detailed
information on the spin dynamics by performing pSR

*1 RIKEN Nishina Center
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Fig. 1. (a) ZF-uSR time spectra of MgTi2O4 and (b) tem-
perature dependence of muon spin relaxation rate.

measurements in the longitudinal field (LF) condition.
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Zero-point vibrational energy in the muon sites of LayCuQOy4

M. R. Ramadhan,*"*3 M. I. Mohamed-Ibrahim,*? S. Sulaiman,*? and I. Watanabe*!*2:*3

LayCuO,4 (LCO), the parent compound of high-Tx
superconducting Las_,Ba/Sr, CuQy, is known to have
antiferromagnetic long-range ordering (AF-LRO) due
to its classification as a Mott insulator. One accu-
rate experiment to prove the AF-LRO characteristic
is the muon spin relaxation (uSR) technique. In this
technique, the implanted muons that sense an internal
magnetic field undergo Larmor precession. A previous
study on bulk LCO showed that the muon’s preces-
sion frequency is 5.5 MHz. Using the muon’s gyromag-
netic ratio, v, = 135.538817 MHz/T, the internal field
(B;*?) felt by muons in bulk LCO was determined to

be approximately 410 G." A recent study on thin-film
LCO showed that the implanted muons probe an addi-
tional internal field approximately 100-120 G.?) While
two clear precessions have been shown in the past, the
exact location of the implanted muon is still unknown,
which hinders the ability of the uSR technique to re-
veal more information and knowledge from the LCO
system.

Our group has been developing a technique to pre-
cisely estimate the muon position by utilizing den-
sity functional theory (DFT) calculations. General-
ized gradient approximation (GGA) was chosen for
the exchange-correlation functional. The antiferro-
magnetic configuration of the Cu spin from Vaknin et
al. is utilized for the non-collinear calculation.?) Be-
cause LCO is a Mott insulator, we need to include
the Coulombic repulsion energy (Uey = 7.2 ¢V) in
the DFT calculation. From our previous reports,*?)
we show the muon position from our DFT calculation
and the muon’s perturbation effect on the Cu-spin den-
sities from a DFT perspective. However, even when
using the distributed-spin model to calculate the in-
ternal field, the calculated internal field shows a 21%
difference with that observed from the experimentally
(B&* = 410 G, while BP?FT = 498 G). We consid-
ered that this discrepancy originates from the zero-
point vibrational motion (ZPVM) of the muon, which
was not considered in our last report. As a fine quan-
tum particle, the muon should fluctuate in its lowest-
energy state. To include the ZPVM, we first evalu-
ate the three-dimensional Hartree potential (V7<)
around the implanted muon’s position. Subsequently,
we simply calculate the eigenvalues and eigenfunction
for the ground state on those areas by using the fol-
lowing equation:

h2
2m,,

VI 4 Vv ertree(p)| W, (r) = By W (r), (1)
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where m,, denotes to the muon mass, and |¥,|?(r)
is the probability that the muon exists at each posi-
tion 7. This Schrédinger equation was using the finite-
difference method. From our calculations, we conclude
that the energy convergence is achieved by considering
a1.5x 1.5 x 1.5 (A) area from the center of the muon
position. The probability that the muon exists within
this designated area is 100%.

As reported previously, the implanted muon only
affects the local crystal and electronic structure of
LCO. From our calculations, we obtained the ground-
state energy as 0.82 eV for the unperturbed LCO and
0.89 eV for the perturbed LCO. The slight increase
of the ground-state energy is very likely due to the
local deformation of the crystal structure. However,
the general description of the muon’s distribution over
the considered area is relatively the same as shown in
Fig. 1. By using the muon probability density map
of the perturbed LCO and the distributed-spin model
from our previous reports*®), we successfully reduced
the differences of the internal field to less than 1%
(B;*P = 410 G, while BEFTJFZPVM = 409 G). While
this method shows a promising result for the LCO sys-
tem, it still needs to be tested in other systems, in
order to standardize this method to assist in uSR ex-
periments.
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Investigations of the quantum critical behavior of the S = 1/2 J;-J>

square lattice antiferromagnets SroCu(Te;_,

S. Yoon,*' W. -J. Lee,*! S. Lee,*"*2 C. H. Lee,*! A. Berlie,*? I. Watanabe,*?

The J;-J5 square-lattice Heisenberg model offers a rich
reservoir of exotic quantum phases. Depending on the
ratio Jo/J; (the ratio of exchange interactions between
a diagonal and a side of the square), the classical ground
states encompass Néel, columnar antiferromagnetic, and
disordered states. In particular, the B-site ordered dou-
ble perovskites SroCu(Te; W, )0 (B = Cu*t, B =
Te* or WOT) with the tetragonal I4/m structure are
regarded as near-optimal realizations of the S = 1/2
Heisenberg model on a square lattice.’™® Notably, the
magnetic ground state of SroCu(Te;_, W,)Og can be
tuned from a Néel order (x = 0; Jo/J; = 0.03) through
a quantum spin liquid to a columnar antiferromagnetic
order (z = 1; Jo/J; = 7.92) by varying the B” cation
between Teb+ and WO+ ions.®) Owing to the similar sizes
of the Te® and WO ions, SroCu(Te;_, W, )Og retains
the isostructural crystal lattice.

Unlike the crystal structure, the magnetism is suscep-
tible to a composition of the B” cations that are involved
in the magnetic exchange paths mediating the Cu?* ions.
WO+ (5d%) hybridizes strongly with O 2p, thereby en-
abling the magnetic exchange path Cu-O-W-O-Cu (J3).
This is in sharp contrast to the TeS* (4d'°) ion, which
is in favor of J;. The distinct role of the TeS* /W6
ions in relation to the exchange interaction poses the
question as to whether the theoretically predicted spin
liquid phase can be achieved by controlling the compo-
sition of the B” cations. Strikingly, there is tantalizing
experimental evidence for a quantum disordered state in
a wide composition range of z ~ 0.1 — 0.7.3) However,
the observed wide range of the spin-liquid phase is not
compatible with the theoretically predicted narrow com-
position range of x &~ 0.23 ~ 0.33. Recent theoretical
calculations have proposed quenched disorders as a key
ingredient to this discrepancy.®*) To clarify the precise
nature of the ground state, we focus on the compositions
in the range of x = 0.05 — 0.1, which is at the bound-
ary between the Neel antiferromagnetic order and the
quantum disordered state.

Muon spin relaxation measurements were performed
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Fig. 1. Muon spin polarization data observed at zero field
together with fitting curves (see the text for details) for
x = 0.05, 0.08, and 0.1.
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Fig. 2. Temperature dependences of the relaxation rate (a)
and its stretch exponent (b) for x = 0.05, 0.08, and 0.1.

on ARGUS and CHRONUS spectrometers at RIKEN-
RAL towards understanding the precise nature of the
ground state and associated spin dynamics of the z =
0.05, 0.08, and 0.1 compounds. Representative spectra
are shown in Fig. 1. No spontaneous muon spin oscil-
lation is observed, indicating the absence of long-range
magnetic order. Moreover, all the observed uSR spec-
tra are described by a stretched exponential function
exp[—(At)?], where A is the muon relaxation rate and
[ is the exponent.

Temperature dependences of the muon spin relaxation
rate, A(T), and its stretch exponent, 3(T'), for x = 0.05,
0.08, and 0.1 are plotted in Fig. 2. A(T) of x = 0.05
starts to increase on cooling below 15 K and subse-
quently becomes constant for temperatures below 0.5 K.
In the x = 0.08 and 0.1 compounds, the crossover regime
shrinks, and onset temperatures shift to 6 K and 2 K for
xz = 0.08 and 0.1, respectively; on the other hand, a
plateau appears at 1 K for x = 0.1. We comment that
the = 0.05 and 0.1 compounds reveal the persistent
spin dynamics below 7' = 0.5 — 1 K, which is often ob-
served in frustrated magnets.

In addition, the T-dependence of the stretching ex-
ponent, 5(T), of x = 0.08 and 0.1 resemble A\(7") while
increasing from 1 to 1.6 with decreasing temperature. In
sharp contrast, 5(T") of x = 0.05 decreases from 1.8 to
1.3 on cooling to 25 K. Noticeably, the low-T S(T) of the
compounds is between those of Gaussian and Lorentzian
relaxation functions. When we consider that a Gaussian-
like distribution is expected for dense disordered systems
or migrating unpaired spins in the matrix of singlet spins
and that a Lorentzian-like distribution is expected for

3 dilute systems, the ground state for x = 0.05, 0.08, and

0.1 is largely compatible with the random singlet picture
comprising resonating singlets and propagating orphan-
like spins.
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Magnetic ordering and spin dynamics of Nd;Ru;O7 studied by puSR

U. Widyaiswari,*'*2 H. Sakai,*® K. Inoue,* N. Hanasaki,*> D. P. Sari,** B. Kurniawan,*? and I. Watanabe*!*2

Pyrochlore ruthenate (RaRuzO7) is one of the sys-
tems that have a pyrochlore structure with the general
formula A3B20g0’, where A is a trivalent rare-earth
ion and B is a tetravalent transition metal ion. This
structure is composed of two corner-sharing tetrahe-
dral lattices, which induce the magnetic frustration of
spins on each corner of the tetrahedral lattices. Novel
physical properties such as the spin-glass,!) spin-ice,?
and metal-insulator transition accompanied by a mag-
netic transition,®® are induced by this magnetically
frustrated state. Those exotic properties originate
from the competition and/or cooperation among the
Coulomb interaction (U), spin-orbit coupling (SOC)
effect, and exchange interaction between the rare-earth
and transition metal ions.

