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AStTropnysical importance

B decay and neutron capture reaction

1325n

131|n

A7
r-procese=126 'R,

path (n.y)
B rate mp=1/t=2.47 [s]
K.-L. Kratz (Revs. Mod. Astr. 1; 1988)
climb up the N= 82 ladder ... ®, =N, <o>maxy
jor A = 130 "bottle neck" =1020 x0.1 mb 4.4x108 [cm/s]
= total r-process duration 1, = 4.38 [s]

(T9=1 ~ 0.1 MeV)
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Jncertainties of

® KADoNIS — TALYS
—— Non-Smoker —— CIGAR -

{ M. Mumpower,

, 1 Prog. In Part. and Nucl. Phys. 86
vw v | (2016)86-126.

10}
N=82 /\ /
10° , . . . . i

80 85 90 95 100 105

Neutron Number (N)

ASn(n,y)@T4=1.0
Only Compound reaction is taken into account.

Reaction rate (cm’/mole/s) Q1)
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Mruiren Muroar (M)

Neutron star me

M. Mumpower, Prog. In Part. and Nucl. Phys. 86

(2016)86-126.
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“POMFIRERIWSEEEER

BiZAET 2 DIFERE)IFIEANATEE, o o
—T=886.7+/-19s
— B/ M4EF ~ 2000 UCN/cm3  (Ec=250 enV )

[RiZRY % 7775 T OMEE DO FHE A R A R
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Direct/Semi-direct reaction (DRC)

# Two reaction mechanisms of (n,y)

S~ 8MeV
A -
Z+1n $,=5.946 MeV S¢=2.399 MeV
C !I:'III| T I||'||!| T ||||||:| T T TTTT T ||||:|I| T |||||||| T T TTII T T TTTIT o |
; s #2Sn(n,y) cross section . ; %2Gn(n,y) cross section .
h 4 W = ™ 3 100 By 7
= N : E |
A+l B M . - / :
z = 18! = B = fot ) -
2 g \ E F ¥
c - \ : T &
% 10° = ; 1072 HF + DSD = IIE
H 5] E R A i —ii— HF
Compound reaction (CN) »
% [ N ) 2 i r — — — Direct
8 107" E i EED < 10° e —— Semidirect =
o — Direct E
~ [ —— Semidirect ; - A N
Sp~ 8MeV 1072 = ' — 107 | E
AZ+1n 10_3 |_ 1 '|"|||| | ||'||!| 11 |||i|:| | csi |||||I| _I 10_b | ||| FI 1 ||||||| | I I; 1 |'|'|||| |
e — 10®% 107?107 10° 10’ 10°% 107 107 10° 10
E. (MeV) E, (MeV)
B

S. Chiba et al., PRC77, 015809 (‘08)
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Y. Xu, S. Goriely et al., PRC90, 024604 (‘14)

N>82 ClXDRCAH E K7
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—Direct/Semi-Direct reaction

(EOTu(r)I >

SO
o = 16, HXy
" h% 211+1MMZ.Mr_

2

» (1)

+ z<TE[G:M(p)|¥‘=><Tx|H"@'i>
= E—(Eite)+ il
J.P. Boisson and S. Lang, NPA189, 334 (1972) (E:+or)+ i

- 2,005 keV

60
1,561 keV
1,363 keV
50 854 keV
BARAE & SRR DR BRI , © -
3 30

=> (d,p))ts etc. 5

10

0

s il
Q (MeV)

K. Jones et al., Nature 465, 27 (2010)
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T Compound reaction

Hauser-Feshbach theory
i T,(J™T, (™)
R+ D@+ D ;(ZJ DT 0m

Ony (E) =

* T.:neutron transmission coeff.
€ optical model potential

* T,: photon transmission coeff.

