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Fission process

From mother nucleus to fission products
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Fission process
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Fission process
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Fission process

From mother nucleus to fission products
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Fission process
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From compound nucleus to scission

1 - Compound nucleus

deformation

- Induced fission : excited compound nucleus is formed by neutron
capture, Coulomb exictation, photoexcitation . . . on agiven nucleus

- Spontaneous fission : nucleus fissions without external excitation
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From compound nucleus to scission

2 - Fission barrier — Saddle point

deformation

Fission barrier : potential energy of the nucleus from competition between
nuclear interaction and Coulomb repulsion.
- Inducted fission : excited compound nucleus go over fission barrier

- Spontaneous fission : nucleus ”tunnels through” fission barrier
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From compound nucleus to scission

3 - Scission point

deformation

Scission point corresponds to the system configuration where the
properties (Z, N, 3, E*) of the two fragments (=fragmentation) are fixed
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From compound nucleus to scission

Fission Yield — Asymetric / Symetric fission

A1+A2 Al AZ
Z1+ZZCI\IN1+N2 i _) Zl)<N1 T ZZYN2
ission

P(z,,N,,Z,,N,) = fission yield (normalized to 100%)
P(A,)=P(A,)=2P(A,,A,) is isobaric fission yield mormalized to 200%)

Asymetric fission Symetric fission
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SPY : a new scission point model

Scission point

E
T e @ @@  Find state observables:
; ; - yield
- TKE
- TXE

deformation
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SPY : a new scission point model

System at scission

deformation
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SPY : a new scission point model

Between full microscopic & full phenomenological approaches

SPY
a new scission-point model

based on microscopic ingredients
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SPY : a new scission point model

Between full microscopic & full phenomenological approaches

SPY
a new scission-point model

based on microscopic ingredients

V
Strong hypothesis to model fission process :

- static
- CN formation mechanism neglected
- all fragments properties freezed at scission
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SPY : a new scission point model

Between full microscopic & full phenomenological approaches

SPY
a new scission-point model

based on microscopic ingredients j

V V
Strong hypothesis to model fission process: Full microscopic data are used
- static (Mean field from nucleon-nucleon

- CN formation mechanism neglected interaction)

- all fragments properties freezed at scission
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SPY : model presentation

Statistical model at scission point
- Thermodynamic equilibrium at scission IS supposed

— statistical equilibrium among system degrees of freedom
- Isolated fragments

— microcanonical statistical description
[] all states at scission are equiprobable
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SPY : model presentation

Statistical model at scission point
- Thermodynamic equilibrium at scission IS supposed

— statistical equilibrium among system degrees of freedom
- Isolated fragments

— microcanonical statistical description
[] all states at scission are equiprobable

A system configuration is defined by the two fragments DoF :
- proton and neutron numbers (Z,, N, Z , N )

- quadrupolar deformations (B, , B,)
- Intrinsic excitation energy (E * , E *)
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SPY : model presentation

Statistical model at scission point
- Thermodynamic equilibrium at scission IS supposed

— statistical equilibrium among system degrees of freedom
- Isolated fragments

— microcanonical statistical description
[] all states at scission are equiprobable

A system configuration is defined by the two fragments DoF :
- proton and neutron numbers (Z,, N, Z , N )

- quadrupolar deformations (B, , B,)
- Intrinsic excitation energy (E * , E *)

Two guantities are needed to calculate average observables :
- avallable energy for each configuration: E_

- state density of fragments1& 2:p_, p,
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SPY : model presentation

Available energy
- Avallable energy balance at scission for each fragmentation (500-1000)

235U(n,f) - frag : ;gzsn+1:4Mo

1.5 0
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o — fragmentsindividual energy
microscopic calculation HFB - Gogny D1S

(Amedee data base)
w’ — [nteraction energy
(nuclear + Couloub energy)
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-0.5

- ECN if E...<0: fragmentation is allowed
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SPY : model presentation

State density

Presently Fermi gas state density type is used (from generalized
superfluid model) T
0(U)oce”® with a~A/8

132,
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SPY : model presentation

Statistical treatment
— averaged observables : yields, <TKE>, <TXE> .

