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rigin of the elemen
e Where do we come from?

* How are the heavier elements synt

Third of 11 unanswered questions in 2002 |

https://www.discovermagazine.com/the-sciences/the-11-greatest-
unanswered-questions-of-physics
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SR Neutron-sta

Discovery of the gravitational wave on 2017.8.17
M.R. Drout et al., Science 358, 1750 (2017)
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https://arxiv.org/abs/1801.01141

€

=i

Relative lo

ndance

= -\ﬁ VAV - s .-". N HD115444
— F AU i foo——
s ¥ il GV e W —
b= ,.f\« - i - LY ! Y "ﬁ'\. 2 i
_T "t " f I\ 3 ™./ \_BD 17 3248
. =
LY

ol RN [ £
_+ PEAVAN = ut ——
!;. )'! ' [ ] 3 .'fl_ I"-.._ PN =
3.5 = \/ W A ® jE . \/ \._Hp221170
N A AR TV N A
P ! = % WA / = 4 CS31082-001
&3 \“ e \_.-"l. -\f* ,.r--.."l L ———— N
\ [ ] b - T
=X A » e \ M
L = "'giaj T *ﬁn “t'f'*\ fﬂ ! {\1 . CS22802-052 i
I r+/'.l " -

b

" | Y "_'.'I\,,_ HE1523-0801
. ! ¥/ :

&0 TO B8O a0
Atomic number

A. Frebl (2008)

NUSYS2023 N. Imai




B 4nt
o 10 -
=

195)/ Yin(A
=

< . \. s ;
S 10 Astronomical @ By ¥
< observation | h I
g 107 El FRDM(2012) 1 i % /‘\—‘\
5 | == Multi-messenger "
_§ 1072 _. |r\||||i||r_|S||°|Ia|T|||l||||1||||||||||||||||n|||||||| aStronomy' A 10 12 14 16 18 2 4 & B 1D
< 100 120 140 160 180 Meteolite R B
wiane e Light-curves@GW170817
r-process abundance
peak
Accretion dise ejecta (~0.1-1 ) O Of the ent

e universe

Nuclear Physics.

I |

\ s Simulation Param.
Rermnant "-'.,-_: g 3 -

NSorb | 3D @V decy, mass,
retion disc - ‘_ . hydr0d|nam|ca|

Flows alli u

EQS,
A neutroncapture

model

NUSYS2023 N. Imai



2021

REVIEWS OF MODERN PHYSICS, VOLUME 93, JANUARY-MARCH 2021

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Origin of the heaviest elements: The rapid
neutron-capture process

journal homepage: www.elsevier.com/locate/ppnp

Review

The impact of individual nuclear properties on r-process ®Cmsm,k
nucleosynthesis

J. J. Cowen et al,,

M.R. Mumpower?, R. Surman®*, G.C. McLaughlin®, A. Aprahamian®
* Department of Physics, University of Nomre Dame, Notre Dame, IN 46556, USA e 7SS e e e L0

b Department of Physics, North Carolina State University, Raleigh, NC 27695, USA /
p

% 4 e

7o 4 4 i f
_;5,’ -{;;ﬂ' T T A T T T T AP T A T AT A T T A T T [ g ¢ g g
’:f/ ’ FUgH-Enzbpy WOre, Y 5 8% vy T 50 Vg, 20 F <7 Cl i / / 44 // ? ,/‘,’,«f ol ;
2 : o Half-live” 7 = %4 {
> P ! e y £ s y
o7 IVIass (r- pfocess path) / i VNG
){4 1 4 p P % ;F- & 4 A / : "’» ¥/
. ] - | JFISSIoN pro ert 7
0 HQ,Fﬁv,Ilvesf (speed) 7 | perty 7
:: 1: " ,-j ,f f / ¥ 7 5 ‘9/,3; f/ /"’ 4% f' 4 I' ;
~¢" Neéutron-caf Lwé wate 7 44 27 '( ission recycling) ¢
i £ Ca »‘%ﬁf / i ’ ? {
% {7 |
% : £ ;, 41 ,afryx ’_p: il ;
. ¢ vaser 'E (kllonova light- curve)
;;f BN ;f:?:_’/ ,;/ﬁ WA ;j,’:,;, ,W{;?‘;, ,,w,::’; irs ,,(/: ;”ﬂ’ ’