The temperature dependence of the specific heat
of RaRus07 shows a A-type peak accompanied by a
small cusp in the temperature dependence of magnetic
susceptibility at the magnetic transition temperature,
Tx.%® Ty shifts to the higher temperature side from
approximately 76 K to 160 K with increase in the ionic
radius of R.%9 Ku et al. showed that three anomalies
occur in NdsRuyO7 at 146 K, 21 K, and 1.8 K.® At
present, the origin of those anomalies is unclear. Ac-
cordingly, we investigated the magnetic properties of
NdyRus07 by the muon spin relaxation (uSR) method
and compared the results with our previous results for
Nd21r207.4’5)

The time evolution of the muon-spin polarization
(1SR time spectrum) in zero field (ZF) was measured
at several temperatures and analyzed by the following
two-component relaxation function:

A(t) = A1 exp(—A1t) + Az exp(—Aat). (1)

The first and second components describe the fast and
slow relaxation components, respectively. A; and Ag
are the asymmetry parameters while A\; and A5 are the
muon relaxation rates of the two components.

We confirmed from the current study an ordered
state of Ru spins below 146 K, showing a decrease in
the initial asymmetry parameter accompanied by the
appearance of a critical slowing down behavior of the
Ru spin fluctuations.”) Another anomaly of the muon
relaxation rate was detected around 30 K as a broad
dip in its temperature dependence.?) This anomaly
is unlikely to be due to the appearance of the mag-
netic ordering of Nd spins because no critical slowing
down behavior was observed at lower temperatures in
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Fig. 1. (a) ZF- and LF-uSR time spectra of Nd2Ru,O7
measured at various temperatures. An LF of 3850 G
was applied for LF-uSR measurement. (b) Tempera-
ture dependences of the slow relaxation rate in both
the ZF and LF condition.

NdsIr, 074

In order to clarify the anomaly around 30 K, we
measured pSR in the longitudinal-field (LF) condi-
tion under an applied field of 3850 G. Both ZF- and
LF-uSR time spectra are shown in Fig. 1(a). We
confirmed that the relaxation rate still showed the
anomaly around 30 K in LF-uSR,? but this anomaly
was slightly smaller compared to the case of ZF-uSR.
To obtain more information about the origin of the
anomaly around 30 K, we are now planning to conduct
further ©SR measurements of the LF scan at several
temperatures to investigate the change in spin dynam-
ics.

References

1) J. G. Park et al., Physica B 328, 90 (2003).

2) M. J. Harris et al., Phys. Rev. Lett. 79, 2554 (1997).

3) K. Matsuhira et al., J. Phys. Soc. Jpn. 80, 094701
(2011).

4) R. Asih et al., J. Phys. Soc. Jpn. 86, 024705 (2017).

H. Guo et al., Phys. Rev. B 88, 060411(R) (2013).

M. Ito et al., J. Phys. Chem. Solids 62, 337 (2001).

N

S.

(

5 .
6 .
. Taira et al., J. Solid State Chem. 152, 441 (2000).

N

)
)
)
)

o]

T. Ku et al., J. Phys. Condens. Matt. 30, 155601

\~]

018).

18
9) U. Widyaiswari et al., to be published.



II-2. Atomic & Solid State Physics (Muon)

RIKEN Accel. Prog. Rep. 53

Muon spin relaxation study of solute-vacancy interactions during
natural aging of Al-Mg-Si—Cu alloys'

K. Nishimura,*"*? K. Matsuda,*"*? S. Lee,*! 1. Watanabe,*?> T. Matsuzaki,*?> S. Wenner,*> and R. Holmestad*4

Age-hardenable aluminum alloys are strengthened by
nanometer-sized atomic clusters and precipitates that are
coherent with the aluminum matrix. These are formed
by the segregation of atoms (e.g., Mg and Si) from a
solid solution, where the solute atoms occupy substitu-
tional sites in fcc-Al. Such a solid solution comprising
a few at. % of alloying elements is achieved by solution
heat treatment (SHT)—an annealing step at 770-870 K.
The solid solution is highly unstable after quenching in
ice water after SHT (SHTQ). During further heat treat-
ments at a lower temperature (artificial aging) and even
room-temperature storage (natural aging), vacancies and
solute atoms co-diffuse and produce atomic clusters, with
all atoms remaining at fcc-Al positions.?) The most im-
portant techniques to detect and quantify precipitates
in the Al-Mg-Si system have been transmission electron
microscopy (TEM) and atom probe tomography (APT).
However, small atomic clusters are difficult to detect in
TEM, APT is unsuitable to investigate the crystallogra-
phy of precipitates, and neither technique can map va-
cancies. Muon spin relaxation (#SR) is one technique
that can map vacancies, and it investigates short-range
magnetic fields and the presence of point defects in solids.
This work builds upon earlier literature on aluminum
with trace elements and Al-Mg-Si alloys,> ™) and it ex-
tends the analysis to the same alloys with Cu additions.

Figure 1 shows the zero-field uSR spectra observed for
Al-1.0%Mg2Si-0.2%Cu-AQ (in the SHTQ condition) at
measurement temperatures in the range of 20280 K and
for Al-1.0%Mg2Si-0.2%Cu-350C (annealed at 623 K for
1000 min after SHTQ) at 280 K. The plot demonstrates
that the muon spin depolarization rate depends heav-
ily on temperature. Similar uSR spectra were acquired
for all samples. We have interpreted the measured uSR
spectra using a Monte Carlo simulation, in which four fit-
ting parameters were employed: the dipolar width (A),
trapping rate (14), detrapping rate (v4), and fraction of
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Fig. 1. Muon spin relaxation spectra for an as-quenched (AQ)
Al-1.0%Mg2Si-0.2%Cu sample at 20280 K and a sample
annealed at 623 K for 1000 min (350C) at 280 K.
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Fig. 2. Fitted trapping rates from isotheral relaxation spec-
tra. Samples are quenched after SHT and kept at 280 K
throughout the measurements. The trapping rates de-
crease with time for all alloys except the quaternary Al-
Mg—-Si—Cu alloy, the trapping rate for which increases with
time.

initially trapped muons (Pg).>®)

From previous pSR studies, muons are considered to
be trapped by single vacancies or vacancy-solute pairs
near room temperature.3 6) Therefore, in most cases, the
v; values decrease with time during natural aging be-
cause excess vacancies are lost at imperfections, such as
grain boundaries, voids, and surfaces. The change in
trapping rate during storage at 280 K after SHTQ was
measured for Al-1.0%Mg5Si-0.2%Cu, Al-1.6%Mg,Si, Al-
0.5%Si, Al-0.2%Cu, and base Al, as shown in Fig. 2.
The horizontal axis denotes the time from SHTQ on a
logarithmic scale. The v; values for the Cu-free sam-
ples decrease with time. The speed of the decrease is in-
versely correlated with the solute concentration, which is
expected because muons have more defects to be trapped
in and more time to undergo spin relaxation. The reason
why the vy values of Al-0.2%Cu start out lower than in
the other alloys is unclear. A surprising result from the
isothermal experiment is that the v; values (black circles)
for the Cu-added sample increase with time. If muons are
trapped only at vacancy-associated sites, the result indi-
cates that the number density of vacancies increases with
time after quenching when all the elements Mg, Si, and
Cu are present in the alloy composition. This suggests
that new vacancies are continuously diffusing into the
material and binding to solute atoms, shifting the equi-
librium concentration of vacancies to higher levels than
in the alloys with fewer elements. Further investigation
to clarify this phenomenon using positron annihilation
spectroscopy is in progress.
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Muon spin rotation study on the new organic spin liquid candidate
}\-(STF)gGaCl4

T. Minamidate,*>*? D. P. Sari,*> N. Matsunaga,*? and I. Watanabe*3

In recent research, some candidate quantum spin
liquid (QSL) materials have been found in molec-
ular conductors such as #-(ET)2Cuy(CN)3Y)  and
EtMe3Sb[Pd(dmit)s]s,? which have antiferromagnetic
(AF) spin systems with a nearly regular triangular lat-
tice. Recently, we found a new candidate QSL mate-
rial, A-(STF)2GaCly, which can be located between the
organic superconductor A-(BETS)>GaCly and the anti-
ferromagnet A-(ET)2GaCly in the temperature-pressure
phase diagram shown in Fig. 1. The AF phase in the ET
salt is suppressed by a small pressure, and the STF salt
shows neither the AF nor the superconducting transi-
tion down to 1.6 K. The STF salt shows a gradual peak
structure in the temperature dependence of the static
susceptibility, which is well described by the AF Heisen-
berg model with a regular triangular lattice.®) In con-
trast to the good agreement of the susceptibility behav-
ior, the calculated geometry of the spin interaction in
A-(STF)2GaCly is quite distorted from a regular trian-
gle. Therefore, it can be a key material to investigate
the stabilization mechanism of the QSL state. Hence
we conducted a puSR study to investigate the local spin
dynamics of A\-(STF)2GaCly.

