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• Where do we come from?

• How are the heavier elements synthesized?

NUSYS2023  N. Imai

Third of 11 unanswered questions in 2002
https://www.discovermagazine.com/the-sciences/the-11-greatest-
unanswered-questions-of-physics
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Univ. of Tokyo Neutron-star Merger

Discovery of the gravitational wave on 2017.8.17
M.R. Drout et al., Science 358, 1750 (2017)
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V.A. Villar et al., ApJL 851 L21 (2017)
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Univ. of Tokyo NS merger is enough ?
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K. Hotokezak et al., arXiv:1801.01141
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https://arxiv.org/abs/1801.01141
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A. Frebl (2008)

7



Center for Nuclear Study
Univ. of Tokyo
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Nuclear Physics Param. for 
nucleosynthesis

• Mass   
• Half-live
• Fission property 

(fission recycling)
• a-decay 

(kilonova light-curve)
• Neutron-capture rate 

2016 2021

• Mass (r-process path)
• Half-live  (speed)
• Neutron-capture rate 

(abundance pattern)

J. J. Cowen et al.,
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2 processes for heavier elements

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.29.547
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• Hydrogen burning 
• Helium burning
• � process

• �-process
• �-pocess
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Scenarios of nuclear synthesis for A>60
• S-process: slow-neutron capture nucleosynthesis,  e.g. AGB star, 

��~1011m−3, � �,� ~105 year
• R-process: rapid-neutron capture nucleosynthesis, e.g. supernovae, nsm

��~1028m−3, � �,� ~10−5 s
• Rp-process: rapid-proton capture nucleosynthesis
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r-process abundance
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�process = �����  − �process
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T9=1.0

T9=3.0

S. Woosley and T. Janka, 
Nature Physics 172, 147 (2005)

n-capture  @1<T9<3
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Elementary process of r-process
b decay and neutron-capture

132In

132Sn

b rate wb=1/t = 2.47 [s-1]

wn   = Nn <s>max  v
      =1020 x0.1 mb 4.4x108  [cm/s]
      = 4.38 [s-1]
  (T9=1 ~ 0.1 MeV)

bdecay

Neuton capure

133In

Cross section would constrain the neutron density/temperature. 
NUSYS2023  N. Imai 15
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b Decay and neutron capture
• b decay

– b-,  Z,A →  Z + 1,A + e− + �

• (Direct radiative) neutron capture reaction
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r-process happens in a hot bath

At the nucleus which has the magic number, the neutron 
capture rate drops, giving rise to the local equilibrium. 
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AZ A+1Z
 �, � 

 �, � 
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Origin of the second peak

NUSYS2023  N. Imai

K.L. Kratz, et al., 
JPG 14, S331 (1988).
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Waiting-point approximation
• Neutron capture rate

– ��,� �, � =  ��,�� ��� �, � 

• Photodisintegration ; detailed balance
– ��,�  � + 1, � = � �,� ��

� �+1,�  �
�+1

 
3/2

 2�����

ℎ2  
3/2

 ��,�� � � + 1, � �−��

��

– �: partition function

•  �, � ↔  �, �  equilibrium  
 ��,� �, � = ��,�  � + 1, � 

– � �+1,� 
� �,� 

= ��
� �+1,� ��

� �,�  �+1
�

 
3/2

 2�ℏ2

���
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K.L. Kratz, et al., 
JPG 14, S331 (1988).
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b-decay half-life
x0.1 ~ x10

sng  1/103
~103

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

NUSYS2023  N. Imai 21
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M. Mumpower, 
Prog. In Part. and Nucl. Phys. 86
(2016)86-126.

ASn(n,g)@T9=1.0
Only Compound reaction is taken into account.

N=82

x10

x100

Neutron capture cross section
calculation code:
TALYS
NON-Smoker
CIGAR

NUSYS2023  N. Imai 22



Center for Nuclear Study
Univ. of Tokyo

PRINCIPLE OF NEUTRON CAPTURE 
REACTION

NUSYS2023  N. Imai 23
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Direct measurement ?

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

eg.) 130Sn T1/2=  3.7min

NUSYS2023  N. Imai 24
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S. Chiba et al., PRC77, 015809 (‘08)

Compound reaction (CN)
        

A+1Z

AZ+1n

Sn~ 8MeV

Direct/Semi-direct reaction (DRC)
        

A+1Z

AZ+1n

Sn~ 8MeV

Sn=5.946 MeV Sn=2.399 MeV

NUSYS2023  N. Imai 25
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I. Kullman, et al., (2023)
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• 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.

NUSYS2023  N. Imai 27
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DIRECT RADIATIVE CAPTURE 
REACTION CHANNEL

NUSYS2023  N. Imai 28
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final bound sate wave function;  Jp,  strength
 (d,p) reactions etc.