” i AT i 2 .26 /Neutron capture rate 1

oy Panringr 4 ///// . J/ // ///j S e

MD - 5 ///
NUSYS2023 N. Imai ; 9



LOGARITHM OF RELATIVE ABUNDANCE (Si=10)

He-BURNING

\IRON GROUP
a

REVIEWS OF
MODERN PHYSICS

Ocroser, 1957

—

Vorume 219, NMumeer 4

Synthesis of the Elements in Stars*

s E. MarcareT Bureince, G. R. Bursmce, Wittiam A. Fowrer, avp F. Hovle

Kelloge Radiation Laboratory, Californic Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institulion of Washingion,
Californin Institute of Technology, Pasadena, California

Photo from the Nobel
Foundation archive

Subramanyan
Chandrasekhar

“TIt is the stars, The stars above us, govern our conditions";
(King Lear, Act IV, Scene 3)

but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Judins Coesar, Act I, Scene 2)

TABLE OF CONTENTS

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.29.547

Photo from the Nobel
Foundation archive

William Alfred
Fowler
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e S-process: slow-neutron capture nucleosynthesis, e.g. AGB star,

~10%"m=3,  ~105year
* R-process: rapid-neutron capture nucleosynthesis, e.g. supernovae, nsm
~10%®m™3, = ~107"s

* Rp-process: rapid-proton capture nucleosynthesis

Nucleus |[[2}
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>21E18y
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Neutrino cooling and neutrino-driven wind (f= 10 s)
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Nature Physics 172, 147 (2005)
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B decay and neutron-capture

132 n
S Neuton capure

Bdecay
132|n 133|n

B rate mg=1/t =2.47 [s7]

®, =N, <c>max vy
=1020 x0.1 mb 4.4x108 [cm/s]
= 4.38 [s]
(T°=1~0.1 MeV)

Cross section would constrain the neutron density/temperature.

NUSYS2023 N. Imai 15
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* B decay

132G n

— B, zA - Z+1A +e +-

: Bdecay
Outgoing channel 132

i_z_ 0 2 Final sate den ty

/‘ Entrance channel

Interaction (G.T., Fermi, etc...)

* (Direct radiative) neutron capture reaction

_ 16 3 . 2
"9
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Photodisinte

r-process happens in a hot bath

AZ A+1Z

£

At the nucleus which has the magic number, the neutron
capture rate drops, giving rise to the local equilibrium.

NUSYS2023 N. Imai



* r-only
r-dominant @
s-dominant
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K.L. Kratz, et aI., r-process
JPG 14, 5331 (1988). Ll
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* Neutron capture rate

* Photodisintegration ; detailed balance

B 3/2 , 3/2 L
— | + 1, = ey T > +1
— . partition function
e |, o , equilibrium
-, = + 1,
+1, +1, 11 3/2 5 2 32

— = — exp 4



Hil! et al. {1976}

IKMz-755
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K.L. Kratz, et al.,
JPG 14, S331 (1988).
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M. Mumpower,
Prog. In Part. and Nucl. Phys. 86
(2016)86-126.



Reaction rate (cm®/mole/s) Q)

Jncertainties o On

Y

T T
® KADONIS — TALYS

6 \ — Non-Smoker  =— AR
. N e e M. Mumpowetr,
10° | A . . : :

= 10 Q ‘ Prog. In Part. and Nucl. Phys. 86
10° | “ V w (2016)86-126.
10 | 00 WAV
10° '
14 | Neutron capture cross section
N=82 calculation code:
? T TALYS
Neutron Number (N) NON-Smoker
CIGAR