We succeeded in synthesizing a high-quality sample
of A-(STF),GaCly, and in the 2017 beamtime, we con-
ducted the first ySR measurement. The puSR time spec-
trum at 0.3 K started to decouple on applying a longitu-
dinal field (LF) of 100 G, indicating that there is no AF
long-range ordering. However, by comparing the time
spectrum with that in an LF of 1000 G, for which the
complete decoupling behavior was observed, we found
that a slow relaxation remains, indicating that there are
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Fig. 1. Schematic temperature-pressure phase diagram of \-
D>GaCly (D = ET, STF, BETS).?)
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Fig. 2. Temperature dependence of the uSR relaxation rate
and total asymmetry under zero field in A-(STF),GaCly.

some effects of fluctuating internal fields. This behavior
is similar to that observed in the uSR measurement of
K-(ET)Cug(CN)3.4)

In the beamtime in July 2019, we conducted high-
statistics pSR measurement and improved the experi-
mental setup. The total asymmetry was improved in
comparison with the previous experiment in 2017, from
6% to 8.3% at 0.3 K. A resonable asymmetry of about
10% is frequently observed in molecular conductors due
to the formation of muonium. The time spectra can be
fitted by a single exponential function. Figure 2 shows
the temperature dependence of the total asymmetry and
relaxation rate A. The total asymmetry at a high tem-
perature was 9.3% and started to decrease below 5 K.
This decrease was not observed in the previous measure-
ment due to unsatisfactory experimental conditions. In
conjunction, we observed the increase of \. We now sus-
pect that these give evidence for the gradual growth of
the local staggered moments in the short-range AF or-
dered region. The lack of the transition to the bulk AF
state with the growth of the short-range order is consid-
ered to be due to static spin heterogeneity resulting from
the disorder or due to the effect of the spin frustration.
As the next step, it is important to measure the spin
dynamics toward the lower-temperature region to eluci-
date whether the long-range AF order or the quantum
critical point exists. Now, we have submitted a proposal
for measurement using a 3He/*He dilution refrigerator.
With the progress of this research, the microscopic spin
dynamics in the QSL state and the stabilization mecha-
nism of the QSL state in a disordered system can prob-
ably be clarified.
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Zero-field uSR on single-crystal organic superconductor

A- (BETS)zGaCI4

D. P. Sari,*"*? K. Hiraki,*® T. Nakano,** Y. Nozue,*® A. Hillier,*® I. Watanabe,*? and Y. Ishii*!

Unconventional superconductivity is often realized
in the vicinity of a magnetic ordered state, as ob-
served in ruthenates, heavy fermions, cuprates, organic
superconductors, and Fe-based superconductors.”) In
the organic superconductor family x-(ET)2X with the
cation molecules ET = (CHz)354C6S4(CHs)2 and anion
molecules X, the superconducting state emerges on ap-
plying pressure to the long-range-ordered antiferromag-
netic insulator at a low temperature below about 10 K,
while at a high-temperature region, a crossover occurs
from a metallic to a paramagnetic insulating state.?)
Therefore, it is suspected that the metallic-state spin
correlations govern the superconductivity.

Powell and McKenzie® proposed that for the whole
family of organic superconductors, which includes the
systems with the 8, 8/, k, and X types of stacking cation
molecules in the conducting plane, the metallic spin cor-
relations, the spin fluctuations of which are maximum
near the wave vector (, ), mediate superconductivity.
In fact, two adjacent cation molecules form a dimer are
considered as a site. Furthermore, electron hopping be-
tween a site and its nearest-neighbor sites in the trans-
verse and longitudinal directions was described by the
transfer integrals, ¢, and they create a type of square lat-
tice. The second nearest neighbor sites were then deter-
mined by the diagonal transfer integral (from upper-right
to lower-left corner of the square), ¢’. Then, the so-called
anisotropic triangular lattice was characterized by the ra-
tio, t'/t. Accordingly, the system reached frustration at
t'/t = 1. The variation from a small ¢’ /¢ (feature of the
square lattice) passing through the frustration regime to
a large t’ /t (feature of quasi-one-dimensionality) changes
the superconducting symmetry in the following man-
ner. As the value of ¢/t is varied, the superconduct-
ing symmetry change from “d,2_,2" for ¢/t < 0.93, to
“(s4dyy)+i(dyz_,2) for t’ ~t,to“s+dy,” fort’/t 2 1.3.
It should be noticed that the “(s + dgy) + i(dy2_y2)”
state breaks time-reversal symmetry according to the
momentum-dependence plot of the argument of the com-
plex number of the superconducting gap for several cases
of t'/t.

We focused on the study of the superconducting state
in quasi-two-dimensional organic superconductor A-
(BETS)QG&C]4 with BETS = (CHQ)QSQSGQCGSQSQ(CHQ)Q
through muon spin relaxation (xSR). By substituting Se
with S, which yields a negative pressure, the supercon-
ducting state eventually changed to an antiferromagnetic
state.®%) Our transverse-field uSR study revealed that \-
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Fig. 1. Zero-field uSR time spectra measured at several tem-
peratures, below and above T¢ of ~5.5 K. The solid line
is a single exponential fitting model.

(BETS)2GaCly has the characteristics both d-wave and
s-wave pairing symmetry.®) From our calculation on the
basis of the density

functional theory of the transfer integral within BETS
dimers, A\-(BETS)2GaCly has two kinds of square lattices
alternating in the a-direction. One has '/t ~ 0.8, and
the other has t'/t ~ 0.2.7) Accordingly, the lattice is not
simple, reflecting its superconducting pairing symmetry.
In order to investigate the possibility of time-reversal
symmetry breaking in A\-(BETS)2GaCly, we performed
zero-field pSR in the superconducting state, which can
sensitively detect the spontaneous appearance of an in-
ternal field of the order of about 10=* T.

We prepared ~130 mg single crystals of A-
(BETS)2GaCly and oriented them all in the same di-
rection. The polarized muon beam direction was nearly
perpendicular to the conducting plane. Zero-field uSR
was conducted with high statistics up to 80 MEvents.
Figure 1 shows the time spectra at several temperatures
below and above the critical temperature, T, of ~5.5 K.
The time spectra up to 10 us can fairly be analyzed using
a single exponential function. No appreciable change of
the relaxation rate was detected from the measurement
at T = 6.3 K down to 1.5 K. We will perform similar
measurements in different orientations of single crystals
with respect to the muon beam direction in order to ob-
tain complete and precise results.
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Relationship between the structure and electrical conductivity of 12-mer
single-stranded polyadenine studied by scanning tunneling microscope’
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K. Ichimura,*3 M. I. Mohamed-Ibrahim,*? S. Sulaiman,*? and I. Watanabe*!*2*3

DNA has received much attention over the past few
decades owing to their unique feature of m-7 stacking in-
teraction between neighboring bases. This feature pro-
vides an effective medium for the electron transport pro-
cess in DNA.Y In biological phenomena, the electron
transfer could be utilized to study the DNA damage and
repair mechanism at the sub-atomic scale.?)

How can we differentiate the characteristics of electron
motion in normal and damaged DNA? Furthermore, will
damage in DNA affect the electron hopping rate and
mechanism of electron motion? In order to answer these
questions, firstly, we need to clarify whether DNA bases
(A, C, G, and T) are conductive. Once strong baseline
data of electron transfer in each base have are accumu-
lated, the data could be used as a reference for nor-
mal and damaged DNA. A lot of studies have been con-
ducted in the past to investigate the electronic properties
of DNA.?) Their findings vary from insulating to semi-
conducting and metallic properties. In order to resolve
this matter, two main techniques were used: scanning
tunneling microscopy (STM) and muon spin relaxation
spectroscopy (uSR). Measurements were performed 12-
mer single-stranded (12-ss) adenine, cytosine, guanine,
and thymine. But in this report, we only present the
XRD and STM data of adenine (12-ssA).

XRD measurements were performed to characterize
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Fig. 1. XRD patterns of 12-ssA molecules measured at room
temperature. The XRD patterns showed no sharp or en-
hanced diffraction peak, suggesting an amorphous state
of the sample.
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Fig. 2. The STM image of 12-ssA molecules that align in a
one-dimensional chain structure and the analysis of the
height profile of 12-ssA molecules.

the structure of a 12-ssA molecules at room temperature,
however, no sharp diffraction peaks were observed in the
XRD pattern, which indicated that the 12-ssA sample is
not crystallized and it is in an amorphous state as shown
in Fig. 1.

For the STM measurements, the molecular structure
of the 12-ssA molecule was probed to measure the height
profile between the tip to the sample molecule (h). This
height profile represents the efficiency of the electron
tunneling from the tip to the sample, which could be
related to the conductivity of the sample. The relation
between the height profile (h) and the efficiency of the
tunneling current (I) could be expressed as follows:

I =V x exp[—2h"(2me)"/?h] (1)

Where m is the electron rest mass and ¢ is the work
function of the sample.?) Based on Eq. (1), the current
depends exponentially on the distance. If the distance
between tip and sample surface increase, the tunneling
current decreases.

In this study, the structure of 12-ssA molecules was
found to be well observable on the graphite substrate as
illustrated in Fig. 2. The structure of 12-ssA molecules
was observed as bright spots in the red circle. The length
of the molecule was about 4.3 + 1.6 A, and the side-
by-side distance was 25 £ 7.5 A. This figure indicates
that 12-ssA was not perfectly insulating and had elec-
trical conductivity because STM only probe the conduc-
tive sample.?) The results of the height profile of 12-ssA
molecules in Fig. 2 could be used to make a comparison
with other samples (12-ssC, 12-ssG, and 12-ssT) in the
future.
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Electron transfer in 12-mer double-stranded DNA by muon
spectroscopy and scanning tunneling microscopy
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Electron transport through DNA plays a pivotal
role in biological systems. Processes that use elec-
tron transfer include scanning the damaged sites in
DNA and DNA repair.’?) To understand these bio-
logical phenomena, it is necessary to investigate the
electron transfer process in normal and damaged DNA
at the microscopic level. The main questions of this
study are: what is the difference in the characteris-
tics of electron transfer between normal and damaged
DNA, and how much the difference in the quantita-
tive value for electron diffusion along the normal and
damaged DNA helix.

In order to answer those questions, muon spin re-
laxation (pSR) measurements were performed at the
Argus spectrometer RIKEN RAL. This uSR technique
has been suggested as a good probe to study the mo-
tion of electron transfer in DNA because the muon
spin relaxation could characterize or model the diffu-
sion of electrons along the DNA helix via hyperfine
interaction without producing any radiation effect on
the sample.?)

In this study, 12-mer double-stranded synthetic
DNA GC (12 mer-dsDNA GC) was used to portray
the conditions for normal DNA. The measurements
were performed at room temperature and the exter-
nal longitudinal magnetic fields were applied up to

Fig. 1. STM image of 12 mer-dsDNA GC molecules aligned
in one-dimensional chain structure.
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Fig. 2. Raw data of muon spin relaxation for 12-mer
double-stranded synthetic DNA GC dependence over
time.

3400 G. The 80 mg powder sample of 12 mer-dsDNA
GC was wrapped in a thin silver foil with the diameter
of 1.5 cm.

In addition, scanning tunneling microscopy (STM)
measurements were conducted to probe the molecular
structure of 12 mer-dsDNA GC. From the STM mea-
surements, the images of 12 mer-dsDNA GC molecules
were successfully observed as shown in Fig. 1. The
image in Fig. 1, was taken in constant current mode
at room temperature and it corresponds to the sur-
face map of electron tunneling from HOMO tip to the
LUMO of the sample.)