Jp,((1- x\E JOE’

70(2,,N,,2,,N,,B,,B,.x) =, (x |E

avail avall

1
H(Z1:N1’Zz:N2:B1aﬁz):f T (Zl»N1»Z2aN2»B1»62»X) dx
0

P(z,,N,,Z,,N,)= f f I1(z,,N,,Z,,N,,B,.8,)d B, d P,

—0.6 —0.6
- Tt probability of a given configuration, with x the fraction of available

energy given to excitate the fragment 1

- 1 : probability of agiven fragmentation at fixed deformation
- P: yield of agiven fragmentation
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SPY : results

Fission yield of “°U(n,f) and ***Cf(sf)
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SPY : results

Kinetic Energy from *°U(n,f)

235
KE - U(Il,f) = (L + renorm + interpol (3)
—— HFB + renorm + interpol (3)
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Chart of Ypeak / Yvalley
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Chart of Ypeak / Yvalley
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Chart of Ypeak / Yvalley
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Chart of Ypeak / Yvalley
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Solar abundance with SPY calculations

S. Goriely et a accepted in PRL
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White : Solar r-abundance distribution
Red : fission yields from SPY
Blue : fission yields from GEF model
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Conclusions

SPY . development of anew statistical scission point model
- Integration of microscopic description of the nuclel (HFB amedee)
- show that snell effects drive the mass asymetry
- already applied to ***Hg fission (s Panebianco et al Phys. Rev.C 86, 064601 (2012))
- fission fragments predictions over the whole nuclear chart

- already applied to stellar nucleosynthesis (accepted in PRL)
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Perspectives

» Calculation & integration of microscopic state density in SPY
Work started, problem of too high influence of shell effects
o Statistical description of the system (mico-cano-grand canonical)
e Coulomb interaction cal culation method (double folding, diffused edges)
* Integration of Gogny D1M interaction
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Backup slides

SPY model : energy balance + inputs
Evai = Enrp1 t Egppo t Eou T E
-E__ : Individual microscopic energies based on HFB with Gogny D1S
Interaction

Cou (d = 5fm) : coulomb interaction based on Cohen Swiatecki formalism
(Cohen and Swiatecki, Annals of Physics 19 (1962) 67)

(d = 5fm) : nuclear interaction energy based on the Blocki proximity

andl ECN if <0 : fragmentation is possible

nucl

potential (siocki et al, Annals of Physics 105 (1977) 427)

- E__ @ total energy of fissioning nucleus / compound nucleus

- p, : state density of fragment i (because microcanonical description)

(Z N Z N2 l?)l BZ fpl X|Eava11|)p2((1 X)|Eava11|

1.3 13

P(Zl,N1,Z2,N2):f fTE(ZLNl,Zz,Nz,BLBz)dﬁ1d62

—0.6 —0.6
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SPY : model presentation

Wilkins model VS SPY model

Wilkins model SPY model
Individual Liquid drop HFB (Gogny D1S)
energy + S Hitaire nd M. Gitos, EFOA 5 (100T) 237
Strutinski + pairing
Energy Relative: EIoot Absolute: E__ = EIoot -E_,
balance (if < 0; fragmentation is allowed)
Temperature Collective (statistics) No temperature
parameters + States density for statistics
Intrinsic (shell effects)
Deformation Only prolate Oblate + prolate
Distance d 1.2-14fm 5fm
Statistics Canonical Microcanonical

ind ind
=E, +E + +
Epot El EZ Ecoul Enucl
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Backup slides
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Backup slides

Yield of “’Np thermal neutron induced fission

Np237+n_th yield

18

16

14

12

L0

%0 o0 100 1o 120

«—= SPY (before n evapo)
+—e ENDF/B-VIL1 (after n evapo)