ASn(n,y)@T,=1.0
Only Compound reaction is taken into account.
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PRINCIPLE OF NEUTRON CAPTURE
REACTION



e Lifetime of neutron ~ 14 min.
* Target nucleus is also short-lived.

eg.) 139Sn T,,= 3.7min

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 17, 014701 (2014)

Measurements of neutron-induced reactions in inverse kinematics

René Reifarth' and Yuri A. Litvinov™
'Goethe-Universitiit Fi rankfurt am Main, Max-von-Laue-Str.1, 60438 Frankfurt am Main, Germany
“GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadi, Germany
*Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany
(Received 17 September 2013; published 10 January 2014)
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Direct/Semi-direct reaction (DRC)

S~ 8MeV
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e Astrophysical site for r-process element is still
mystery even after GW170817.

* Many nuclear physics parameters are needed.

* Neutron capture reaction is one of the missing
parameters.

* To evaluate cross sections of short-lived nuclei,
we need to use quantum mechanics.



DIRECT RADIATIVE CAPTURE
REACTION CHANNEL
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K. Jones et al., Nature 465, 27 (2010)
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J. Raraport and A.K. Kerman, NPA119(1968)641.

NUSYS2023 N. Imai

0

ant

S from DWBA strongly depends on the

form factor.

Reduced normalization constant
A=N2/K3*S was found to be
independent.

“Though introducing reduced
normalizations as spectroscopic
guantities is somewhat
disadvantageous because the single
particle fractions of the states in
guestion cannot be recognized
directly, ...”

B. Eteinmetz et al., PRC18, 71 (‘74).
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; radial part of incoming wave function
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E1 operator magnifies the tail part of the wave function
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mation

post form zero range DWBA

x\J(2L,, +1)(21 +1)(L ;100

. ><Lﬂl—mm

:0)

AL )J”’(’” Lt g ™) ko, e,

B

do/dQ) of the transfer reaction 2 ANC
if the reaction takes place well outside the target nucleus.

radial distribution of the overlap integral°

O e D 2 Gy ™00, 7 K, o, )

a B

ILﬁ(r) <L1 mm
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T

Quantum mechanical wave Cloudy crystal ball
Elastic scattering: only direction Elastic scattering: reflection of
is changed. optical waves
Inelastic scattering: scattering Inelastic scattering: absorption
into an exit channel different due to the fact that crystal ball
from the incident one. is cloudy

Smooth variations of the scattering cross section as a function

of incident energy E and target nucleon number A.
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Wﬁhenome nologic ential

Optical model potential=

The average interaction between nucleons in the projectile with
those in the target
— follows closely the density distribution
1
O Ty — o/

In optical model studies, this is known as the Woods-Saxon form

—

-— 9 4+ , T o ,



DWBA codes

* DWUCK4,5;
— https://github.com/padsley/DWUCK5
— https://github.com/padsley/DWUCK4

* FRESCO;

— https://www.fresco.org.uk/



https://github.com/padsley/DWUCK5
https://github.com/padsley/DWUCK4
https://www.fresco.org.uk/

Center foRMUEY Study__—
Univ. oi E’Jl/

Linput

—ChatGPT?

Can you also let me know the input file for the 130Sn(d,p) reaction at 40 MeV for FRESCO
DWBA code?

Certainly! Here is an example input file for the FRESCO DWBA code to calculate the

130Sn(d,p) reaction at 40 MeV. This is a simplified example, and you might need to adjust the

parameters according to your specific experiment and requirements:

Title = "130Sn(d,p) Reaction at 48 MeV"

Ener = U40.0 ! Incident energy in MeV
React = "130Sn(d,p)131Sn" ! Reaction description
Elab = 45.0 ! Laboratory energy in MeV
ElabStep = 0.5 ! Energy step in MeV
ElabMax = 60.0 I Maximum laboratory energy in MeV
Joa=ue ! Spin of the initial state (ground state)
R ! Spin of the final state
/
&channel
Proj = "130Sn" ! Projectile
Targ = "d" ! Target
Ex = 0.0 ! Excitation energy of the residual nucleus in MeV
/
&potential
Type = "saxon" ! Potential type
Ve = -50.0 ! Central potential depth in MeV
RO = 1.25 I Central potential radius in fm
al = 8.65 I Central potential diffuseness in fm
/
&output
Dir = "output" ! Qutput directory
File = "results" ! Output file name
Plot = true ! Generate plots
/
&options