Figure 2 shows the raw data of muon spin relaxation
spectra dependence over time. The asymmetry is in-
creased as the applied magnetic field increases. The
muon spin relaxation becomes suppressed at the high-
est external magnetic fields. This result indicates that
the spin relaxation of a muon is interacting with an
electron that is rapidly diffusing along the molecule.
At higher applied field, the muon-electron hyperfine
coupling starts to be quenched. Accordingly, the muon
spin relaxation is decreased, as illustrated in Fig. 2.

References

1) E. O’brien et al., Science 355(6327), eaagl789 (2017).
2) M. A. Grodick et al., Biochemistry 54(4), 962 (2015).
3) M. Iain, J. Phys. Chem. B 123(21), 4540 (2019).

4) R. Harison et al., Mater. Sci. Forum. 966, (2019).



RIKEN Accel. Prog. Rep. 53

II-2. Atomic & Solid State Physics (Muon)

SR study of the electron transfer mechanism of a blue copper protein,
Pseudoazurin
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Electron transfer (ET) is an important phenomenon
to understand biological processes such as photosynthe-
sis and respiration systems. The study of ET in protein
using positive muon was initiated by K. Nagamine’s
group with the cytochrome ¢ protein.) However, the
electron transfer path/mechanism is not clearly under-
stood yet. We aim to perform a systematic study to
establish the application of muons to life science.

Since biological systems are complex in geometry
and dynamic, we started studying the ET mechanism
in a small and single active-site blue copper protein,
rather than large systems. Copper proteins that contain
single- or multi-copper sites in their prosthetic group
work in a wide range of ET processes and biological
energy conversion cycles.?) The copper centers in these
proteins play a main role in ET. However, there remain
several obscure points in the ET pathway;®) that is,
there is no clear mechanism to understand the electron
transfer. Blue copper protein (type: T1Cu) contains
only a single copper-ion binding site that serves as an
electron mediator between large proteins. Pseudoazurin
(PAz), a member of T1Cu, functions in the electron
transfer processes in several microorganisms. With the
application of the muon spin rotation and relaxation
(uSR) method, we propose to probe the electron trans-
fer mechanism in PAz, in which electron transfer occurs
only from/to the copper center. The uSR study on
PAz will provide novel insight to understand the muon
method for studies in life science.

In order to understand the ET mechanism and func-
tions of copper proteins, we will perform pSR measure-
ments in reduced pseudoazurin (PAzCul+, diamag-
netic) and oxidized pseudoazurin (PAzCu2+, param-
agnetic) (Fig. 1) using surface muons (~4 MeV). For
reference, a similar set of measurements will also be
performed in buffer solution and pure water. The sam-
ples are prepared and purified (solution, concentration
~10 mM, volume ~700 uL) in Kohzuma laboratory,
Ibaraki University, Mito. The solution is filled in a
sample cell (silicone rubber ring, $20 mm, ¢ ~ 2 mm,
polyvinylidene chloride film ~15 pm on both sides of
the ring), which is masked by silver ring (¢18 mm, t
0.3 mm) so that the incident muon beam can be pre-
vented from stopping in the rubber. The blue oxidized
PAz changes to the reduced form using ascorbic acid.
Indium sealing is used in a helium glove bag environ-
ment. The measurements will be performed at a trans-
verse field of 2.3 G, zero field, and a longitudinal field

*1 Institute of Quantum Beam Science, Ibaraki University
*2 IMSS, KEK
*3 Meson Science Laboratory, RIKEN Nishina Center

Fig. 1. Structure of pseudoazurin (PDB: 1BQK) with the
coordinate scheme around Cu(II). Copper is an active
site for electron transfer.

at different temperature ranges (20 K-300 K).

When a surface muon beam (~MeV) is incident on
the sample solution, the beam energy is transferred to
the solution until the end of the radiation track. A large
fraction of incident muons will be found in the diamag-
netic muon form and some in the muonium form (bound
state of muon and an electron, Mu = pte™). If low-
energy muons are stopped around the copper center of
reduced PAz, there is a possibility of electron transfer
from the copper center to the muon to form Mu. The
Mu formed by the former (in solution) and latter (by
electron transfer) cases will be distinguished by their
frequencies. Interactions will exist between muons and
electrons as well as muons and nuclei. These behaviors
are expected to be reflected in the time spectra. The
relaxation of Mu depends on its interaction with the en-
vironment. For example, a small amount of oxygen will
cause the fast relaxation of Mu.*) The formation of Mu
at different sites in the sample will provide information
about the electron transfer mechanism.
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Temperature dependence of the total muonium emission yield from
silica aerogel using uSR method

K. Ishida,*! K. Suzuki,*? T. Mibe,*? M. Iwasaki,’*3 S. Kamal,** and J. Brewer**

We are developing thermal-energy muonium (Mu =
pTe™) production as a source of the cold muon beam for
the muon g-2/EDM experiment planned at J-PARC.Y
We observed at TRIUMF that the Mu emission rate
from silica aerogel to vacuum is enhanced by surface
ablation.?) However, the present Mu yield measure-
ment performed by tracking the muon decay positron
is limited to a region away (~5 mm) from the surface
owing to the large background from the muoniums de-
caying in aerogel. To enable measurement of the Mu
emitted in vacuum including the region near the sur-
face, where we are planning to shoot a Mu ionizing
laser, we performed a new measurement using the Mu
spin rotation (MuSR) method in the ARGUS spectrom-
eter at the RIKEN-RAL Muon Facility. In MuSR, the
precession of the muon spin can be detected by asym-
metric emission of the muon decay positrons. Since the
precession frequency of Mu is different from that of dia-
magnetic muon under an applied field, we can measure
the fraction of muons forming the Mu state.

In the measurement, we added a gold foil to the
downstream of the silica aerogel target. First, we set
the muon-beam momentum so that the muons fully stop
in the middle of the aerogel and measured the Mu spin
relaxation intrinsic to the aerogel material. Then, we
chose another momentum so that the muon stopping
distribution peaked at the downstream surface of the
aerogel. In this half-stopping condition, we observed
an increase in the Mu spin relaxation rate.*) This was
interpreted as a result of Mu transfer to the gold foil
after emission to vacuum. Omnce in gold, Mu changes
its state to diamagnetic muon and cannot contribute to
the Mu precession signal anymore.

Here, we report the first measurement of the temper-
ature dependence of the Mu emission rate. In a naive
model, where Mu is emitted after diffusion in spaces
in the aerogel nano-structure, we expect that the Mu
emission rate is proportional to the thermal Mu veloc-
ity, v oc TV/2, where T is the aerogel temperature.

Keys for the experiment are the cooling of the aerogel
and the aerogel temperature measurement. Since the
thermal conductivity of the silica aerogel is very low,
we relied on cooling by thermal radiation emission. We
designed a sample holder that covers all the faces of the
aerogel and mounted it on the cryostat. In a cooling test
conducted prior to the MuSR measurement, we used a
K-type thermocouple directly inserted into the aero-
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Fig. 1. Temperature dependence of the Mu relaxation rate
with the muons stopped in the middle (full stop) and at
the downstream edge of the silica aerogel (half stop).

gel in addition to the semiconductor thermometers on
the cryostat and the sample holder. The thermocouple
was chosen because of its small size and low heat mass.
While cooling down from room temperature, the aerogel
temperature initially followed that of the sample holder,
though with some delay. Subsequently, the aerogel tem-
perature was saturated at approximately 180 K and sta-
bilized, however cold the sample holder was. This was
understood as the effect of leakage of thermal radiation
from the room-temperature surface through an opening
used to insert the thermocouple. The saturation tem-
perature was consistent with that expected with area
fraction of the opening, which was about 10%. In the
MuSR measurement, the thermocouple was removed,
and the aerogel sample was completely surrounded by
the cold surface. This ensured that the aerogel temper-
ature reached equilibrium with that of the holder.

A preliminary result of the Mu relaxation rate mea-
surement is shown in Fig. 1. The relaxation rate in the
aerogel (full stop) did not change much with the tem-
perature, while the rate in the half-stop condition was
larger and showed some temperature dependence. We
plan a detailed analysis to study whether it agrees with
the diffusion model assuming the Mu velocity distribu-
tion equilibrated with the temperature.
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Relativistic density functional theory with the finite-light-speed
correction for Coulomb interaction®

T. Naito,*!*? R. Akashi,*! H. Z. Liang,*!**2 and S. Tsuneyuki*!*3

The periodic table of elements is determined by the
electronic configuration and represents the periodic-
ity of fundamental atomic properties. However, the
positions of super-heavy elements (SHEs) in the peri-
odic table are tentative because their chemical prop-
erties have not been established. Owing to the short
half-lives of SHESs, experimental measurements of their
chemical properties are difficult. Thus, first-principles
numerical simulations are complementary tools to such
experimental measurements.

The first-principles calculation for SHEs requires
proper treatment of the relativistic effect. The rel-
ativistic effect can modify the Coulomb interaction
between the charged particles, which is significant in
SHEs. The non-relativistic form is of the order O (Za),
whereas the second dominant contribution is of the or-
der O ((Za)2), which is called the Breit correction.)

Here, o ~ 1/137 is the fine-structure constant. The
Breit correction is usually called the relativistic effect
or finite-light-speed effect. The lowest order of rela-
tivistic effects incorporated using the Dirac equation
is also O ((Za)2> ~ O (1/c?). Once the relativistic
effects incorporated by the Dirac equation are consid-
ered, the Breit correction between two electrons should
also be considered to keep consistency. Hereafter, we
refer to both the Breit correction and effects incorpo-
rated using the Dirac equation as “relativistic effect”
for simplicity.

So far, the electronic structure calculation with the
relativistic effects in O (1/¢?) has been performed
based on wave-function theory. In contrast, density
functional theory (DFT)?%) with the consistent inclu-
sion of the relativistic effects up to the order O (1/c?)
is unprecedented. Although the accuracy of DFT is
lower than that of wave-function theory, DFT with
the relativistic effects is highly desired, because DFT
is applicable to larger systems such as molecules and
coordination complex ions, the experimental syntheses
of which are ongoing, and even solids.

