WA Z,

PR

PAN
7

Db

1 EA

RREKFKF

ity R R F R

L]

IR
oot > R —

L]

:[AY= 4\§ E X

221

e
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Nucleosynthesis i

3

E.M. Burbidge, G.R. Burbidge,

W.A. Fowler, and H. Hoyle
=(BBFH)

Rev. of Mod. Phys. 29 (1957)547
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o reaction mechanisms of (n,y)

Direct/Semi-direct reaction (DRC)

S~ 8MeV
A
Z+1n S,=5.946 MeV S,=2.399 MeV
T TTTTI T T TTTI T T TTTI rrrrrmr ] F T TTTTm T T TTTIT T T TTTIT rrrrrmr ]
~_%Sn(n,y) cross section : 1328n(n,y) cross section
y 102 N <4 10° ke
E . B =
C N ]
A+l - SN— . - g
z - 10" E TN 4 107" £~ o ¥
E E \. E E . _ Y )i 3
— 4 ] -y ) -
= - \ ] r ~ _ ~ / /N
2 100 L o 10?7 k& HF + DSD
H % E :_? E — — HF
Compound reaction (CN) @ S . R
%] L ——HF RN P Diret_:l_
8 10 ! g_....... DSD \ —§ 10 : §_ — — Semi-direct
[ — —— Direct -
S ~ 8M V | —— Semi-direct R II.: L
n e 107 & g 10°% ¢
= i =
AZ+1n E 10*3 corvl v vl v vl vl l 10*5 vl v vl v vl sl
3 10° 102 10" 10° 10’ 10° 102 10" 10° 10’
¥ E, (MeV) E. (MeV)
Y

S. Chiba et al., PRC77, 015809 (‘08)
A+1Z
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(n
st Compound reacti )

Hauser-Feshbach theory

- T,.0™T,(™)
K22+ D@y + D ;(2] R (T

Ony (E) =

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

€ level density ( cf. @131Sn p= 40 MeV?),
gamma strength function (ySF)

1 J+TI' j'+s
q - ¢ potot ! - !
(4.186) T (B J 11 — By, I' 115) = (B ) oY )Ty (EL))
=|J=I"|U'=]j"—¢|
O0GpRrIGDR Lyl(Ey) U./lgppam=1~

T(El)( ) y3n2hzcz (EZ EGDR) +E2F( )2 ES, .



- DRC/CN and level density
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Y. Xu, S. Goriely et al., PRC90, 024604 (‘14)

Evaluation of Tv is important
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Neutron-induced reaction Surrogate reaction ’
79
Sn=9.91 MeV Q=7.69 MeV
Frssion °~§ o Neutron emission
80Se 80Se+p
. : > Gramma
; emission

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

decay
o ®) PR €

determmed by
the optical model potential
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‘Surrogate ratio method

eV (Se) P,%(E)
acN(Se) ' pyS(E)’

(1) (r.y)
Tr9ga (E) = Triga (E) X

()

Example @JAEA

10 907r(180,160)92Zr*

=>» 937r(n,y)%4Zr
~ . 927y(18Q, 160)94Zr* (n,y)
-
.‘E.
= 40 : , : : : : :
o 10° | A Deduced with the SRM
<] E | —— ENDF/B-VIL1
= 30 il
o LS
S ‘-""-" AL Ao, 'I:l.: 5 S | 1 E 20f
95 100 105 110 115 2 L
E,(MeV) 2 1ol .
e - i
PRC94.015804('16) R s o =S
‘ 0 1 2 3 4 5 6 7 8
E, (MeV)
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Spin distribution difference ?

SSe(n,y) reaction vs 7°Se(d,p) reaction

Neutron capture Stripping reaction
E~1MeV E,~ 40 MM
_— @
- m @

Y = 30 deg. Ex=10 MeV
Ap =364 MeV/c

AL=ApXr~12h

AL=pXr~1h
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Level density distribution”

—~

Fermi-gas model

1 2J+1 J+ 12 =EEKP[2Vﬂif]
(4.236) pp(Ep, JTT) = ~—2 1~ ¢ —(*E} v L1
22\ 2mwo3 20 12 gl/4ps/4

From TALYS manual

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

2 F
16—
r _-—'—""__FH""—\.
14— __/'
b= _I,r'
12 /
: _.-"J; ‘l‘\.
10~ 80Se* at 10 MeV
NI . p ~ 2x10° MeV
C /
6— ff’
af— ’
C /
2braa syl I d il | | |
1 2 3 4 5 6 7 8 9
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s Calculated spin distribution for 79Se

Population(%) Population(%)

Population(%)

SU

25 {c) /f-\ isomeric state of "?Se
\

ground state of g

25 -

20

i5 |-

10

. \
20 1 . A E,—0.2 Mc¥
:

e

ic

10

1=7/
9Se g.s. I~ =7/2* J

iso @96 keV I*=1/2"
AL

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

DWBA calc. A] = %~ g, $=1.0,
weighted with the level density
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-

33._3%( wl ate reaction at

/ OEDO/RIBF

* 79Se(n,y) “stellar thermometer”
* One of Long-lived fission products
* No direct experimental data about o(n,y)

E (MeV) T1/2 Decay
modes

7/2* 3.2x105y B~ 100%
0.0958  1/2 3.92m IT:99.94%
B~ 0.06%

Surrogate ratio method/ Evaluation of T, from (d,p)
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Wurroga eaction w/o y-ray

/ measurement

Typical setup for surrogate
reaction exp.

= Recoil particle detectors
+ vy-ray detector array

—_
(=]
T

171Yb

_.
=)
R
8" 6"

Number of counts

[=]

00 300 400 500 600

+N
T
o
2

-
o

171¥b(d,py) =2172Yb(n,y)

R. Hatarik et al.,

PRC81, 011602 (R) (2010)

E, (keV)
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qil

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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Center @
Univ. of To

riment r mPACT17-02-02

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,

1 Y [ T g
/- # é-o il
| /s gt 3 /-
T e S N
- By - o 3
d : T -
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A\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\xz
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o = N W A O O N o ©
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SHARAQ
QQD=E—F

(~20 MeV/u)

6x (SSD(YY1 16ch)+ [
Csl)
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@ residual
=i Residual nuclei vs Excitation energy

—~

_ S,=9.9 MeV S,.=16.8 MeV .

% 254 | | | | —

- . . ]
o5l 805e32+ I | 7] 7
25— — —6
248 = —s
246 -E..
= 4 —4

244 ——]
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24— T — >
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TENDL2021 recommendation
Normalization I}, =a = 1.75 (dashed)

Best fitting: o=3.75 (solid)

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

-2

e s
Energy above S, (MeV)
N. Imai et al., submitted to PLB
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o Summar

 Surrogate reaction without y-ray measurement
was employed with OEDO/SHARAQ.

— Spin distribution matching
— Odd nuclei may be better for (d,p) reaction
— Small energy step below 1 MeV is important

* o of PSe(n,y)3%Se were evaluated at £,<6 MeV.

* We applied this method to medium heavy
unstable nuclei *3°Sn and >°Ni.
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