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We are developing FREYA (Fission Reaction Event Yield 
Algorithm) for correlation studies and spectral evaluations !

§  J. Randrup (LBNL) is collaborator on FREYA development 
§  Other past and present LLNL collaborators:  D. A. Brown (BNL), M. A. Descalle, 

C. Hagmann, W. E. Ormand, J. Pruet (NNSA), W. Younes 
§  Papers: Phys. Rev. C 80 (2009)  024601, 044611 84 (2011) 044621; another 

submitted 
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How FREYA works!
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FREYA requires information about fragment yields, TKE, !
and average neutron multiplicity !

Extract shape of TKE(AH) from thermal data and assume "
energy independence, moves TKE up and down"
"
Level density parameter needed but assume it is "
independent of fissioning isotope"
"
Sawtooth shape of ν(A) falls out from TKE shape"
and energy balance"
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Reported yields are either of fragments or products !
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Data are for fragment yields (spontaneous fission) and product yields (n,f), curves are from "
FREYA before and after neutron evaporation"
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Shape of TKE(AH) reflects shell structure of fragments!
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Peak of TKE(AH) is near doubly-closed shell, ZH = 50 and NH = 82 (red line at AH = 132)"
dTKE (centroid of FREYA points, bars are variance in ZH for given AH) generally small"
238U(sf) and 240Pu(sf) suffer from limited statistics (2800 events for 238U)"
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Prompt neutron evaporation from excited fragments!
Q value for neutron emission (maximum possible excitation of daughter nucleus)

Qn = Mgs
i + E∗

i −Mgs
f −mn

where Mgs
f is ground state mass of daughter nucleus

Assume kinetic energy of evaporated neutron, �n = p2
n/2mn, is isotropic in rest

frame of emitting nucleus with vn ∝
√

�n (d3pn ∝
√

�nd�n) so that

d3ν

d3pn
d3pn ∝

√
�n e−�n/Tmax

f
√

�nd�n dΩ

= �n e−�n/Tmax
f d�n dΩ ,

Resulting excitation energy and mass of daughter nucleus

E∗
f = Qn − �n M∗

f = Mgs
f + E∗

f

Emission continues until no further emssion energetically possible, E∗
f < Sn

where Sn is neutron separation energy of daughter,

Sn = M(AZ)−M(A−1Z)−mn
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Residual temperature of daughters after neutron emission!
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Probability of maximum temperature of fragment daughter nucleus after emission of one or more"
neutrons – isotopes that emit more neutrons on average are visibly hotter"
Shape is not triangular"
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Neutron multiplicity as a function of fragment mass!

Mean neutron multiplicity as a function of fragment mass; agrees with sawtooth shape of data 
 
Note that not all isotopes have data to compare to FREYA, smoothness of sawtooth dependent on 
quality of Y(A) and TKE data – dip in ν(A) coincides with the peak of TKE(AH), red line at A = 132 
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Neutron number-energy correlations!
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Spectral shapes shown, all normalized to unity for better comparison"
Most isotopes show considerable softening of the spectrum for increased neutron multiplicity"
252Cf(sf) and 238U(sf) more tightly correlated"
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Probability for prompt neutron emission !
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Since each neutron emitted reduces excitation energy both by its kinetic energy (proportional to the "
temperature of the daughter nucleus) and the (larger) separation energy Sn, the neutron multiplicity "
distribution is narrower than a Poisson "



12 
Lawrence Livermore National Laboratory 

Spectral evaluations require additional inputs at !
high incident neutron energy !

•  Multi-chance fission, emission of one or more neutrons from excited  
  compound nucleus pre-fission, turns on when incident neutron energy  
  is above neutron separation energy for compound nucleus  
  (240Pu, 1st chance; 239Pu, 2nd chance; 238Pu, 3rd chance) 
•  Comparison to ENDF 239Pu evaluation (GNASH calculation, not measured)  
  with FREYA using same barrier heights but fitted level density parameter 

•  Transition from asymmetric to symmetric fission:  
  more symmetric with increasing incident neutron energy 
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•  Pre-equilibrium emission: captured neutron fails 
  to equilibrate and is re-emitted; biggest effect for 
  smallest number of intermediate excited states 
  (right) and high incident neutron energies (left) 
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Energy dependent differences from average fission model (1) !
FREYA accounts for softening of the PFNS after 
neutron evaporation"
"
ʻkinkʼ in spectrum due to pre-fission emission, 
small for all ν, enhanced for ν=1,2,3"
!
!
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Energy dependent differences from average fission model (2)!

Back-to-back direction of emission"
reduced at higher energies since two"
energetic neutrons can come from"
same fragment as often as both"
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Choosing FREYA input parameters 
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Evaluation method 
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Summary!

§  Event-by-event models show significant correlations between 
neutrons that are dependent on the fissioning nucleus 

§  Such correlations may be exploited in fast neutron detection 
systems 

§  Version of FREYA is being added inline to Monte Carlo tools used 
by experimentalists 

§  Useful interplay between models and data but better, more up-to-
date measurements, such as from fission TPC and ChiNu would 
be valuable 