In this paper, we formulate the Hartree-exchange-
correlation functional for electron systems with the
correction of O (1/c?). As a benchmark calculation,
the all-electron calculation of atoms is performed.

We calculated the energy of the lawrencium atom
with two electronic configurations, where one valence
electron occupies the 6d orbital ([Rn] 5f14 6d' 7s?) or
7p orbital ([Rn] 514752 7p'). For comparison, that of

T Condensed from the article in arXiv: 1911.10670
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Table 1. Total energies for lutetium and lawrencium
atoms. All values are in the Hartree atomic unit.

Outermost Non-rel SRel-CB
Lu 5d* —13848.19912 —14527.46807
6p* —13848.12376 —14527.42700
Lr 6d? —33551.48205 Unbound
7p! —33551.38274 —37331.31054

the lutetium atom is also calculated, where one valence
electron occupies the 5d orbital ([Xe] 4f45d! 6s2) or
6p orbital ([Xe] 4f1%6s?6p'). The energies calculated
with these configurations in the non-relativistic (Non-
rel) and the newly-developed relativistic (SRel-CB)
schemes are listed in Table 1. The smaller values for
the respective approximations in each atom are written
in bold. In the lutetium atom, the outermost valence
electron prefers to occupy the d orbital rather than the
p orbital with all schemes. In contrast, in the lawren-
cium atom, the electron prefers to occupy the p orbital
rather than the d orbital with the SRel-CB scheme,
whereas it still prefers the d orbital in the Non-rel
scheme, as in the lutetium case. The occupation of the
p orbital could be the origin of the anomalous behavior
of lawrencium.*) This result is consistent with previ-
ous calculations using wave-function theory.>®) Note
that we obtained the consistent results with far less
computational cost than those previous calculations.
It should also be noted that the p-block elements are
defined as those in which the outer-most electrons oc-
cupy the p orbitals.”) Lawrencium, thus, belongs to
the p block, rather than d according to the definition.
It seems, however, more appropriate to regard that
the concept of “block” is ambiguous for the heavy and
super-heavy elements, because the electronic config-
uration of lawrencium is almost the same as that of
lutetium, and the only difference is in the outermost
electron. Therefore, reconsideration of the classifica-
tion appropriate for SHEs is mandatory.
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On-line anion-exchange experiment of Nb and Ta in HF /HNO3; mixture
solution for Db chemistry

S. Adachi,*!*2 A. Toyoshima,*!*3 K. Tsukada,*!** H. Haba,*! Y. Komori,*! T. Yokokita,*! Y. Shigekawa,*!
Y. Wang,*! A. Kashihara,*!*2 M. Kato,*"*> A. Nakajima,*!*> and K. Sueki*!*6

Superheavy elements with atomic number > 104 are
placed at the 7th period of the periodic table. Owing
to the influence of strong relativistic effects caused by
their large positive nuclear charge, these elements are ex-
pected to have chemical properties different from those
of lighter homologues. However, because these elements
have very short half-lives and low production rates in nu-
clear reactions, it is difficult to determine their chemical
properties.

Few studies on the aqueous chemistry of Db, a group-
5 superheavy element, have been performed together
with the lighter homologues Nb and Ta and the pseudo-
homologue Pa. In the anion exchange in 13.9 M HF
solution, the distribution coefficient (K,4) of Db was re-
ported to be smaller than those of Nb and Ta but larger
than that of Pa.!) In 0.31 M HF/0.1 M HNOj solu-
tion, the adsorption of Db on the resin was showed to
be clearly weaker than that of Ta and similar to those
of Nb and Pa.?) These studies suggest that Db would
form [DbOF4|~ like Nb or [PaOF5]?~ and/or [PaF7]?~
like Pa, but not [DbFg|~ like Ta. Thus, the purpose of
the present study is to investigate whether Db behaves
like either Pa or Nb, particularly in high HF concen-
trations, which would enable us to deduce its chemical
form: [DbOF,4|~ or [DbFg]~. In this study, we per-
formed on-line anion-exchange experiment of Nb and Ta
in HF/HNOj3; mixture solution by using an automated
rapid chemistry apparatus (ARCA) to determine the
suitable experimental conditions for Db.

88¢Nb (T, = 14.5 min) and '"Ta (T} /5 = 6.7 min)
were produced in the "®Ge(1F, nz) and "**Gd(1°F, nz)
reactions, respectively, using the RIKEN K70 AVF
cyclotron. The reaction products transported by a
He/KCl gas-jet system were deposited on a collection
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Fig. 1. Elution curves of 38Nb and !"°Ta in 0.20, 11, 14.5 M
HF /1.0 M HNOg solutions.
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Fig. 2. Variation of the distribution coefficient, K4, of Nb,
Ta, and Pa as a function of [F7].

site of ARCA. Then, the products were dissolved in 0.1-
14.5 M HF /1.0 M HNOj3 mixture solution. The solution
was fed onto a small chromatographic column (1.6 mm
i.d. x 7 mm) filled with anion-exchange resin (MCI GEL
CAO08Y) at a flow rate of 1.0 mL/min. The effluent frac-
tions were collected in 7 polypropylene tubes. The prod-
ucts remaining in the column were stripped with 0.015 M
HF/6.0 M HNOj3 mixed solution and were collected in
another PP tube. These fractions assayed by ~-ray spec-
trometry with a Ge detector to obtain elution curves for
Nb and Ta.

Figure 1 shows, the elution curves of 83Nb and '7°Ta
in 0.20, 11, and 14.5 M HF/1.0 M HNOj solutions.
The eluted radioactivity A(v) at effluent volume v is ex-
pressed by the the following equation:

A(V) = Amax {=N(vp — v)?/(200))} (1)
where Apax, N, and v, are maximum peak height, the
number of theoretical plates, and the peak volume, re-
spectively. The v and v, values are corrected for the
dead volume. The results of the fit are in good agree-
ment with the experimental data. The K, value based
on the column chromatographic method is expressed as

Ka = vy/m, (2)
where m,. is the mass of dry resin. The average m,. value
was measured to be 5.7£0.6 mg. The K, values obtained
through the online column chromatography and a batch
experiment conducted separately are plotted in Fig. 2.

The K, values in the on-line experiment are larger
than those in the batch experiment. However, the over-
all trend of Ky values, such as a sudden increase in the
K, value of Nb at around [F~]., =5 x 1073 M, was re-
produced. This suggests that the anion-exchange kinet-
ics of Db may be fast in the present mixed solution, and
the K values of Db may be obtained under the present
conditions. In the near future, we will perform online
experiments of Db to determine its K, value.
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Anion-exchange behaviour of Nb, Ta and Pa in H>,SOy4

M. Kato,***? K. Tsukada,*® H. Haba,*! Y. Komori,*! T. Yokokita,** D. Mori,*! S. Adachi,*!**
A. Kashihara,*'*4 and K. Sueki*!*°

Studies on the behavior of the group-4 elements Zr
and Hf, which are homologous elements of Rf, have
been conducted in HySO4.Y It was found that the ion-
exchange reaction of Zr and Hf is slow in H,SO4 and
cannot reach equilibrium in current superheavy ele-
ment studies. On the other hand, there are not many
researches on the group-5 elements in HySO4. Sim-
ilarly to the group-4 elements, the ion-exchange re-
action of the group-5 elements Nb and Ta, and their
pseudo homologue Pa may be slow. To elucidate the
behaviour of Db in HySOy, it is necessary to clarify the
behaviour of Nb, Ta and Pa in HySOy4.

95Nb (T1/2 =35.0 d) and 179Ta (T1/2 =1.82 y) were
produced in the "'Zr(d, xn) and **'Hf(d, zn) reaction,
respectively, by bombarding metallic "®*Zr and "a*Hf
foils with a 24-MeV deuteron beam using the RIKEN
AVF cyclotron.

Each target material was dissolved in 0.2 mL of
concentrated HF solution in a PTFE beaker. Af-
ter evaporation to dryness, the residue was dissolved
with 0.2 mL of 1 M HF and then dried up. The
residue was dissolved with 0.3 mL of 1 M HF and fed
onto a chromatographic column filled with the anion-
exchange resin (BIO RAD AG 1 x 8 100-200 mesh,
F~ form 5 mm i.d. x 45 mm). After washing the col-
umn with 2.5 mL of 1 M HF, Zr and Hf were eluted
from the column with 5 mL of the mixed solution of
9 M HC1/0.004 M HF. Then, Nb was eluted with 5 M
HNO3/0.2 M HF, while Ta was eluted with 4 M HC1.2)
233Pa, (T = 27.0 d) was chemically separated from
Z3TNp (Ty 2 = 2.144x10% y). #3"Np was dissolved with
0.2 mL of 9 M HCI, and fed onto the chromatographic
column filled with the 100-150 mesh of the TK400
resin. Np was eluted with 20 mL of 9 M HCI, then
Pa was eluted subsequently with 1.8 mL of 1 M HCI.
The solution was evaporated to dryness to fume out
HCI. Then, the residue was dissolved with pure water
and evaporated to dryness 3 times. Then, radio tracers
were stocked in a polypropylene vessel in 1 M HoSOy.
For the batch experiments with low HySO, concentra-
tions, the radiotracer was diluted to 0.2 M H,SO,4 with
pure water.

