A semi-empirical fission model for
calculating the fission product yields

J.Lee'? C.-S. Gil', Y-O. Lee!, T-S. Park?, and S.-W. Hong?

"Nuclear Data Center, KAERI
2Sungkyunkwan University

2018.10.29

( AT EER T 4%
7)) SUNGKYUNKWAN UNIVERSITY




Nuclear Fission

» Schematic picture of neutron induced fission
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Half-lives of neutron rich nuclei

Chart of nuclides

Z, number of protons
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Number of protons Z

R-process
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Number of neutrons N

https://theorie.ikp.physik.tu-darmstadt.de/nucastro/research_explosive.html
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Abundance distribution
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B.D. Metzger et al., Mon. Not. R. Astron. Soc. 406 (2010) 2650




abundance

Rate vs yield distribution

Different fission rate
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— Panov et al. 2001
- - Kodama & Takahashi 1975 |3

abundance

Different fission yield
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M. Eichler et al., J. Phys.: Conf. Ser. 665 (2016) 012054




Fission models

 Fission models

Microscopic fission models
JF. Berger et al., Nucl Phys A428 (1984) 23c

Stochastic approaches
Y. Abe, et al., J. Physique 47 (1986) C4-329

Empirical models
A.R.de L. Mussgrove et al., IAEA-169, Vol. 2 (1974) pp. 163-200

Semi-empirical models
K.-H. Schmidt et al., Nucl. Data Sheets 131 (2016) 107

« Advantage of semi-empirical model

_ow computing cost
Relatively good accuracy
Predictive power




GEF model

GEF: General description of fission observables

Developed by K.-H Schmidt and B. Jurado
(Ref. K.-H. Schmidt and B.Jurado, Web Conf. 8 (2010) 03002)

Describe the fission observables (ex. fission fragment
yields, angular momentum distribution, neutron
multiplicity, etc.) using semi-empirical model

GEF uses about 50 parameters




Semi-empirical model

Take advantages of theoretical model and empirical
model

Strategy
« Simplify the fission process
* Replace the complicated calculation into
empirical model
« Shape of the fission barrier
* Lump fission dynamics from saddle to
scission as model parameters
« Parameter fitting




saddle point

scission

Fission barrier
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Nuclear radius

R(8) =R,

1+ Z a B (cos@)]

n
R, radius of spherical nucleus

P,,: Legendre polynomial

Deformation energy
E=E.+E

Coulomb energy

Y P
C_ZPO r rlr_,ryl

Po: charge density

Surface energy
Es=o f ds

o surface tension
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Fission barrier
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V(N, A) (MeV)
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Neutron number (N)

Fission barier for n +23°U at the thermal energy
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Fission barrier

Fission height
V(N,A) = Vinac (N) + Vsn (N) exp(—ye(N))

Macro potential

N 2
CN
Vmac(N) = Crac (N - T) +V

Shell correction

(N—N;p)? (N—Nin)?
Vsh(N) = Cin [exp( 52 ) + eXp( 2 )]

in Oin
(N_Nou )2 (N_Nou )2
*Conafop (455225) + exp (425 )|
Damping term

(:'(N) =E" — [Vmac(N) + Vsh(N)]
Ten parameters
Cin: Cout: Oin» Oout» Ninr Nout: Cmaa VO: )4 andd
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Description of model

Compound nucleus are considered as micro-canonical ensemble

Assume that the mass yield distribution is determined by the level density at
fission barrier
*  From the functional form of level density of Fermi-gas model p(E™*) o

exp(1 / dEmt) fission yield can be expressed as
Y(N,4E) ~ exp (2\/&(5* - V(N, A)))

« Internal excitation energy at fission barrier E;,,; = E* —V(N,A)

Shell structure of fission products play important role in determine the mass
distribution

« N.=82,N,,~88

« ExpressV asafunction of N

« Unchanged charge distribution
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Themal neutron induced fission of

General features

235, 233 and 23%Py
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Influence of proton and neutron number

Y (%)
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Adjustable parameters (uranium)
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Adjustable parameters
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Yield (%)

Yield (%)

Calculation results
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Yield (%)

Yield (%)

Calculation results
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Yield (%)

Yield (%)

Calculation results

n (500 keV) + 23%U n (500 keV) + 237U n (500 keV) + 238U
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Calculation results

n (500 keV) + 234U
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Comparison with other models

Calculated the degree of agreement with ENDF/B-VII.1
§ <Yi>= % k=1 — Yi)*

lzn (Yk—f’k)z
~ Lk=1

Ag

] XZ

Compared < Y4 > and y* with GEF and TALYS
 TALYS: Software for the simulations of nuclear reactions.
FPY are provided.
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<AY?> and x? (Uranium)

neutron | rarset

TALYS This model TALYS This model

232 3.32 0.21 0.79 49.64 5.23 2.85

Thermal 233 3.23 0.09 0.15 16.65 1.40 4.44
(0.0253 eV)

235 1.08 0.04 0.18 1153.19 4.34 54.01

233 2.59 0.09 0.22 6.37 1.64 8.12

234 1.91 0.30 0.17 4.74 1.98 1.91

c 235 0.93 0.03 0.23 101.11 0.58 7.83

ast

(500 keV) 236 0.87 0.37 0.26 22.46 2.01 1.90

237 0.62 0.36 0.10 50.35 1.42 1.17

238 0.60 0.42 0.21 48.87 2.33 1.52

Average 1.68 0.21 0.26 161.49 2.33 9.31
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Adjustable parameters (plutonium)
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Adjustable parameters (plutonium)
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Yield (%)

Yield (%)

Calculation results
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Yield (%)

Yield (%)

Calculation results
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Calculation results
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Yield (%)
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Yield (%)

Yield (%)

Calculation results
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<AY?> and x? (Plutonium)

TALYS This model TALYS This model

neutron | rarset

239pyy 1.66 0.09 009 65711  0.92 1.66
Thermal  *°Pu 1.66 0.09 024 60846  0.96 1.59
(0.0253eV)  aa1py, 1.51 0.18 0.08 52.37 0.67 2.34
242py 1.21 0.20 0.22 51.36 1.15 1.60
238pyy 1.30 0.12 021 15363  0.85 1.15
239pyy 1.84 0.10 0.06 100299  1.27 5.72
(5ogaI:V) 240py 1.42 0.13 010 12942 111 1.15
241pyy 1.49 0.18 0.10 6.18 0.68 1.18
242py 1.30 0.22 0.07 5.58 1.33 1.46
2 MeV 239pyy 1.81 0.10 0.28 205598 2452  88.63

Average 1.52 0.14 0.15 472.31 3.35 10.65



Consistent parameters for U and Pu

89.98 90.37

(MeV) -4.48 -4.94

(MeV) -9.39 -9.95
(MeVY) -5.23 + 1262 -1.74 + 440
-0.50 + 124 -0.36 + 92.5

4.93 5.13

0.1 0.11

(MeV) 5

82
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Conclusion

We developed a simple semi-empirical model for
FPY, which has 10 parameters

Our simple model reproduces the overall shape of

the mass distribution of uranium and plutonium of
ENDF data

Works are in progress for

« Extending the model to other incident energy
and nuclides

* Finding global parameters
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