140 150160

L0

0.1
0,01
0,001
0,0001
le-05
le-06
le-07
le-08

le-09

Np237+n_th yield

=—+ SPY (before n evapo)
+—e ENDEF/B-VIL1 (after n evapo)

IIIIIIII| | IIIIIII| | IIIIIII| L1l

oo 110 120 130 140

Jean-Francois Lemaitre — JRJC 2013 — Modélisation de la fission avec SPY (Scission Point Yields)

170

35



Backup slides

Yield of ***Pu thermal neutron induced fission

Pu239+n_th yield
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Backup slides

Yield of ***U from pur microscopic calculations

JJ:IIII:]JIJL:IIII-'JJIlIIIl

60 80 100 120 140 160 180
Fragment Mass

Rendements en masses. Trait plein : évaluation de Wahl. Pointillés
fins : résultats des calculs statiques. Pointillés épais : prise en compte de la
dvnamique de fission.
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Backup slides

Microscopic state density
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Backup slides

Systematics : massyields for n-induced fission

T "FA & twan ]
| / | nth +229Th :E M

==

nth + 233U

nth + 235U Jk J

8
ﬁ}‘
; 3

W%‘
]

7]
nth + 239Pu i j\ j\
g2 ] E

50 ; 5 il 804 £ "

a 2"“:rnlﬂ.i'.'lz E

| nth+245Cm;

nth + 249Cf

244Egin 4]

O—REUAARS— N A ARO— N A A~ =W L FA~NOS— NG AN D NO- N EALIH DN W LA~ RO
TTITT T TTTTTT T 77T TTTTTTI 117 EEEESRIARES AN I EERANNAAE LRI R A R R L N L

. nth + 254Es :

Fragment Masa {omu) E*

e

Jean-Francois Lemaitre — JRJC 2013 — Modélisation de la fission avec SPY (Scission Point Yields) 39



Backup slides

Systematics : massyields for spontaneous fission
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Backup slides

Systematics : mean TKE
Fit : <TKE> = 0.074 Z*/A"° + 52
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Backup slides
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Systematics : mean TKE exp VS SPY
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Backup slides

Systematics : mean deformation energ

Deformation energy
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Nuclear fission of "’Hg (I SOL DE)

Is nuclear fission of ***Hg symmetric ?
Most likely fragmentation expected : **Hg - *Zr + *Zr
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Nuclear fission of '*Hg (I SOL DE)

|s nuclear fission of ***Hg symmetric ?
Most likely fragmentation expected : **Hg - *Zr + *Zr
Experiment : asymmetric fission !

Andreyev et al., PRL 105 (2011) 252502
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Nuclear fission of '*Hg (I SOL DE)

Is nuclear fission of ***Hg symmetric ?
Most likely fragmentation expected : **Hg - *Zr + *Zr
Experiment : asymmetric fission !

hJ
o

]
i

1|:|i'| \
\

'\

N
A .?! h ll I

= ¥
2

tn
i

Energie disponible (MeV)
2

(=]

Andreyev et al., PRL 105 (2011) 252502 S Panebianco et al., PRC 86 (2012) 064601

SPY predict an asymmetric fission
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Nuclear fission of "“’Hg

B-delayed fission of **Hg from *TlI
Surprising asymmetric yields of *Hg fission

Due to the nuclear structure of the fissioning nucleus ?

AT T S I I VA S U S A W AV S U O A
50 60 70 80 90 100 110 120 60 70 80 90 100 110 120 130
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Andreyev et al., PRL 105 (2011) 252502 Mdller et al., PRC 85 (2012) 024306
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SPY results

Available energy for "'Hg
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SPY results

Scission point distance d & sym/asym fission
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Backup slides

SPY results : Yield for '*"Hg case
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Backup slides

Yield

SPY results : Yield for **Hg case
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