
The basics of modeling  

(n,xn) cross-sections for actinides. 

 

ESNT workshop                                    March 17th 2014  

E. Bauge CEA DAM DIF 

(with the help of S. Hilaire & P. Romain) 

19 MARS 2014 |  PAGE 1 CEA | 10 AVRIL 2012 



Nuclear Reaction Modeling 

Method which consists of using a physical model (together with sets of 

parameters) to calculate evaluated data. 
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Direct interaction of a projectile with a target nucleus considered as a whole 

Quantum model       Schrödinger equation  

U = V + iW 

Complex potential:   

Refraction Absorption 



Optical model 

This model yields : 

 

Angular distributions Integrated cross sections Transmission coefficients 

(-> spin dist. of C.N.) 
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Impact of coupled channels 

Direct/compound interplay 
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Pre-equilibrium model 
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Disparition 

Apparition 

Pre-equilibrium model 
(Exciton model) 

P(n,E,t) = Probabilité   to find for a given time t the composite 

system with an energy E and an exciton number n. 
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without  pre-equilibrium 
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Pre-equilibrium model (with and without) 

without  pre-equilibrium 

pre-equilibrium 



Models sequence 

Elastic 

Fission 

(n,n’), (n,), 

(n,), etc… 

Inelastic 

  
OPTICAL 

MODEL 

Tlj 

sReaction 

Shape elastic 

Direct components 

sNC 

PRE-EQUILIBRIUM 
COMPOUND  

 NUCLEUS 



Compound nucleus model 

sreaction = 

After direct and pre-equilibrium emission 

sdir + spre-equ +  sNC 
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Compound nucleus model 

Compound nucleus hypothesis 

- Continuum of excited levels 

- Independence between  incoming channel a and outgoing channel b 

sab = s
(CN)

 Pb sa 

s
(CN)

  =      Ta  sa 
p 

ka 

2 Pb=  
 

Tb  
 

S Tc  

 
c 

  Hauser- Feshbach formula 

= sab 
p 

ka 

2 

Ta Tb  
 

S Tc  

 
c 



Compound nucleus model 

In realistic calculations, all possible quantum number combinations 

must be considered 
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Angular distributions 

Compound angular distribution & direct angular distributions 

45°                        90°                      135° 

Can be used to disentangle direct and compound components for (n,n)  and (n,n’)  



Channel width fluctuations 

Breit-Wigner resonance integrated and averaged over an energy width 

corresponding to the incident beam dispersion 
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Effect of width fluctuations 



Multiple emission processes  
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Optical model 

+ 

Statistical model 

+ 

Pre-equilibrium model 

 

sR =  sd + s PE + sCN 
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Compound nucleus model 



Possible decay Channels 

• Particle emission to a discrete level with energy Ed 

 

 

 

 

 

• Particle emission to a continuum « bin » 

 

 

 

 

 

 

  

 

• Emission of photons, fission 

      Tb(b)        =                given by the O.M.P.  <   > 
Jp 

Tlj(b) 

      Tb(b)        =  <   > 
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Jp 
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r(E,J,p) density of residual nucleus’ levels (J,p) with excitation energy E  

Specific treatment 

Compound nucleus model 



Gamma transmission coefficients 

Tkl(e) = 

= 2p f(k,l,(e)) e
2l+1 

k : transition type EM (E ou M) 

l : transition multipolarity 

e : outgoing gamma energy 

f(k,l, e) : gamma strength function 

Decay selection rules from a level Ji
pi to a level Jf

pf: 

For El: 

For Ml: 
|Ji-l| ≤ Jf ≤ Ji+l 

pf=(-1)l pi 

pf=(-1)l1 pi 

(several models) 

2p  Gkl (e) r(E) dE  
E 

E+DE 

Renormalisation technique for thermal neutrons 
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Multiple chance fission 
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Fission barrier 

( V, ħω ) 

Thw (E) = 1/[1 + exp(2p(V-E)/ħw)] 

Hill-Wheeler 

elongation 

Energy 

for one barrier ! 

+ transition state on top of the barrier ! 
Bohr hypothesis                    

Fission modeling 



Fission transmission coefficients 
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+ transition states on top of each barrier ! + transition states on top of the barrier ! 

Bn 

Fission barrier 
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Double-humped barriers 
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+ class II states in the intermediate well ! 

Energy   



Tf  = 
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Fission transmission coefficients 

More exact expressions in Bauge et al., EPJA 48, 113 (2012)  

  



Effect of class II-III states 
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Fission transmission coefficients 

See in  Sin et al., PRC 74 (2006) 014608 

 Bjornholm and Lynn, Rev. Mod. Phys. 52 (1980) 725. 



Competition between channels 
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Multi-chance fission : many parameters 



Dealing with numerous parameters : consistant treatment 
 Neutron induced fission on 

238
U 

n + U4 U5 



-20 keV for VA 

≈ 0.34% 

A B 

VA 
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Integral experiments are constraining 
Example: JEZEBEL for the 239Pu(n,f) cross section 

1000 pcm on Keff !!! 

(measured within 150 pcm) 

Courtesy : P Romain (CEA DAM DIF)  

PMF1 
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Summary / things to remember 

• Strong interplay between direct, pre-equilibrium  and compound processes 

• Strong competition between channels (capture, elastic, inel, (n,2n), fission,… ) 

• Many parameters (OMPs, level densities,  strength functions, fission barrier 

parameters(number of humps, height, curvature, transition states, class II-III 

states,…)) for each C.N. 

• Many choices for each of these parameters (phenomenological or 

microscopic) 

• But many experimental constraints  

• Consistent adjustment of muti-chance fission, (n,xn) and capture xs 

• Integral experiments provide strong constraints (D. Bernard) 

 

• Models implemented in TALYS (see S.Hilaire talk) 

• More on inelastic models by P. Romain 

• More information on pre-equilibrium by M. Dupuis 

• R. Capote and T. Kawano will give further insights 
 

• See EPJA 48, 113 (2012) for a more complete review of many of the above topics.  

 

 

 