€ level density ( cf. ~133Sn p= 10° MeV1),
gamma strength function (ySF)

0.7T;pp4m2T?

dsprIGDR EVF(E”)
T E = 2 E
e1)(Ey) = 2mE, 3m2h%c? (EZ - EépR)z + EyT(Ey

=+
)

5
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— Real photon
c,, @ ySF

e.g. A. Makinaga et al.,

PRC94, 044304 '16

Virtual photon

e.g. S. Takeuchi et al.PTEP013D02, ‘19

22-24/May./2019

~Experimental challenge to T,

reverse reaction

¢ ’YSF%EII::II?%O

; . 101& N, : <
400 E - N\ se(ry) E=115MeV 0=127°
X E" =115 MeV > 1 BN
3 2 - response—-corrected
. 300 LT " N
£ e 10
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= 200 | 2 qg’
e =
= i ~.
oo | E, 10° | atomic background \
T 10 N
o L e ——— N O T T R S -
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b
Systematics (a)
250 L — Fitted Lorentzian |
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93,947r Coulomb breakup
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challengeto T,

Surrogate reactions (n,y) VS. (d,p)

Neutron-induced reaction Surrogate reaction ’
79
-Q@ r@-t ™
Sn=9.91 MeV Q=7.69 MeV
Flss:on 0% o Neutron emission
80Se 80Se+p

. ‘~ Gommo

emission

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

decay *
determined by

the optical model potential

79Se(n,y)*'Se 8OS
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* high excited state of 89Se was populated by 7°Se(d,p)2°Se reaction.
* branch of the y decay from the compound nucleus was determined.

G79Se(n,7)8086 (E ) G (E @yﬂ"&?

deca determined by
Py (E%) = F, (B )G, (E*J7) |4

P (E¥) =3 F, (E*,J")G,, (E*.J")

) decay
Assumption 1; Eg(E*,J”) ~ EZP(E*,J”)

Assumption 2; % T E*
decay(E J) decay( ) Weisskopf-Ewing approximation

V. Weisskopf, DH. Ewing, Phys. Rev. 57, 472(‘40)
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Example: experiment of 7°Se(n,y)

22-24/May./2019 JRFRZIEBT DL rprocess



Calculatet

i T oo
L | —®— This work =C,D, ;{
r g This work =Ge
) | — — TALYS ™ Lu(ny) ™Lu* § /\ 79Se( n ’Y)E OSe @ E n= 1 M eV
e /’ ¥ N\ )
r o 02F ,;7 \\\\ T
0.8— o’ 7 L
= ¥ ‘/ \
C N b 79Se(d,p)89Se@Ed=5 MeV
0.6 L / RN
— ,'l % \
0,4:— l L. O0.1f . / \\\\
o | A ot
. | ~ / 79Se(d,p)®°Se@Ed=40, 20 MeV
l:,[|...1...JJ.JJJ|,J|...|...|._'L_._'1_L_LCTT i , ‘ ‘
56 58 6 625,64 65 68 7 7.2 s > 4 5 8
174 17 E* ("""Lu) (MeV) N
Yb(*He,p)!"*Lu W
0.6 : l
++++ n-induced (E,=110 keV) .
05 =@~ n-induced (E,=1,05 MeV) o :
=i (*He,p) - this work B
e & 0af 1
3 [ / '
5 931 P 02} -
3 = A F - V] = o,
S "F -I"i\ e, RS TR 7‘-""_? S L S R P'l’(n'” =17%
¢ " i 2 4 & - =
o1l M - i Py(d,p)=16%
0 = ————*\-"zl-«--l--
0 1 2 3 4 5 6 7 8 9 10 11 12 AL ~ O transfer for (n’y)
Spin (75Lu)

G. Boutoux et al., PLB 712, (2012) 319-325. Different probability
The different population of J of emission of y ?
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57 BigRIPS

Construction was
completed in Mar 2017
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..Optimized Energy Degrading Optics
for RI beams at RIBF

/

[ Newly-installed equipment

|:| Rearrangement from HRB

% ( 0rDORFD

far = 18.25 MHz
W | SliEe s Vimax = 350 kV
oWl | Gap(H)=200mm
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“around 2ndary

Reconl particles: TiINA, SSD-Csl (CNS/RCNP/RIKEN)
reaction products: detectors at final focal plane

target: CD,4mg/cm?

Beam int™~ 10% pps at on CD,

angle_vs_E

795
(~20 MeV/u)

6x (SSD(YY1 16¢ch)+

Csl)

22-24/May./2019

SHARAQ
QAQDE—F

coincidence measurement of
recoil particles + outgoing particles.