The anion-exchange resin used was the strongly
basic anion exchanger, MCI GEL CAO08Y supplied
by Mitsubishi Chemical Corporation. The resin was
washed with 2.0 M NaOH and 2.0 M H>SOy4 alterna-

*1
*2
*3
*4

RIKEN Nishina Center

Science and Engineering, University of Tsukuba

JAEA, Advanced Science Research Center

Graduated school of Pure and Applied Sciences, University
of Tsukuba

Faculty of Pure and Applied Sciences, University of Tsukuba

*5

10‘ : B A LS LTI BR AR | T LR, T L L |
i o Nb
" ’L i % % i o Ta
T L 4 Pa
10 F E@'{]E 4
" P
8 - )
2 i
= o b .
E 17 b eg;f 8 %% % :
: ;% s t 1]} % | |
10 s L1 3 sl 1 211 s aasl a: e | |§1.|
Q.00 Q.o oo 01 1
[HSO‘-]/M

Fig. 1. Variation of the K4 values of “>Nb, 17Ta and 2**Pa
on the anion-exchanger CAO8Y as a function of HSO
concentration [HSOy |.

tively 3 times to replace C1~ ion in CAO8Y with HSO; .
Finally, the resin was washed with distilled water and
dried up to a constant weight at 70°C in an oven.")

We determined the distribution coefficient (Ky) val-
ues of Nb, Ta, and Pa on CAO8Y in HsSO4 at var-
ious concentrations. 5-25 mg of the resin and 3 mL
of HoSOy4 solutions with 50 uL of the radiotracer were
placed in a polystyrene centrifuge tube and shaken for
120 min at 22°C. After centrifugation, a 1 mL of the
solution was pipetted and subjected to y-ray spectrom-
etry with a Ge detector The same treatment was con-
ducted without the resin to determine the reference ra-
dioactivity. The radioactivity on the resin was deter-
mined by subtracting the solution radioactivity from
the reference activity.

Figure 1 shows a variation of the K  values of Nb,
Ta, and Pa as a function of [HSO|. Especially in the
case of Nb, the K; values varies greatly. Therefore, it’s
necessary to check the reproducibility of the data.

It was reported that the ion-exchange reaction of the
group-4 elements is slow.!) However, we found that the
reaction of the group-5 elements reach the equilibrium
faster, within 20 s.
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Anion exchange of Nb and Ta in HF /HCI mixture solution for Db
chemistry

T. Yokokita*! and H. Haba*!

Clarifying the chemical properties of superheavy ele-
ments with atomic number (Z) > 104 is an intriguing
and important subject. These elements are produced at
accelerators using heavy-ion-induced nuclear reactions.
The production rates of these elements are low, and their
half-lives are short (77,3 < 1 min). Thus, chemical stud-
ies on these elements are conducted on a single-atom
basis. )

The fluoride ion is a very strong complexing agent for
group-5 elements (Nb and Ta). The fluoride complex
species of the heaviest group-5 element, dubnium (Db),
is very interesting (Db forms oxyfluoride or fluoride com-
plexes) because Nb and Ta form different fluoride com-
plexes (Nb: [NbOF5|?>~; Ta: [TaF7]>~) in 0.1-10 M HF
(JF7] = 8.9 %1073 — 1.9 x 10~2 M).? To determine the
fluoride complex species of Db, we plan to perform an
ion-exchange study of Db. In this study, we performed
an anion-exchange experiment on Nb and Ta in HF /HCI
mixture solutions to determine the suitable experimental
conditions and obtain comparable data for Db.

We produced %Nb and ™Ta in the "2'Zr(d,zn)
and "*Hf(d, zn)'™Ta reactions (nat = natural isotopic
abundance), respectively, by using the RIKEN AVF
cyclotron. These radiotracers were purified by the
anion-exchange method using the procedure reported in
Ref. 3).

In the anion-exchange experiments, the anion-
exchange resin (MCI GEL CA08Y) was added to 0.25 mL
of an HF/HCI mixture solution containing both °Nb
and 1Ta in a PP tube, and the mixture was shaken us-
ing a mixer. Next, the resin was removed by centrifuga-
tion. Subsequently, the filtrate was pipetted into another
tube, weighed, and subjected to ~v-ray spectrometry us-
ing a Ge detector. The concentration of HF and HCl
was determined by titration with a standardized NaOH
solution before the experiments. In all anion-exchange
experiments, control experiments without the resin were

performed. The K, values were determined from the
10° e e
B [F]=10.M Vv [F]=10"M |]
104 ‘ [F1=10"M L

Ky/mLg

100L—
0.01

taaal
0.1
[CI/M
Fig. 1. K4 values of Nb in anion exchange as a function of
Cl™ concentration.
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following equation:

Kq= Arvs/Aswr = (Ac - As)‘/s/Aswrv (]-)

where A, and A, are the radioactivities on the resin and
in the solution, respectively; V is the volume (mL) of
the solution; and wr is the mass (g) of the dry resin. A,
denotes the radioactivity of the control solution.

The K4 values of Nb and Ta as a function of C1~ con-
centration in the anion-exchange experiment are shown
in Figs. 1 and 2, respectively. The values of Nb and
Ta linearly decrease with increasing Cl~ concentration,
except for Nb in [F~] = 107° M. These results suggest
that Nb and Ta form anionic complexes in [F~] > 1074
and >107° M, respectively. The slope values between
log K4 and log [C17] of Nb are —1.1£0.1 and —1.3+0.1
in [F~] = 10~* and 10~3 M, respectively. These results
indicate that the net charge of the adsorbed Nb species
is —1. For Ta, the slope values between log K; and log
[C17] are —0.8 0.1, —0.4 £ 0.1, and —0.8 £ 0.4 in [F7]
= 1075, 1074, and 10~2 M, respectively. These results
indicate that the net charge of the adsorbed Ta species
is —1 at [F~] = 1075 and 1073 M. However, at [F~] =
10~* M, the net charge of the adsorbed Ta species cannot
be determined.

We also obtained the K; values of Nb and Ta as a
function of F~ concentration in [HCI] = 0.1 M. We also
obtained those of Pa in our previous study.*) The se-
quence of the K4 values is Ta > Nb > Pa, and it is con-
sistent with that in the HF /HNOj3 mixture system.?3)
This point suggests that the effect of the chloride ion is
small for the complexation agent. On the other hand,
another study is needed to check the effect of chloride
ion.
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Anion exchange of element 104, Rf, at 0.11 M H,SO4 by using
batch-type solid-liquid extraction apparatus, AMBER

T. Yokokita,*! Y. Kasamatsu,*?> E. Watanabe,*?> Y. Komori,*! Y. Shigekawa,*! Y. Wang,*! D. Mori,*!

H. Ninomiya,*? S. Hayami,*? K. Tonai,*?> K. Ghosh,*! A. Shinohara,*?

The relativistic effect of orbital electrons is rela-
tively more pronounced for heavy elements. In partic-
ular, the chemical properties of superheavy elements
(SHESs) with atomic number Z > 104 are expected de-
viate from the periodicity of their lighter homologues
in the periodic table. Thus, it is important and inter-
esting to investigate the chemical properties of these el-
ements. Thus far, ion-exchange experiments on SHEs
have been conducted to determine the distribution co-
efficients (Kj4), which are defined as the ratio of the el-
emental concentrations of the two phases.)) However,
those values at equilibrium have not been obtained in
most studies. To obtain the K, values for Rf at equi-
librium, a batch-type solid-liquid extraction apparatus
called AMBER was developed,? and the equilibrium
K4 values on the chloride complexation of Rf were suc-
cessfully obtained in an Aliquat 336/HCI system.?)

To study the sulfate complexation of Rf, we plan
to perform anion-exchange experiments with Rf and
its homologous elements. By using AMBER, we have
already performed online anion-exchange experiments
with Zr and Hf in H,SO,4 as the model experiments
for Rf and determined the anion-exchange experimen-
tal condition of Rf as 0.1-0.7 M HySO,.Y In this work,
we performed online anion-exchange experiments with
Rf and Hf at 0.11 M H5SO4 by using AMBER to ex-
amine the equilibrium time for the distribution of the
elements and determine their K, values.

In the online anion exchange of Rf and Hf, we simul-
taneously produced ?5'Rf and *°Hf (T} /o = 3.24 min)
by the bombardment of a mixture of 24Cm and "**Gd
mixture with 0 beams delivered by the K70 AVF
cyclotron at RIKEN. The products were transported
to a chemistry room by a He/KCl gas-jet system. The
transported products were deposited on the collection
site of AMBER’s dissolution equipment for ~3 min
and were dissolved with 0.24 mL of 0.11 M H5SOy.
The solution sample was injected into a chemical re-
action container containing the anion-exchange resin
(MCI GEL CA08Y). After shaking the container with
a shaker for 10, 30, and 90 s, only the solution phase
was discharged from the container, after being passed
through a PTFE filter by compressed air for 10 s. The
discharged solution was collected in a Ta disk on the
round table of an automated rapid «;/SF detection sys-
tem® and evaporated quickly to dryness using hot He
gas and a halogen heat lamp. Subsequently, using the
detection system’s robot arm, the Ta disk was sub-
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jected to rapid y-ray measurement with a Ge detector
to monitor 99Hf. We also performed control experi-
ments with 10-s shaking without the resin to determine
the standard radioactivity of the solution sample. The
K4 values were determined from the radioactivities in
the resin and solution phases, the volume of the solu-
tion phase, and the mass of the dry resin.

We conducted 327 anion-exchange and 135 control
cycles, and observed a total of 96 « events from the
decay of 261Rf and its daughter nuclide 2°"No (T} 2=
24.5 s), including 14 time-correlated a-a correlations.
The event ratios of 2°'Rf between the resin and solu-
tion phases were estimated from the o events. The Ky
values of Hf were constant in all the time ranges stud-
ied (10-90 s), indicating that equilibrium in the anion
exchange of Hf was accomplished within 10 s. Those
of Rf were also constant in all the time ranges studied,
yielding values of approximately 10 mL g~!. This indi-
cates that Rf is not adsorbed on the resin. In turn, this
is considered to suggest that Rf does not form an an-
ionic sulfate complex at 0.11 M H2SO4, though there is
a possibility that counter ions of HSO, and SOF ™ are
preferentially adsorbed on the resin. It should be noted
that that we cannot exclude the possibility that the ki-
netics of Rf is significantly slower than that of Zr and
Hf. The K4 values at 0.1 M H2SO4 follow the order of
Zr > Hf > Rf, and this sequence is consistent with the
trend predicted by theoretical calculation.®) Further-
more, in a cation-exchange study in HoSO4/HNO3, the
sequence of the K values was reported to be Rf > Hf
> 7r.7) These results indicate that the sulfate complex-
ation of Rf is weaker than those of lighter homologues.