J.P. Boisson and S. Lang, NPA189, 334 (1972)

132Sn(d,p)133Sn
K. Jones et al., Nature 465, 27 (2010)

V0

R0

r0

V(r)

E

Yi

ff

TE1
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• S from DWBA strongly depends on the 
form factor.

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

• “Though introducing reduced 
normalizations as spectroscopic 
quantities is somewhat 
disadvantageous because the single 
particle fractions of the states in 
question cannot be recognized 
directly, … ” 
B. Eteinmetz et al., PRC18, 71 (‘74). 

J. Raraport and A.K. Kerman, NPA119(1968)641.
NUSYS2023  N. Imai 30
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�: spectroscopic factor
��� � ; radial part of incoming wave function
��� � ; radial part of final bound state wave function
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solid line; Woods-Saxon pot.
dashed line; normalized Hankel function.

13C ½-

12C+1n
E1

En
4.946 MeV

Hankel func. doesn’t work well…

r0=1.25 fm
a = 0.65 fm

En=100 keV

(n,g)data; APJ 422, 912 (1994)
NUSYS2023  N. Imai
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En=100 keV

solid line; Woods-Saxon pot.
dashed line; normalized Hankel function.

13C ½-

12C+1n
E1

En4.946 MeV

½+1.853 MeV

Hankel func. works well !

(n,g)data; APJ 422, 912 (1994)

r0=1.25 fm
a = 0.65 fm

S=0.70

NUSYS2023  N. Imai
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radial distribution of the overlap integral;
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Optical model potential

Quantum mechanical wave
Elastic scattering: only direction 
is changed.

Inelastic scattering: scattering 
into an exit channel different 
from the incident one.

Cloudy crystal ball
Elastic scattering: reflection of 
optical waves

Inelastic scattering: absorption 
due to the fact that crystal ball 
is cloudy

Smooth variations of the scattering cross section as a function 
of incident energy E and target nucleon number A.

NUSYS2023  N. Imai 36
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Optical model potential=
 The average interaction between nucleons in the projectile with 
those in the target
���� �  follows closely the density distribution

� �, �0, � =
1

1 + ���  � − �0 /� 

In optical model studies, this is known as the Woods-Saxon form
���� � =−  �0� �, ��, �� + ��0� �, ��, ��  
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Center for Nuclear Study
Univ. of Tokyo DWBA codes

• DWUCK4,5;
– https://github.com/padsley/DWUCK5
– https://github.com/padsley/DWUCK4

• FRESCO;
– https://www.fresco.org.uk/

NUSYS2023  N. Imai 38
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Chat GPT?

NUSYS2023  N. Imai 39



Center for Nuclear Study
Univ. of Tokyo

Sample input of DWUCK4 

40  1    1    3

# of angular momentum transfer
∆� :  angular momentum transfer

 2 × ∆�:  angular momentum transfer
transfer to populate p3/2

40   2.0141   1.00  129.914   50.0    1.3    0.0  0.0    2.0

2H 130Sn 2J

Incoming wave

outgoing wave

Form factor
(single particle w.f.)
Of the final state

40

2     1     3     1     36   

# of nodes 
L

2 x  J
2 x S

130Sn(d,p)131Sn*  (Ex=3.9 MeV,  Jp=3p3/2)
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12C(d,p)13C*(1/2+) @ 2.033 MeV

r (fm)

u(r)

imag. of radial function

real of radial function

L=0
L=1
L=2
L=3

qcm (deg)

ds
/d

W
 (m

b/
sr

)

The experimental data and the optical 
model parameters are taken from 
NPA92(1967)91-122.

S=0.75

%99
/dd
/dd

4fmrcutoff

0fmrcutoff 
W
W





s
s
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12C(d,p)13C*(1/2+) at 11.8 MeV

N. Imai et al, NPA 688, 281c (2001)
up to ds/dW(q=2) was measured

r (fm)

L=0
L=1
L=2
L=3

u(r)

imag. of radial function

real of radial function

%79
/dd
/dd

4fmrcutoff

0fmrcutoff 
W
W





s
s
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12C(d,p)13C*(1/2+) at 30 MeV

L=0
L=1
L=2
L=3

u(r)

imag. of radial function

real of radial function

H. Ohnuma et al., NPA 448 (‘85)205

%66
/dd
/dd

4fmrcutoff

0fmrcutoff 
W
W





s
s
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s(n,g) with  ANC

Ed=2.03 MeV Ed=11.8 MeV Ed=30 MeV

S 0.75 (11) 0.94 (8) 0.65 

ANC (fm-1)
(b2*S)

2.6 (4) 3.6(4) 2.4

Ed= 2.03 MeV

Ed= 11.8 MeV !?