Coul = true

Include Coulomb interaction

6Fe(d,p)57Fe @ Ed=12 MeV;
NAMELIST

&FRESCO hcm=0.1 rmatch=20.000

rintp=0.20 hnl=0.100 rnl=4 centre=-0.45 jtmax=15
thmin=1.00 thmax=180.00 thinc=1.00

it@=1 iterzl

chans=1 smats=2 xstabl=1

elab= 12.0 /

&PARTITION namep='deu' massp=2.014 zp=1 namet="'+56" masst=55.934 zt=26 nex=1 /
&STATES jp=1.0@ bandp=1 ep=0.0 cpot=1 jt=1.0 bandt=1 et=0.0000 /

&PARTITION namep='pro' massp=1.0078 zp=1 namet='f57' masst=56.935 zt=26 qval=5.421 nex
&STATES jp=0.5 bandp=1 ep=0.0 cpot=2 jt=0.5 bandt=-1 et=0.0000 /
&partition /

&POT kp=1 itt=F at=56 rc=1.15 /
&POT kp=1 type=1 itt=F pl1=90 p2=1.15 p3=0.81 /
&POT kp=1 type=2 itt=F pt=21 p5=1.34 p6=0.68 /

&POT kp=2 itt=F at=57 rc=1.15 /

&POT kp=2 type=l itt=F p1=47.9 p2=1.25 p3=0.65 /
&POT kp=2 type=2 itt=F pl=11.5 p5=1.25 p6=0.47 /
&POT kp=3 itt=F at=56 rc=1.00 /

&POT kp=3 type=1 itt=F p1=65.0 p2=1.25 p3=0.65 /

&POT kp=4 itt=F ap=1.0000 at=0.0000 rc=1.0000 /
&POT kp=4 type=1 shape=2 itt=F pl=72.1500 p2=0.0000 p3=1.U48U40 /

&POT kp=5 itt=F at=56 rc=1.15 /

&POT kp=5 type=1 itt=F pl=U47.9 p2=1.25 p3=0.
&POT kp=5 type=2 itt=F pl=11.5 p5=1.25 p6=0.
&pot /

39
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u7 /
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10010000010000000000
000.000 0©0.0000 0.1000

4o 1 1 3

0.1000 0.0000 50.0000 0.0000 0.7000
1.0000129.914 50.0000

40.0000 2.0141
1.000 -91.941
—-2.000 0.000
-0.432 1.0000
1.000 -58.419

1.0000
-1.000
—-6.500

9999999999

1.150
0.000
1.0000
1.110

1.0000
1.250

.810
. 000 0.000
.000 50.0000
. 970
. 000 0.000

.914 50.0000

Sample input of DWUCK4

1305n(d,p)131Sn* (Ex=3.9 MeV, J=3p;,)

130Sn(d, p)131Sn(Ex=3.9 p3)

1.3000

-2.3u8 Incoming wave
38. 44

1.2500

outgoing wave
101.618 §0INg

1= 808 Form factor

(single particle w.f.
Of the final state

40 ‘2.0141 1.00”129.914 50.0’ 1.3 0.0 0.0 2.0

2H 13‘¥Sn 2) 2 1 3 1 36
‘ 2xS
40 1 1 3 transferto populate p3/2 2x J
: L
2 x A : angular momentum transfer # of nodes

A . angular momentum transfer
# of angular momentum transfer



do/dQ (mb/sr)

[
o

20

0 50 100 150
_ Om (deg)
The experimental data and the optical

model parameters are taken from
NPA92(1967)91-122.

