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Motivation : to understand the shell effects on fission

Empirical behaviour of actinide nuclei

4229Th(n f)

5 233J(n,f)
235U(n,f)
| 239py(n f)

Fragment Yield / %

" 2650m(n,f)
208CK(n f)

L\ 2Es(n)f)
056 00 120 "ilo 180
Fragment mass / amu

J.P. Unik, J.E. Gindler, J.E.
Glendenin et al. : Proc. Phys.
and Chem. of Fission IAE%\ Datg:rom ]I-D4.8A.18;%v;g et al., Endf/b—vm.(c)j, |:]|uc|. IIData
Vienna , Vol I, 20 (1974) eets ,1( ), (spontaneous and therma
neutron-capture).




Systematic comparison for actinide

Empirical behavior of actinide nuclei

C. Bockstiegel et al. / Nuclear Physics A 802 (2008) 12-25
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Motivation

How can we understand this behavior ? The Interplay between structure and reactions ?




Mean-field dynamics with pairing

TDHF+BCS
o Based on TDHFB with the approximation : Aj = §;A;
o Initialisation from ev8 (HF+BCS)
o Evolution : ih% = (hur — )i
W% = AT ki — Ak}
ih% = Ii,‘(e,' — 67) + A,-(2n,- — 1)

Details of the calculation
@ Skyrme functionnal Sly4d
o Surface pairing interaction
o Ax =08 fm; At=15x 107*s
o Lattice : Ly x L, x 2L, = 40 x 19.2 x 19.2 fm?




Why do we need pairing ?

TDHF

Fission barrier : 2°8Fm
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G. Scamps, C. Simenel, D. Lacroix, PRC 92, 011602(R) (2015).
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Influence of pairing on fission process
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Influence of pairing on fission process
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New systematic study

First : CHF+-BCS
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TDHF-+BCS systematics results

TDHF+BCS
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TDHF-+BCS systematics results
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Conclusion :

The TDHF+BCS calculation reproduces well the Z=54 behavior. But why ?




Nucleon localization function

Fermion localization function

1 2_ 2 \2
T, i % —
Cao(r) = |1+ qo Pqo 4| Pgo | Jgo

A. D. Becke and K. E. Edgecombe, J. Chem. Phys.
92, 5397 (1990).

Physical meaning :

Celo:1]

Cqo(r) = 1 Probability to find another particle with
the same g and o very low.

Cgo(r) = 0.5 Limit of uniform-density Fermi gas.

Mask function :
N Cqo (r)Pqo

max
Pgo




Nucleon localization function

Fermion localization function

1 2_ 2 \?
TqoPao — 1V pgal? —
cqa(r) - |1 + qo Pqo 4| pqa| an
PaoTqs

A. D. Becke and K. E. Edgecombe, J. Chem. Phys.
92, 5397 (1990).

Physical meaning :

Cel0:1]

Cqo(r) = 1 Probability to find another particle with

the same g and o very low.
Cgo(r) = 0.5 Limit of uniform-density Fermi gas.

Mask function :

C o o
e (r)pq

pgé_ax

Example :
0.0 05 10

P. Jerabek, B. Schuetrumpf, P.
Schwerdtfeger, and W. Nazarewicz,
Phys. Rev. Lett. 120, 053001 (2018).



Nucleon localization function

Fermion localization function
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A. D. Becke and K. E. Edgecombe, J. Chem. Phys.
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Physical meaning :
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Schematic system
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Example of 2*°Pu
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Example of 2*°Pu
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Example of 2*°Pu 11

=15.9zs

Hypothesis

The octupole shell effects are important in the fission fragment




Other systems 12
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Why the fragments have octupole deformation ?

Similar effect on fusion reaction

40Ca+40Ca, E3~ = 3.7 MeV

t=2.25 zs
D=11.08 fm
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D=10.56 fm
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D=10.54 fm

=3 zs
D=10.18 fm

v

C. Simenel, M. Dasgupta, D. J. Hinde, and E. Williams, Phys. Rev. C 88, 064604 (2013).
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Octupole deformation systematics 14

Skyrme Skm*.
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Results from systematic calculation

In both calculations, the region Z ~ 56 , N ~ 88 is favorable for octupole deformation . J

Experimental results

1*Ba is found to be octupole in its groud state. Burcher et al. PRL 116 (2016). J
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Constraint HF+BCS octupole deformation with Sly4d

Qu [b¥?]

Result from constraint calculation of the heavy fragment

The gain in energy due to the octupole softness drives the fission to the Z~54

15




Structure, 1**Ba, Z=56, N=88
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Structure

Single particle energies
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Main explanation of the asymmetry of the fission of actinides 18

Mechanism

@ The Nucleus-Nucleus interaction at the scission configuration favors the octupole
shapes

@ Shell structure favors octupole shape in the region Z ~ 52-56, N ~ 84-88

o Actinide fission fragments are driven in the region Z ~ 54, N ~ 86

G. Scamps, C. Simenel, Nature 564, 382 (2018).



Similar effect for other systems?

P. A. Butler.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 073002
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Experimental data of 80Hg

A. N. Andreyev, et al., PRL 105, 252502 (2010)
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Experimental data of 18Pt

I. Tsekhanovich, et al. PLB 790 (2019).
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Similar effect of the

octupole deformation ?
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CHF+BCS calculation 23
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Comparison with experimental data

-1400 T T T T T T T T T . .
R oy, Experimental article : A. N. Andreyev,
pos N ymmetic € et al. Phys. Rev. Lett. 105, 252502
4 / NN .
1405 -03 / h TN ] (2010)
= e \' and the fission-fragment mass is shown in Fig. 4. The mass
Z i distribution is clearly asymmetric, with the most probable
= | heavy and light masses of Ay = 100(1) and A, = 80(1),
= 1410 E | having a width of sigma = 4.0(3) amu. The most probable
i
b g Z values of the heavy and light fission fragments are
10 T i deduced to be Zy = 44(2) and Z; = 36(2), respectively,
2015 110 5 0 5 10 15 20 Il . : 180 N
1415 T L. I | assuming that the N /Z ratio of the parent nucleus '*"Hg is
0 10 20 30 40 50 60 70 80 90 100 preserved in the fission fragments. Thus, the most abun-
Qao]b] dantly produced fission fragments are '"""Ru and **Kr and

their neighbors. Although 75% of the fission events are

G. Scamps and C. Simenel, PRC 100, 041602(R) (2019).



Single-particle energies in the heavy fragment

Structure of 1%°Ru (Z=44 and N=56)
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Non-axial scission configuration 26
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G. Scamps, Microscopic description of the torque acting on fission fragments, arXiv :2209.10759
See also poster.
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Conclusion

The fission process magnifies the octupole shell structure

27
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