Ed= 30 MeV
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DW JS

S 0.94 (8) 0.68 (6)

ANC 3.6(4) 2.6(3)

Adiabatic breakup model;
R.C. Johnson and P.J.R. Soper, PRC1, 976 (‘70)
Prescription;
VJS=Vp+Vn, WJS=(Wp+Wn)a/aJS, rJS=r, aJS=a+0.04
J.D. Harvey and R.C. Johnson, PRC 3, 636 (‘71)

JS model

dw from elastic

dw
JS model
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 DRC in 130Sn 

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

have �~1 are important.

PRL109 172501 (‘12)

d(130Sn,p)
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Inverse reactions with RIBs

NUSYS2023  N. Imai 47
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Any RIB can be produced by the fission of 238U of b=0.7

NUSYS2023  N. Imai
https://www.nishina.riken.jp/facility/SRC.html
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Beam production

NUSYS2023  N. ImaiCourtesy of S. Nishimura 49
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NUSYS2023  N. Imai

Normal kinematics

Inverse kinematics

�

�
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NUSYS2023  N. Imai

��.� = 0

��.� = 180
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NUSYS2023  N. Imai

MUST/MUST2 @ France
Y. Blumenfeld et al., NIMA 421, 471(1999)

LEDA @ Leuven/Edinburg
T. Davidson, et al., NIMA 454, 350 (2000).

TIARA @ UK
M. Labiche, W.N. Catford, et 
al., NIMA 614, 439-448 
(2010)

ORRUBA @ Oak Ridge
S.D. Pain, et al., NIMB 261, 
1122-1125 (2007)
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130Sn �, � 131Sn  3/2− ,  �� = 3.404 MeV 

�� �Ω
 m

b/
sr

 

��.�, deg 

4.8 AMeV

15 AMeV

20 AMeV
• Coulomb barrier ~ 6.8 MeV
• E < VCoul; less diffraction

10 AMeV
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Hamiltonian of (d,p) reaction

• � =− ℏ2

2���

�2

���
2 − ℏ2

2���

�2

���
2 + ��� + ��� + ���

           =− ℏ2

2���

�2

���
2 − ℏ2

2���

�2

���
2 + ��� + ��� + ���
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• 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.
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COMPOUND REACTION CHANNEL
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NUSYS2023  N. Imai

S. Frauendorf, Phys. Scr. 93 (2018) 043003
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• Tn: neutron transmission coeff.
 optical model potential

• Tg: photon transmission coeff.
         　     level density ( cf. @131Sn r= 40 MeV-1), 

      gamma strength function (gSF)

 

��� � =
�

�2 2�� + 1  2�� + 1  
��

 2� + 1 
�� �� �� �� 

���� �� 

Hauser-Feshbach theory

� �1  �� = 2���
����ΓGDR

3�2ℏ2�2  
��Γ �� 

 ��
2 − ����

2  2 + ��
2Γ �� 2 +

0.7Γ���4�2�2

����
5  
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133Sn

131Sn

Sn=5.2 MeV

Sn=2.4 MeV

NUSYS2023  N. Imai

�� ��, �, Π =
1
2

2� + 1
2 2��3 ���  −

 � + 1/2 2

2�2  
�

12
��� 2 �� 
�1/4�5/4

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

80Se

79Se+n 

Sn=9.91 MeV

80Se+p

79Se+d 

Q=7.69 MeV

*)()()( 7980808079 *SeSe)Se(n,
EPEE decay

SeSen
CN

n 


gg
ss

determined by 
the optical model potential
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Example @JAEA 

PRC94.015804(’16)

90Zr(18O,16O)92Zr*
92Zr(18O,16O)94Zr*  93Zr(n,g)94Zr

NUSYS2023  N. Imai 62
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En~1 MeV

r~6 fm

∆� = � × � ~ 1 ℏ

Neutron capture Stripping reaction

∆� = ∆� × � ~ 12 ℏ

Ed ~ 40 MeV

79Se(n,g) reaction  vs  79Se(d,p) reaction

� = 30 deg.  Ex= 10 MeV
∆� = 364 MeV/c
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From TALYS manual

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

80Se* at 10 MeV
r ~ 2x105 MeV-1

Fermi-gas model

NUSYS2023  N. Imai 65
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  79Se g.s.                   Ip = 7/2+

          iso   @96 keV Ip = 1/2-

Talys spin distribution at 10 MeV
By 79Se(d,p) reaction @ 40 MeV
(complete compound reaction is assumed.)