do/dQ
do/dQ

rcutoff =0fm — 99%

rcutoff =4fm

real of radial function

o

WNE—LO




102 £ 3 05}
& : 1 ur)
"‘-.,_\‘_ | ] .
-
E - if] r
B i ] —0.5f _
= 100 |- 2 0.08 ]
s - 2 0.02 | , _ ,
,‘g - - : . imag. of radial function
101 - - 0.01f B
: 2 0.00 i e o
_II|||||||||||||||||||||||_ _U'Dl _"'r
0 25 50 75 100 125 :
8(cm) [deg.] -0.02 ¢ :
-0.08 f—————F———— ]
N. Imai et al, NPA 688, 281c (2001) 0.2} real of radial fU”CLt'z%”
up to do/dQ2(6=2) was measured 0.01F 1\ L=1
0.00 e/ Y s =2 -
?“/f Jlr / I"-. / L—3
-0.01 :—Iu .\J{ S -
dcy/ercutoff:Ofm — 79% ‘D-GE;' ]
do/dQ i I e
reutoff =4fm NUSYS2023 N. Ir?qai 10 20 30 4%{3
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T ] T T T T T

2cd, p)'3C(3.089 MeV 1/2*)

h T TTTTTT

T

10'E
-~ E
[, -
[ -
bt -
Fal
E -
c Ll
G 10%
- =
=] ==
- -
I e
k. ™, s
By s e T "‘-..‘_“‘
o'k T 28d5,p(x10) " T
E .
E o, .

2edyz(x1 ﬂrhﬁx

<
Cak
=1
o
]

o
w
<%

H. Ohnuma et al., NPA 448 (‘85)205

do/dQ rcutoff =0fm
do/dQ rcutoff =4fm

=66%

12C(d ’p)13 ~ %

real of radial function
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_ E,=2.03MeV  |E,~11.8MeV |E,=30 MeV

0.75 (11) 0.94 (8)
ANC (fm-1) 2.6 (4) 3.6(4) 2.4
(b2*S)
B ] T ] TR e = ——— Ed= 11.8 MeV !?
E e Ed= 2.03 MeV
L " Ed= 30 MeV

T

Ty

3 ;

_|10 /,

o .7 2
TE- ¢4 —
55".,-' _E
3: | II|IIII| | II|IIII| -
0.010.02 0.050.100.20 0.501.002.00

E__ [MeV]
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200 - _|

> _-JS model
&

o
o
|

-
-

dw from elastic

A
2_ v
A

1 £ % [2%] | {1 | L | LA 2 | | | L | | I | | { O | I\I.
0 10 20 30 40 50 60
6(deg.)

Adiabatic breakup model;

R.C. Johnson and P.J.R. Soper, PRC1, 976 (‘70)
Prescription;

Vjs=VP+Vn, Wis=(WP+Wnr)a/ajs ris=r, a;s;=a+0.04
J.D. Harvey and R.C. Johnson, PRC 3, 636 (‘71)

d breakup effect; ADE

E | [ [ | I'TTT | | [ [ ’LLI‘LJ-PT E

30 — -

- dw &L, & .

20— —

- " —%“ JSmodel -

R -

3 £ :

> = =

7E =

5~ -

3 E | | | | [ II| | | | | 11 II| E
0.010.02 0.050.100.20 0.50 1.002.00

E., [MeV]
S 0.94 (8) 0.68 (6)
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Univ. 0i T0

0|7

* low-energy neutron —~0
 E1 transition is dominant.
* For the even-odd nuclei, bound states which

have —~1 are important.

1
120
1 * FRDM
Total
100+ 130 P
d( Sn’p) e a 3Psp2 "‘"W

| 3986 keV (1/2)
™ 3404 keV (3/2)

2628 keV (7/2)

4655 keV (5/2)

Hy Mf I
r I i !
o it Ky B o ol
-3000 -2000 -1000 0 1000 2000 3000 104 X . - .
keV : :
Q(keV) 0.01 0.10 1.00

E [MeV]
PRL109 172501 (“12)
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Inverse reactions with RIBs
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Ity
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https://www.nishina.riken.jp/facility/SRC.html

Univ. oi

1st stage [
separation 2nd stage i
analysis (PID etc) L
further separation -

» The implantation of an identified RI
is associated with the following
B-decay events that are detected
in the same silicon pixel (DSSSD).