Typical setup for surrogate
reaction exp.
= Recoil particle detectors

+ y-ray detector array

Number of counts

o 100 200 300 300 500 600

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

measurement

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

E, (keV)

22-24/May./2019

Aha!
Gamma emission means

that the nucleus doesn’t
change N and Z number!

Py was determined by identifying
the outgoing residue nucleus.

JRF 2B T2 rprocess
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77Se(d,p)’8Se
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hist A78

FT L "Entries 62
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@O Evaluated 6, v

T. Igashira et al.,

Lo} | " - - { o, by TENDEL2018

0.5

01 :1 é é 1'0 12
E, (MeV)
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Comparison with evaluated nuclear data
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=
TENDEL
JENDEL 3.3/4.0
ENDF/B-VII.1
100.0 T T T T T 100.9 &
'E 50.0 [T 1gashira ot oL, ' S€(N,Y)78Se 1 % 50.0 [}
~ =
b )
10.0 10.0F
5.0 80F
1.0 10}
——  ENDF/B-VII.1
05 . 0S5
0.1 L L L L L 0.1

10 12 12

4 8 8
E, (MeV)
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~ One step fu

»Mo(d,py) =2 *>Mo(n,y)
coincidence of p, y

Cross Section (b)

10°

1071

-+ Kapchigashev (1964)
_s| * DelL. Musgrove (1976)
107°F . enprms-vilLo
1 H Weisskopf-Ewing Approximation
A' RatkIeWICZ’ et al" —— %Mold, p) Surrogate Data (this work)
PRL 122 052502 1071 . -

rength func

Neutron Energy (MeV)

100”"*‘2“""‘“‘“'“‘%‘*_‘*‘\:
10_1:!:1_‘!1‘_" e o ki bk
- —:—.‘5.,x_-._.i Eaiszts
S TRy g,
:E ¥
1072F — 2{ -0}, : 778 keV
— 23 -2}: 720 keV
—— 6{ »4}: 812 keV (x 0.5)
103 47 -2{:1091 keV (x 1.5)

—— 3{-2{:1200 keV

6 7 8 9 10 11
Excitation Energy (MeV)
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/ ~ Future experiment at OEDO

al, . =T . . . . g
dnf ' ' ' L .
l} o .f‘—'_r. aLow energy hot wind

- ,-‘TJ;J;FFH—H | bHigh entropy hot wind
e o i _ ¢Cold wind

Mruire Muroar (M

dNeutron star merger
Neutron star merger

131Cd(n,y) 2x10% pps/10pnA; F2=9.47, F*=14.75, F°=15.62 Fd=1.95
130Sn(n,y) 4x105 pps/10pnA; F=20.92, F*=6.02, F°=9.46, FI=3.28
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Summany =

Neutron capture reaction is one of the key
parameters which governs the synthesis.

Surrogate reaction without y-ray measurement
was employed to evaluate the compound

reaction cross section.

o of 7/Se(n,y)’8Se is in good agreement with the
past experimental data and the evaluation.

o of /Se(n,y)3°Se were also determined at En<6
MeV for the first time.

31Cd(n,g), 1*°Sn(n,g) will be measured.
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‘Collaborators of ImPACT-17

N.Imai, S.Michimasa, M.Dozono, S.Ota, M.Takaki, J.Hwang, C.lwamoto, S.Masuoka,
N.Kitamura, K.Kawata, H.Simizu, R. Tsunoda, S.Hayakawa, P.Schrock, O.Beliuskina,
L.Yei, H.Yamaguchi, K.Yako, KWimmer,

T.Sumikama, H.Otsu, H.Wang, S.Takeuchi, S.Kawase, N.Chiga, X.Sun,

S.Naimi, D.Nagae, S.Omika, K.Chikaato, T.Teranishi, K.Iribe, K.Yoshida,

E.ldeguchi, Y.Fan, Y.Watanabe, K.Nakano, H.Miyatake, Y.X.Watanabe, T.Nakamura,
K.Yoshida, N.Fukuda, Y.Shimizu, :
H.Suzuki, H.Takeda, D.S.Ahn,
Y.Yanagisawa, K.Kusaka, T.Ohtake,
H.Sakurai, and S.Shimoura
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