DWBA calc. ∆� = 1
2
~ 13

2
,  S=1.0, 

weighted with the level density

I=7/2+

DL

J
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Surrogate reaction w/o g-ray 
measurement

Typical setup for surrogate 
reaction exp.
= Recoil particle detectors
+ g-ray detector array

R. Hatarik et al.,
PRC81, 011602 (R) (2010)

171Yb(d,pg) 172Yb(n,g)

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

Pg was determined by identifying
the outgoing residue nucleus.
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Degrader

OEDO

Installed in Mar. 2017.

fRF = 18.25 MHz
Vmax = 350 kV

Gap(H) = 200 mm
L (Z) = 1200 mm
W(V) = 400 mm

OEDO RFD

Optimized Energy Degrading Optics 
for RI beams at RIBF
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Univ. of Tokyo RF deflector

RFD

SHARAQ

Construction Completed
by March, 2017. 
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(E/A)

RIBF
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BigRIPS
FAIR
FRIB
HIAF

RAON

GARIS

LISE

SPIRAL2
FRIB (LE)

KISS

RIPS
RIRFL
A1200

Energy 
Degrading

CARIB
HIE-ISOLDE
（ISAC

RIB facility in the world
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Effects of RF Deflector  Focusing (FE12)

107Pd, 93Zr at ~30 MeV/u
( BigRIPS production)

107Pd at 30MeV/u
 (FE12)

RF HV: 250kV
Phase: 80 deg.

XFE12 [mm]

107Pd45+

107Pd44+

RF OFF

RF ON

20mm
(FWHM)

Squeezing the beam spot

93Zr
30 MeV/u
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Experimental Setup for ImPACT17-02-02

6x (SSD(YY1 16ch)+
CsI)

Recoil particles: TiNA, SSD-CsI (CNS/RCNP/RIKEN) 
reaction products: detectors at final focal plane
target: CD2 4mg/cm2

Beam int~ 104 pps at on CD2

p

coincidence measurement of 
recoil particles + outgoing particles.

80Se

79Se
(~20 MeV/u)

4mg/cm2 CD2

TiNA

79Se
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• PPAC :position, time of flight
– Single(X-A-Y), Delay-line readout

– 240 mmW x 150 mmH

• Ionization chamber : ΔE, Range
– 30 pads

– 280 mmW x 150 mmH

– Total depth 757.5 mm

– CF4 110 torr

• Degrader to tune the range

• Kapton foil of 75 um

S1 Focal plane detector

PPAC x 2
IC

Range adjust
deg

by Chiga(RIBF) and Dozono (CNS)
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• Q-Q-D magnet configuration (First-half part of SHARAQ spectrometer)
- Q1, Q2 (Superconducting)

- Bore : 340 mmW x 230 mmH

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

- D1

- ρ = 2.57 m, 52.7o bending

- Gap : 200 mm

0 1 2 3  m

S0
(target position)

S1

Q1 Q2
D1

52.7o

ρ=2.57 m

OEDO

SHARAQ spectrometer

75
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80Se33+

79Se33+

78Se33+

80Se32+
79Se32+

78Se32+

Sn=9.9 MeV S2n=16.8 MeV
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�� � =  ������ ��,  � ��� ��,  � 

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

TENDL2021 recommendation
Normalization Γ� ≡a = 1.75 (dashed)

Best fitting:  a=3.75 (solid) 

N. Imai et al., submitted to PLB
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NUSYS2023  N. Imai 80



Center for Nuclear Study
Univ. of Tokyo

EXPERIMENTAL STUDY OF NEUTRON 
CAPTURE RATE IN R-PROCESS
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Which nuclear data are sensitive to 
the abundance?

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

High entropy hot wind

Cold wind 

Neutron star merger

s alters by 100 randomly. 

� = 100  
�

 � � − �� �  

South-west of 132Sn is more sensitive 
To abundance
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Upgrade of the recoil-particle 
detector TiNA

Angular resolution < 1 deg
Angular coverage ~70 deg.
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130Sn(d,p)131Sn  Pg
1(E)

130Te(d,p)131Te  Pg
2(E)

130Te(n,g)131Te

124Sn(d,p)125Sn  Pg
3(E)

SAKURA01

130Te(n,g)

124Sn(n,g)

130Sn(n,g)
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BigRIPS-OEDO beam line

NUSYS2023  N. Imai

Diamond

PPAC

TiNA2
170 MeV/A

170 MeV/A
deg

~20 MeV/A

PPAC
500 kHz

S. Hanai, S. Ota et al., 
NIMB541(2023)194-196.

S. Michimasa et al., 
NIMB317,710 (2013)

H. Tanaka (Kyushu U.)

T. Haginouchi (Tohoku U.)85
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Univ. of Tokyo Mass spectra

13/July/2023 Seminar at GANIL

130Sn(d,p)
Sn=5.2 MeV

130Te(d,p)Sn=5.9 MeV
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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
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