From the present work, we found that Rf is not ad-
sorbed on the anion-exchange resin at 0.11 M HsSO,4
within 10-90 s. However, it is not clear whether Rf
avoids forming the anionic sulfate complex in this stud-
ied condition. We need additional anion-exchange ex-
periments of Rf at a lower counter-ion concentration.
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Anion exchange of Zr, Hf, and Th by the automated extraction
apparatus: toward the chemical study of 1g4Rf in HNOg

E. Watanabe,*! T. Yokokita,*? Y. Kasamatsu,*! S. Hayami,*! K. Tonai,*! Y. Shigekawa,*?> H. Haba,*? and
A. Shinohara*!

Chemical elements with Z > 104 are called super-
heavy elements (SHEs). The chemical properties of
SHEs are almost unknown because they must be syn-
thesized by heavy-ion-induced nuclear reactions using
accelerators with very low cross sections and have very
short half-lives (77 /2 < 1 min). There are some chemical
experiments on 194Rf in solution chemistry; however, its
chemical properties are not sufficiently understood due
to limited experimental methods. Further systematic ex-
perimental studies are needed. In our previous work, we
developed the automated batch-type solid-liquid extrac-
tion apparatus (AMBER) and investigated the anion-
exchange behavior of Rf in HCI and HySO4 to obtain
the distribution coefficients (K,4) of Rf under chemical
equilibrium conditions.!?)

In this study, we focus on the formation of the Rf ni-
trate complexes. Indeed, the clear difference between
the complexation of Th (pseudo homologue of Rf) and
those of Zr and Hf (homologues) in HNOj3 is known; Th
forms an anionic complex with large coordination num-
bers of 10 and/or 12, while Zr and Hf do not. We previ-
ously found that anion-exchange reactions using Adogen
464 resin (anion exchanger) in HNOj reach the chemical
equilibrium in 60 s for Th, and this resin is promising
for 261Rf (T} /2 = 68 s) experiments. Toward the anion-
exchange experiments of Rf in HNOj3 using AMBER,
herein, we determined the experimental conditions for
washing the resin and its repetitive use.

We produced the %8Zr and '""Hf isotopes in the
89Y(d,3n) and "®Lu(d,zn) reactions, respectively, by
using the RIKEN AVF cyclotron. 23*Th was separated
from 2*®U (a-decay mother nuclide). These radionu-
clides were purified by an anion-exchange method.

0.3 mL of 8 M HNOj3 including ®8Zr, 1" Hf, and ?*4Th
was injected into the chemical reaction container in AM-
BER, containing 3 mg of the Adogen 464 resin, and the
container was shaken for 60 s (anion-exchange part). Af-
ter only the solution phase was discharged from the con-
tainer passing through a PTFE filter with compressed
air, the Zr, Hf, and Th adsorbed on the resin were
washed out by injecting 0.1 M HNOj or 0.1 M HCI into
the container (back extraction part). In the same man-
ner as above, the washing solution was discharged from
the container. This part was repeated until all of Zr, Hf,
and Th were excluded from the resin. The recovery rate
until the m-th back extraction was determined from the
following equation:

R(m) = ijin/zj:Aiv (1)
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Fig. 1. Recovery rate R(m) of Zr, Hf, and Th using 0.1 M
HNO3 and 0.1 M HCI as the back extractant.

where A; is the radioactivity of the solution in the i-
th back extraction, and n is the total number of back
extraction.

Figure 1 shows the behavior of R(m) as a function of
m. This graph shows that 9 or 10 times of back extrac-
tions are required to wash out all of the Zr, Hf, and Th
adsorbed on the resin in 0.1 M HNOj (a), while 3 or
4 times are enough in 0.1 M HCI (b). This difference
results in different experimental times for one cycle (the
total time of anion-exchange part, back extraction part,
and conditioning part); 5 min for 0.1 M HNOj; (9 back
extractions), and 3 min for 0.1 M HCI (3 back extrac-
tions). We decided to use 0.1 M HCI as the solution for
back-extraction since the experiments for 261Rf should
be performed in shorter cycles.

We performed about 100 cycles of the following se-
quence; 60 s of anion exchange with 8 M HNO3, followed
by 4 back extractions with 0.1 M HCI, and then 2 iter-
ations of conditioning with 8 M HNOj3. The K, values
of Zr, Hf, and Th in the anion exchange were constant
in 100 consecutive runs using AMBER, and this result
indicates that the Adogen 464 resin has sufficient dura-
bility to conduct a repetitive anion-exchange experiment
of 261Rf.

In the near future, an on-line experiment of Zr and Hf
will be conducted as a model experiment for Rf under
the experimental conditions determined in this study.

References
1) T. Yokokita et al., Dalton Trans. 45, 18827 (2016).
2) T.Yokokita et al., RIKEN Accel. Prog. Rep. 52, 187 (2019).

- 166 -



II-3. Radiochemistry & Nuclear Chemistry

RIKEN Accel. Prog. Rep. 53

99Ru and 5"Fe Mossbauer spectroscopic studies of NasRu;_,Fe,O3 of
sodium-ion battery electrode

K. Hamano,*"*? Y. Kobayashi,*!*> H. Haba,*? and H. Ueno*?

Sodium-ion batteries have attracted attention as the
next generation of batteries after Li-ion batteries for
large-scale applications owing to the abundance and
low cost of sodium.'"®) The use of Na-excess metal ox-
ides, NagMOg3 (M: transition metals), as cathode mate-
rials may realize large capacities through an additional
oxygen redox reaction. Among Na-excess metal oxides,
NasRuOj is expected to be the leading cathode mate-
rial. In this study, we demonstrate the oxidation states
and coordination environments of Ru ions in NasRuOs3
and NagRu;_,Fe, O3 (x = 0.01 and 0.05) after repeat-
ing the charge/discharge processes by means of **Ru
and °"Fe Mossbauer spectroscopy, XRD, and electro-
chemical measurements. Mossbauer spectroscopy is a
powerful tool to understand the oxidation states of
Ru ions. However, the measurements of ?"Ru Moss-
bauer spectra can only be performed at low tempera-
tures because the Mdssbauer transition energy is rela-
tively high (E., = 89.8 keV).»® A 5"Fe-doped sample
of NagRu;_,Fe, O3 was prepared to estimate the tem-
perature dependence of the oxidation states of Ru sites
by ®"Fe Méssbauer spectroscopy.

NasRuOj3 has a layered structure in which the first
layer is composed of Na® and the second layer con-
tains Nat and Ru?* in the ratios 1:3 and 2:3, respec-
tively. It is known that NasRuOs has two phases,
namely, ordered and disordered arrangements, which
correspond to sintering times of 48 h and 12 h, respec-
tively. Ordered NaysRuOg3 has honeycomb-type cation
ordering in the [Na;/3Ruy,3|O2 layers, whereas disor-
dered NayRuO3 has a random distribution of Na™ and
Ru** in the [Naj/3Ruy 3|02 layers. The two poly-
morphs exhibit significant differences in electrochemi-
cal properties.?)

A sample of disordered NasRug g9Feq 01 O3 was pre-
pared through a solid-state reaction. A stoichiometric
mixture of RuOs, NaHCO3, and Fe;O3 was pressed
and sintered at 850°C for 12 h in an Ar atmosphere.
The NasRug.ggFeq 103 sample was confirmed to be
in a single phase by XRD. For “’Ru Méssbauer spec-
troscopy, the source nuclide *Rh (Th/2 = 15.0 d) was
produced through the ?°Ru(p,n)??Rh reaction at the
AVF Cyclotron. “Ru Méssbauer spectra were ob-
tained by a conventional arrangement, but both the
source and absorbers were maintained at 4.2 K in a
liquid He cryostat during the measurements.

The °"Fe Mossbauer spectrum of disordered
NasRug.g9Fe.0103 shows a doublet peak, as shown in
Fig. 1. The doublet was analyzed with the distribu-
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Fig. 1. °"Fe Mossbauer spectrum of disordered
NazRu0A99F60A0103 measured at 15.0 K.
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Fig. 2. "Ru Mossbauer spectrum of disordered
NagRquggFeomOg measured at 5.0 K.

tion of quadrupole splitting (AEq) because Fe ions
were randomly present at on Na and Ru sites. The
mean values of the obtained distributions of the isomer
shift (6) and AEg were 0.48(1) mm/s and 0.64 mm/s,
respectively. Fe ions were in a trivalent state in the
[Na;/3Rug 3|02 layers. The 99Ru Mossbauer spec-
trum shows a broadened and asymmetric single line, as
shown in Fig. 2. The isomer shift was —0.30(1) mm/s,
and the Ru ion was in a typical Ru** state. It is specu-
lated that the line broadening is caused by an increase
in the oxidation state of a part of the Ru ions from
Ru*t to Ru®t and a significant distortion of the octa-
hedron of RuOg with the introduction of a Fe?* ion.
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Development of an RF-carpet gas cell for the chemistry of superheavy
elements

Y. Shigekawa,*! A. Yamaguchi,*> N. Sato,*! A. Takamine,*! M. Wada,*? and H. Haba*!

The chemical investigation of superheavy elements
(SHEs), with atomic number Z > 104, is intriguing be-
cause of the strong relativistic effects on atomic elec-
trons.!) In previous studies, the gas-phase chemical prop-
erties of SHEs up to Hs (Z = 108) and those of Cn
(Z = 112), Nh (Z = 113), and F1 (Z = 114) have been
measured?) with the help of the He gas-jet system, which
allows the deceleration and rapid transport of produced
SHEs to gas chromatographic apparatus. However, for
the heaviest elements such as Cn, Nh, and F1, reliable ex-
perimental data with sufficient statistics have not been
obtained, because of their short half-lives (~1 s), which
are shorter than the transportation time of the He gas-jet
system (~3 s). The RF-carpet gas-cell system, currently
used for precise mass measurements of transfermium el-
ements,?) allows the rapid deceleration and transporta-
tion (<100 ms) of SHE ions separated with a gas-filled
recoil ion separator (GARIS-II). In this study, we devel-
oped a cryogenic RF-carpet gas cell, placed after GARIS
or GARIS-IT and connected to a gas chromatographic ap-
paratus, for the gas-phase chemistry of short-lived SHEs
(<3 s).

