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* The surrogate reaction of neutron-capture reaction
rate without detecting gamma-ray

* Decelerating and focusing device OEDO in RIBF

* Three experiments of the surrogate reactions
— 79Se(n,y)
— 3°5n(n,y)
— 55Ni(n,p)

* Proton-fusion measurement with 93Zr
* Updating plan
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Typical setup for surrogate
reaction exp.

= Recoil particle detectors
+ y-ray detector array

—_
(=]
]

171Yb

_.
=)
R
e

Number of counts

—
[=]

00 300 400 500 600
E, (keV)

71Yb(d,py) =272Yb(n,y)

N
1
T
2

100

—
o
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Gamma emission means
that the nucleus doesn’t
change N and Z number!

Py was determined by identifyin
the outgoing residue nucleus.
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@ Opti Energy Degradmg Optics
for RI beams at

S. Michimasa et al.,

PTEP o043D01 (2019)
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B Newly-installed equipment

[[] Rearrangement from HRB

fror =18.25 MHz
Vinax = 350 kV
Gap(H) = 200 mm
L (Z) =1200 mm
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79Se(d,p)®oSn
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Beam energy was measured event-by-event
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@ﬂ for 79Se(d p)8°Se In Inverse

Recoil'péi’t'l'cTe"s"TFNA"SSD'CST(CNS]RCNP/RH(EN) """"""""""""""""""""""""""""""
reaction products: detectors at final focal plane

target: CD, 4 mg/cm? g
Beam int~ 104 pps at on CD, M R
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o =2 N W A O O ~N o ©

?00 110 120 130 140 150 160 170‘

79Sel 77Se

SHARAQ

(~20 MeV/u) QQD
E)S(SSSD(YYl 16ch)+ | coincidence measurement of

recoil particles + outgoing particles.
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* Q-Q-D magnet configuration (First-half part of SHARAQ spectrometer)
- Qz, Q2 (Superconducting)

- Bore: 340 mmY x 230 mm"

- Length : 1020 (530) mm for Q2 (Q2)
- Da
- p=2.57m, 52.7° bending

- Gap:200mm
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PPAC position, time of flight
— Single(X-A-Y), Delay-line readout
— 240 mmW% x 150 mmH

lonization chamber : AE, Range

— 30 pads

- 280 mm%W x 150 mmH
— Total depth 757.5 mm

— CF4 110 torr

Degrader to tune the range
Kapton foil of 75 um

iecor fCharge*1.5*1 Zieraw fiD*25.
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79Se g.s. I =7/2* J
iso @96 keV " =1/2

AL

Talys spin distribution at 10 MeV
By 79Se(d, p) reaction @ 40 MeV
(complete compound reaction is assumed.)
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Solid line:
Pre-equilbrium curve by Calbach model (Talys 1.96)
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some 13

79Se 24+ 7%

7/2* @ 160 keV
77Se 13+ 7% 87 7%

7/2* is dominant (~80%) for both beams
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* Hatched region (inset):
79Se(n,y) by *°Se(y,y")

* Points:
surrogate ratio method
77Se*(7/2*)(n,y) taken from TENDL

gCN (SOSe) y P;OSe (E)
O-CN (78Se) P]:SSG (E)

O'79Sy)(E) = O'(ny)(E) X

e Redline:
normalized 1“y

N. Imai et al., PLB850, 138470 (2024).
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13°5n(d, p)*3*Sn

S. Bae (IRIS RAON/U-Tokyo), N.Imai (U-Tokyo)
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tes around 32Sn R |

* N =82 waiting point:

® KADONIS — TALYS
Sn ~—— Non-Smoker = CIGAR

* Second peak of r-process elemental
abundances

* Bottle-neck toward the third
abundance peak

. 103~105
10° 1335 n

Reaction rate (cm3/mole/s)

80 BIS 90 95 1;30 1105
Neutron Number (N)
Prog. Part. Nucl. Phys. 86, 86-126 (2016)

* A few orders of theoretical deviations in
neutron capture rates of Sn

Impact of uncertainties on the r-process elemental abundance
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/@ Three Imp

* Transmission 20% =2 80%
 Target thickness was reduced to be 200 ug/cm?
* Finer angular resolution of recoil particle detector

Version 1
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' | results

* A/Q resolution ¢ ~0.12% for Li-like ions . Sn, E,, distribution
i S
=> AA/Q (A=131to 130) = ~60 5 .
40
* Missing mass spectrum of bound state is consistent E_, = 3-4 :
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Stud 131sn and 131 e R-,IE_:

e Clear mass number changes at S, and S,
e Mainly, Li-like (Q = Z—3) and Be-like (Q = Z—4) 1sotopes are identified.

* P.(E) distribution was obtained by isotopic ratios around S,
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1315n/*31Te R

* P, drops before S, due to excitation energy resolution (a few hundred keV),.

* Above S,,, P, is larger in Te than Sn in general.
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a(n,y)
g 10§ Pr I'm'n r —m— "¥3p, Surrogate ratio
o 9? élimina y —— ™gn, TENDL-2023
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* Thingsto do...

— Validity check with *245n(d, p) data

Reaction rate (cm3/mole/s)

Neutron capture rates in theoretical calculations

10°

103~105
133Sn

® KADoNiS — TALYS
Sn —— Non-Smoker —— CIGAR

.