L]

5 13
Y LR B

L

Courtesy of S. Nishimura
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Normal kinematics ./
O .
O @ \

Inverse kinematics

O
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Energy [Lab-MeV/u]

p(05n,p

80+,

= 180

—— Fragment - 130Sn
———- Residual - 2H

10

20

30

40 50 60
Angle [Lab-deq]
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iwn Recoil particle detec in the world

N
LEDA @ Leuven/Edinburg MUST/MUST2 @ France
T. Davidson, et al., NIMA 454, 350 (2000). Y. Blumenfeld et al., NIMA 421, 471(1999)
|
TIARA @ UK
ORRUBA @ Oak Ridge M. Labiche, W.N. Catford, et
S.D. Pain, et al., NIMB 261, al., NIMA 614, 439-448
1122-1125 (2007) (2010)
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ibution

IW.D | | | | | ( .’ /

|

ey '---‘i

a..‘l-‘ " ‘h

i"-u .|-'r - “u
. .
N
N

e Coulomb barrier ~ 6.8 MeV
* E <V, less diffraction
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Center fORNuGIES
Univ. of ToKY0-
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/D
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Fiun_

Cemel’iol'& ———— S
Univ. of ToK
/

DRC of neutron can be determined by the final
state bound state wave function.

DWBA can help to determine the ANC.

ChatGPT still needs trainings.

Reaction in inverse kinematics, the conversion
of the coordinate system looks tricky.



COMPOUND REACTION CHANNEL
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S. Frauendorf, Phys. Scr. 93 (2018) 043003
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Univ. of ToKY

Cross-section (b)

~ Neutron res

Incident neutron data / ENDFIB-VII.1 1 U238 | MT=102 : (z,y) | Cross section

10000

1000+

100

(=]
I

=
|

0,01 -

0,001 +

1E-4

\
| ——1/vregio

S

n:;\ J) 'EI

S-process

r-process

|
|
I||I ||

)

— Resonance region— \

1E-11

T
1E-10

1E-49

1E-8

1 T T 1 T
1E-T 1E-& 1E-5 1E-4 0,001 0,01 01 1 10

Incident energy (MeV)
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wa="" Compoun

Hauser-Feshbach theory

"2 +1 2 +1 2+1
* T,: neutron transmission coeff. Cf.) Breit-Wigner .
€ optical model potential =— =
* T, photon transmission coeff. - 2+ >
€ level density ( cf. @131Sn p= 40 MeV-1),
gamma strength function (ySF)
1 J+I' j'+s
(4.186) To(E™, J I — E,, I' 1lf) = o B I Y Y () Ty (E))
j'=|J-I'| I'=|j’ S’I
_, MGDR r Lo 42z
1 3 2 22 2_ 2 2, of 2 5



+1/2 %

2V

2 2 12
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Fermi-gas model
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Neutron-induced reaction Surrogate reaction

79
-@ @1 ™

Sn=9.91 MeV Q=7.69 MeV

Frsgjﬂn 0 ui Neutron emission

80S@ 80Se+p

+ % Gamma
X

emission

G. Boutoux et al., PLB 712, (2012) 319-325.

decay
679 80 (E n ) 80 (E 80 o 79
Se(n,y )™ Se Se Se*—>y+ Se

determined by
the optical model potential
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Surrogate ratio

oCN (3080 p;“Se (E)

(1) (1)
o5, (B) = 03¢, (E) X N (T8 X — 1 (1)
(""Se) P},S‘*(E)
Example @JAEA
907r(180,160)92Zr*
szr(80 10z 2 LT
40 . . . . .
~ |l il . e
Bl
= 11
S e SR -% 20
95 100 105 110 115 2 w R s
E, (MeV) 4 10} ! 2 |
5 Tk - =
PRC94.015804(’16) ) E—— :‘WB
E_ (MeV)