Figure 1 shows a schematic view and photograph of
the constructed gas cell, which is similar to the one being
used in the SHE-Mass-11.%) A gas-cell chamber, where He
gas for decelerating SHE ions is introduced, is supported
by a cryocooler inside a vacuum chamber. The cry-
ocooler can cool the gas cell to ~70 K, freezing gaseous
impurities and preventing SHE ions from reacting with
impurities. A DC cylinder and an RF carpet are placed
inside the gas-cell chamber. The DC cylinder, consisting
of 45 electrodes connected by low-outgas surface-mount
resistors, produces a drift field of up to ~9 V/cm for
transporting SHE ions to the RF carpet. The RF carpet
consists of many concentric-ring electrodes with 60-um
width and 100-pym spacing. It has a €0.32-mm hole at
the center for extracting SHE ions. The hole diameter
is less than that of SHE-Mass-II (€0.74 mm), allowing
a lower pressure in the vacuum chamber and lower loss
rate of He gas from the gas-cell chamber. A quadrupole

(a) Vacuum (b)

Cryocooler chamber
\
DC cylinder
\

SHE ion from GARIS li%
—

Gas cell—_g) 260mm "3~

chamber /
Cs* source

RF carpet

Fig. 1. (a) Schematic view and (b) photograph of the devel-
oped cryogenic RF carpet gas cell.
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Fig. 2. Transportation efficiency of Cs™ ions as a function of
the RF voltage for combinations of the AF frequency and
voltage with a drift field of 6.7 V/cm at a He pressure
of 100 mbar and a gas-cell temperature of approximately
75 K.

ion guide (QPIG) is placed close to the hole of the RF
carpet to transport extracted ions.

As an evaluation of the apparatus, we measured the
transportation efficiency of Cs™ ions from the surface of
the RF carpet to the central hole of the carpet by using
a Cs ion source placed inside the gas-cell chamber. First,
the current of Cst ions that reached the RF carpet was
measured using the carpet as the Faraday cup. Next,
CsT ions were transported towards the carpet hole by
applying RF fields, on which audio frequency (AF) fields
were superimposed,®) to the carpet. The current of Cs*
ions extracted through the hole was measured using the
QPIG as the Faraday cup. The transportation efficiency
was obtained by dividing the current at the QPIG by
that at the RF carpet.

Figure 2 shows an example of the measured trans-
portation efficiency as a function of the RF voltage. For
each AF frequency, the AF voltage was fixed to the value
that could maximize the transportation efficiency. In
Fig. 2, the transportation efficiency is saturated with
high RF voltages, indicating that sufficient RF voltages
can be applied to the RF carpet with our setup. High
maximum transportation efficiencies (more than 80%)
were successfully obtained; hence, the constructed gas
cell would be applicable to experiments with SHE iso-
topes at low production rates. Higher AF frequencies
are preferable in that lower RF voltages can saturate
the efficiency (Fig. 2), and that faster transportation is
expected.?)

We will measure the transportation efliciency through
the QPIG with Cs ions and also with radioisotopes of-
fline and online. In parallel, we will develop the gas
chromatographic apparatus connected to the gas cell.
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An attempt to modify the membrane degasser (MDG)

Y. Komori,*! K. Ooe,*? T. Yokokita,*! Y. Shigekawa,*! and H. Haba*!

We have been developing a rapid solvent extraction
apparatus coupled to the GARIS gas-jet system for
aqueous chemistry studies of element 106, Sg, and el-
ement 107, Bh.1?) This apparatus consists of a contin-
uous dissolution apparatus called a membrane degasser
(MDG), a flow solvent extractor (FSE), and liquid scin-
tillation detectors. In the MDG, nuclear reaction prod-
ucts transported by the gas-jet method are continuously
mixed and dissolved with an aqueous solution. The gas
is removed through a hydrophobic membrane, and the
solution is injected to the FSE. In our previous studies,
we fabricated the MDG and studied the dissolution ef-
ficiencies of ™ Nb (T}, = 18.8 s), °6Nb (14.6 h), and
178aTq (2.36 h) produced in the "2tZr(d, z)%°™ &Nb and
natff(d, )7 Ta reactions.”) We found that the disso-
lution efficiency of the short-lived °°™Nb isotope is as
low as approximately 50%, though those for the long-
lived ?98Nb and '782Ta isotopes are greater than 80%.
We considered that the reason for the difference in dis-
solution efficiencies between the short-lived and long-
lived isotopes is as follows: (i) the gas-jet-transported
products are not mixed well with the aqueous solution
and (ii) the long-lived isotopes accumulate in the MDG.
In this work, we fabricated a miniaturized MDG to re-
duce the accumulation of the reaction products in the
MDG. A major modification is the reduction of the in-
ner volume of the MDG from 23 uL to 1.8 uL.. We mea-
sured the dissolution efficiencies of ““™Nb, ?6Nb, and
17873 using the miniaturized MDG and compared the
results with those obtained with the conventional MDG.
We also studied the dissolution efficiencies of #4Eu
(Ty/2 = 10.2 s), *3Sm (68 s), and *3Eu (2.59 min)
using the conventional MDG. The *Eu with a half-life
of 10 s is favorable because its dissolution efficiency is
less influenced by the accumulation in the MDG than
that of the long-lived isotopes.

90m, eNb and '7®2Ta were produced in the same reac-
tions as mentioned above. Two "#'Zr foils with a thick-
ness of 2.4 ym and four " Hf foils with a thickness of
4.4 pm were irradiated with a 24 MeV deuteron beam
supplied by the RIKEN AVF cyclotron. The beam cur-
rents were 4.6 and 1.5 pA. The reaction products were
transported by the He/KCl gas-jet system to the minia-
turized or conventional MDG in the chemistry labora-
tory. The flow rate of the He carrier gas was 1.5 L/min.
Before entering the MDG, nuclear reaction products
were continuously mixed with 1 M HCI at a flow rate of
1 mL/min inside a PTFE capillary of 0.75 mm inner di-
ameter (i.d.) and 5 cm length. Effluents from the MDG
were collected for 30 or 60 s with polypropylene tubes
and were subjected to v-ray spectrometry with a Ge de-
tector. The dissolution efficiencies were determined by
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Table 1. Summary of the dissolution efficiencies obtained
with the miniaturized and conventional MDGs.

Nuclide Dissolution efficiency [%]
(Half-life) Miniaturized Conventional
MDG MDG
mNb (18.81 s) 35+2 36+5
178Ta (2.36 h) 53+3 71+7
%2Nb (14.6 h) 60 =20 81+10
4Eu (10.2 s) — 43+5
43Sm (68 5) — 74+£8
43Eu (2.59 min) — 78 £12

comparing the radioactivity in the effluents with that
directly collected on a glass fiber filter. We also pro-
duced "*Eu, 3Sm, and **Eu through the "**Sm(d, x)
reaction. Six *SmF; targets deposited on Ti foils, each
with a thickness of 495 pug/cm? were irradiated with a
24 MeV deuteron beam of 3.9 pA. The dissolution effi-
ciencies of these nuclides were determined with the con-
ventional MDG using almost the same procedures as for
90m, eNb and "2 Ta.

The dissolution efficiencies of ?°™ &Nb and '782Ta, ob-
tained with the miniaturized and conventional MDGs
are summarized in Table 1. Those of 4Eu, *3Sm, and
143Fu with the conventional MDG are also listed in Ta-
ble 1. The dissolution efficiency of the short-lived “*Nb
obtained with the miniaturized MDG is the same as that
obtained with the conventional MDG. The efficiencies of
the long-lived '7®*Ta and °°2Nb with the miniaturized
MDG are almost 20% lower than those with the con-
ventional MDG. This might be the result of a decrease
in the accumulation of the long-lived isotopes due to
the smaller inner volume in the miniaturized MDG. The
lower dissolution efficiency of the short-lived nuclides
such as “"Nb and '“Eu might be due to the insuf-
ficient mixing of the gas-jet-transported products with
the aqueous solution. At this moment, we expect that a
dissolution efficiency of ~40% is attainable for 26°Sg®?
(T, = 85 s, 14.4 s)3) and 2Bh (Th)2 = 10.7 s) us-
ing this MDG.% To increase the dissolution efficiency of
these short-lived nuclides, more rapid and efficient mix-
ing of the gas with the aqueous solution is necessary. We
will improve the mixing unit of the MDG in the future.
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Preparation of Gd targets for in-beam fission measurements as a step
towards the handling of ?43Am targets with ultra-thin backings
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The study of in-beam fission characteristics is of fun-
damental importance in understanding heavy-ion in-
duced fusion reactions and the shell structure of fission-
ing nuclei. Characteristic information is extracted from
the measured velocities of the fission fragments. Since
the fragments lose kinetic energy when passing through
the target and/or backing to reach the detectors, thin-
ner targets and backings are favored for studies to de-
crease the systematic error. Additionally, safe handling
and survival of radioactive isotope (RI) targets in beam
are important factors. Since thinner targets and back-
ings are fragile, the optimization of the backing material,
thickness and preparation procedures are key for studies
with RI targets.

In order to find the optimum backing, a variety of
backings with different material, thickness, and sub-
strate, were prepared, as indicated in Table 1. As the
thin backings are too thin for electrodeposition of the
RI target, a substrate such as Cu is used to support the
backing during electrodeposition, and is subsequently re-
moved. The Ti and Cr materials were evaporated us-
ing an evaporator at ANFF. ? The Cu substrates were
dissolved by a solution made by combining 4 grams of
trichloroacetic acid (TCA), 20-mL 30% NHj solution
and 20-mL deionized water, resulting in 40-mL of 9.3%
TCA so