80 85

90 95 100 105

Neutron Number (N)

Prog. Part. Nucl. Phys. 86, 86-126 (2016)

— Absolute surrogate approach with J, it consideration
— Evaluate the impact using r-process models
— New proposal for 3335n(d,p) measurement
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5°Ni(d, pp) reaction

J.T.Li (U-Tokyo), B. Mauss (CEA-DAM) & D. Suzuki (RIKEN/U-Tokyo)
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g of certain p-nuclei

* Anomalously large abundance of light p-nuclei such as
92,94Mo, 9%98RuU

* How are light Mo and Ru p-isotopes formed?
Cannot be produced by s- and r-process

Cannot be explained by photo disintegration

Stable nuclei

\
* Solar abundances relative to 10° Si atoms,

(p-process) alone

100 g 3

92:94Mo: 0.3

Predicted p-process abundances
10 3 plt Hg E

F: Overproduction e i[} —————— N P 5 IS T
factor with respect £ Y- P + j'_; i—}b—T E

to solar abundances’ [ T[ Pat? i

Number of PTc¢

rp-process

0.1 Ru | §in I = 20 Nuclei known —— I prncess
F Mo La ©d E :
N 'r isn Yo gkisl — neutron star processes
0.01 — [ [ Ll N PN | = supernova cores

B0 100 120 140 160 180 200 s-process
Mass Number et
2 8 20 28 50 82 126
M. Arnould and S. Goriely, Physics Reports 384 (2003) 1-84 Number of Neutrons
_—

A. Arcones et al., Progress in Particle

Technical Meeting on Neutron-induced and Nuclear Physics 9 (2017) 1-67
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/'3 Neutrino driven rapid-proton capture

Stud

P (vp ) process

* Proton-rich ejecta in core collapse supernovae
+ strong neutrino flux from central neutron star (NS)

—p+U,on+ e

*  Most critical waiting point:
— %°Ni, Ty, = 6 days ? rp-process
*  58Ni+n 2> 5Ni* > p+5Co
— Bypass from rp- to up-process -
— Flow to heavier p-nuclei 9294Mo, 9%98Ru |-
— Cross section not measured P

Technical Meeting on Neutron-induced
Reactions on Short-lived Nuclei @ IAEA
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'“]f""“@w// Beam param

Primary beam: 78Kr 345 MeV/u
Secondary beam: 5¢Ni, 58Ni

T Ji SHARAQ * Produced and purified by
FES | T.LF ';:_;L Secondary target BigRIPS
FE7 X -  before FE9: 113 MeV/u
Beam PID ; \ * Energy-degraded by OEDO
by B,-ToF |+ Angle-tunable wedge * after FEg: 15.5 + 0.5 MeV/u
; degl’adnsl’d Transmission from F3 to FE12: ~75%
graders
i F3: Diamond
: FEg, FE12: SR- Guides Beam Identification @ FE9
1| | PrAca ol £
" So: TiINA 5 F -
i x S1: SR-PPACX2 + IC T
% Strip-Readout PPAC e -
Horizontal Rails 10F-
F? B_H_Tmmm G;—
i J.Hwangetal,, _uf;
F2 i PTEP 2019 (2019) 043D02 2ob
w2 = 7 7
Bi S.Hanai et al., PTEP H 40E- i ocy 10%
Fo |gR]PS .Hanaietal.,, 2023 (2023) 123H02 - | 304 5 0 |
& AT —Em 530 540 550‘ — %0 50
” S. Michimasa et al., NIMB 540 (2023) 194-198 ToF F3-FES [ng]

56Ni rate ~150 kcps
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VS J8 Issi s of 57Ni

TINA @ So DSSD 56Ni(d, p)>’Ni at 15.5 MeV/u (E. ,,, = 30 MeV)
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SHARAQ QQD mode PartICIe g E S6Nj27+ 57Ni27+
« Direct measurement of reaction residues identification " Cor oo,
e MomentumAcc.: +3% TOF-Bp-AE E E—
* Angle Acc.: +30 mrad F
g .. mEthOd 40
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30— 57 |26+
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* Decay branching ratio of 57Ni

S, =7.3 MeV
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= -56Ni(d, p) double di y S section

2

Double differential cross section

dEdQ

Ex {MeV)
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3Zr(p,X) @30 MeV

J.W. Hwang, M. Dozono
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@ 22 . Introducti

Abundant LLFPs

Half-life In 1 ton of
(years) spent fuel

* Long-lived fission products (LLFPs)
— One of the most intractable components

in high-level waste (HLW)

— 93Zr: most abundant LLFP

* ty, = 1.53 X 10° years
* 6% of production yields of 235U fission

* Nuclear transmutation (ADS) of 93Zr

Neutron-induced: low cross section

P37r + p/d: expected to be effective
Previous study at higher energies

Larger cross sections expected at low E
Reaction mechanism of d-induced reaction

S. Kawase et al., Prog. Theor. Exp. Phys. 2017, (2017) 093D03.

Cross section [mb]
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* OEDO Day0 exp.(Nov. 2017) Ionlza::;)n ((j‘:amber
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. BigRIPS-OEDO-SHARAQ ,  Spectrometer Bragg curve fitting
: : SHARAQ (QQD)
e Inverse kinematics Ap/p = +3%
Angular acc.: 30 mrad
PPACs (before/after)
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(24 ~ 29) + 6.53 MeV
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Transmutation cross-sections ¢
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: Results

Experiment: 24 ~ 29 MeV/u
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* Transmission of D1 magnet should be improved.

— Larger acceptance
— Optics study

* Improvement of recoil proton detection
— CsI(TI) will be replaced with SSD
— Forward barrel to measure the elastic scattering.
* Gamma-ray detector array
— GAGG or Csl(TI)
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