NUSYS2023 N. Imai
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pin distribi

Univ. of TOKY0_

’9Se(n,y) reaction vs 79Se(d,p) reaction

Neutron capture Stripping reaction
E,~1 MeV E;~ 40 M?\/
7 @
® m ®

= 30 deg. Ex=10 MeV
A =364 MeV/c

A=A x ~12
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Fermi-gas model

12J+1 74 12] e [2val |
(4.236) o (s, T = S e | S g v L
22/ 2ma3 20 12 ql/As5/4

From TALYS manual

Assumption: The projection of the angular momentum are randomly coupled.

&
I

. 80Se* at 10 MeV.
p ~ 2x105 MeV-!

"||'f'ITI'I-|r:]||
=,

_llf'l]ll'-ll:

NUSYS2023 N. Imai
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Population(%) Population(%)

Population(%)

alculated spin

25 (c) ,-\\ isomeric state of "?Se

20 r;-' \‘1 A F,=0.2 Me¥ /=7/ 4

: 9Se g.s. In=7/2* J
e iso @96 keV I" = 1/2-

. AL
0 2 LSpin J6 8

Talys spin distribution at 10 MeV

By 79Se(d,p) reaction @ 40 MeV
(complete compound reaction is assumed.)

DWBA calc. A = §~§ S=1.0,

weighted with the level density

10
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Typical setup for surrog%

reaction exp.

+ y-ray detector array

= Recoil particle detectors

Number of counts

171Yb(d,py) =2172Yb(n,y)

R. Hatarik et al.,

\ PRC81, 011602 (R) (2010)

/

eaction w/o y-ray
measurement

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

Py was determined by identifying
the outgoing residue nucleus.
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ized Energy Degrading Optics
for RI beams at RIBF

3 ﬂ
FE1:1 FE12

B Newly-installed equipment

] Rearrangement from HRB

OEDO RFD\

frr = 18.25 MHz
V.. =350 kV
Gap(H) =200 mm
L (Z) = 1200 mm
W(V) = 400 mm)

{:_ %

68
. 4
Installed in Mar. 2017.
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SHARAQ

"{'H i "'—I

ﬁ‘?‘:‘*’ i 11 q 4k
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" BigRIPS

o
FAIR
FRIB
HIAF
RAON

[N

o

o

= (v)
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107pd, 93Zr at ~30 MeV/u .,
( BigRIPS production) |

Effects of RF Deflector

(3.}
©

©
=

RFD Phase [deg]
N N (4% [
B8 E

215"
17977
1430
107/~

BZr

e -
30 MeV/u
~200-150-100-50 0 50 100 150 200

—180kV —250 kV

" MY Foee el

RF HV: 250kV
Phase: 80 deg.

NUSYS2023 N. Imai

500

400

300

200

100

SHARAQ

107pd at 30MeV/u

20mm
(FWHM)

107p 44+

RF OFF

(FE12)
Focusing (FE12)
S0X 1D
red: RF ON (80deg, 250kV), blue: RF OFF s0x_1d
Entries 14867
Mean -3.46
RMS 27
Underflow 13
Overflow 15
Integral 1.484e+04
107pd45+

-60  -40 -20

Xrgr2 [Mmm]

0

20

40




(Center uclesd
Univ. of ToKyo -

Recoil particles: TiNA, SSD-Csl (CNS/RCNP/RIKEN)
reaction products: detectors at final focal plane
target: CD,4mg/cm?

Beam int™~ 10% pps at on CD,

©

- N W A O O N o®

PPAC

[=)

6, (deg)

SHARAQ
QADE—F

(~20 MeV/u)

6x (SSD(YY1 16ch)+ &=

Cs) - coincidence measurement of
S

recoil particles + outgoing particles.
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S1 Focal plan

« PPAC :position, time of flight
— Single(X-A-Y), Delay-line readout
— 240 mm" x 150 mmt

« JIonization chamber : AE, Range
— 30 pads
— 280 mm" x 150 mmH
— Total depth 757.5 mm
— CF4 110 torr

« Degrader to tune the range
« Kapton foil of 75 um




* Q-Q-D magnet configuration (First-half part of SHARAQ spectrometer)

- Q1, Q2 (Superconducting)
- Bore:340 mmW x 230 mm"

- Length : 1020 (530) mm for Q1 (Q2)

= . !,'.

- D1
- p=2.57m, 52.7° bending
- Gap:200 mm
|:1:|
i [P
¥ n GBS R et
ok

SO

(target position)




PID of outgoi

PPACs @ SO & S1

XS0, VS0,

e

Xs1, Ys1, asi, bsi tso, ts1 AEpp
! !
Bo| [FPL TOF
N

B

| |
J’ ¢ W
A/Q A 7

NUSYS2023 N. Imai

Energy loss [MeV]

-

160

2

§

8

btained from Bragg-curve fitting

R =573.4 mm
AEspr= 116.8 MeV

AEsp—

i~

~

o B & B8 B

1 1 1 1
200 300 400 500 600 700 200

Depth in IC [mm]

/
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S 660
£ 640
® 620
600
580
560
540

(ar

Rang

528.

PID of outgoing residues

— 680

LI L I L | L I T I L I Il I I | L
L1 I L1 | L1 I 111 I-I L1 I 11 I L1 | L1l
>

23 285 24 245 25 255
A/Q

n
m =
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2.54

252

2.5

2.48

2.46

2.44

2.42

2.4

2.38

2.36

=~ o

II|III|III|III|IIIII
|
a]

78Se_=E —3
Rtk = .
i = |E_ _ ;
| e
-y, g e 5
10 15 ! 20
Ex (MeV)
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Univ. of TokY0_-

TENDL2021 recommendation
Normalization ' =o = 1.75 (dashed)

Best fitting: a=3.75 (solid)

100 }
80 |
60|
40}
20

e

—
~

A

TENDL2021 recommendation
o=1.00
To reproduce Titech data (Igashira et al.,)

T s e
Energy above S, (MeV)

N. Imai et al., submitted to PLB
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EXPERIMENTAL STUDY OF NEUTRON
CAPTURE RATE IN R-PROCESS



7. WhICh nuclear data are sensitive to

{wind

_)

rtmﬂnd

)

| |
1

erger

M. Mumpower, Prog. In Part. and Nucl. Phys. 86
(2016)86-126.

o alters by 100 randomly.

=100 —

South-west of 132Sn is more sensitive
To abundance
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Drawbacks:
- Poor angular resolution (0.7°-2.4°)

- Minimal angle covered 8,,,= 21.8°

Angular resolution < 1 deg
Angular coverage ~70 deg.
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130Sn(d,p)*31Sn = P.Y(E) \

130Te(d,p)31Te = P 2(E)
130Te ( n’y) 131Te

present data
iy (] Anand 1979
0.015 1

Schwerer 1976
Dovbenko 1968
TENDL-2015

a(b)

130Te( n’y)

Neutron Energy (MeV)

1245n(d,p)*25Sn = P.3(E)

NUSYS2023 N. Imai
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20 40 60 B0 100 120 140

H. Tanaka (Kyushu QE»FES\'W., I

51 X Position[mm]

130 135 140
TOF FE12-S1[ns]

S. Hanai, S. Ota et al,,
170 MeV/A NIMB541(2023)194-196.

JdegFE9 FET0 FET1 SO

= e e e “-iNAZ
Visr=ig

PPAC PPAC

~20 MeV/A

AE.rr [MeV]

NIMB317,710 (2013)
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Ecy[MeV]

T. Haginouchi (Tohokugt.)
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* The astrophysical site of r-process nucleosynthesis is
still mystery.

* The kilo-nova after GW170817 boosts the research
this field.

* Many RIB facilities are running for the r-process study.

 Neutron capture reaction and the direct nuclear
reaction is governed by the quantum physics.

 OEDO/RIBF starts the astrophysical reaction rates
with the surrogate idea



