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• 14 Concentric Rings 
• Silicon-CsI   
• 3.6-167 degrees 
• Neutron Ball 

S. Wuenschel et al., Nucl. Instrum. Methods. A604, 578–583 (2009). 
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Velocity Plots 
Light Charged Particles- Most Violent Collisions 
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From Wikipedia, the free encyclopedia 

 
The equilibrium constant of a chemical reaction 

 
 
  

is the value of the reaction quotient when the reaction has reached equilibrium.  
 

For a general chemical equilibriumthe thermodynamic equilibrium constant can be defined such that, at equilibrium,[1][2] 
 
 
 
 
 

 
where curly brackets denote the thermodynamic activities** of the chemical species. The right-hand side of this equation corresponds to the 

reaction quotient Q for arbitrary values of the activities. The reaction coefficient becomes the equilibrium constant as shown when the reaction 
reaches  equilibrium. 

 
An equilibrium constant value is independent of the analytical concentrations of the reactant and product species in a mixture, but depends on 
temperature and on ionic strength. Known equilibrium constant values can be used to determine the composition of a system at equilibrium. 

 
 

The equilibrium constant is related to the standard Gibbs free energy change for the reaction. 
 
 

If deviations from ideal behavior are neglected, the activities of solutes may be replaced by concentrations, [A], and the activity quotient becomes 
a concentration quotient, Kc. 

 
 
 
 

Kc is defined in an equivalent way to the thermodynamic equilibrium constant but with concentrations of reactants and products instead of 
activities. (Kc appears here to have units of concentration raised to some power while K is dimensionless; however  the concentration factors in Kc 

are properly divided by a standard concentration so that Kc is dimensionless also.  
 

Assuming ideal behavior, the activity of a solvent may be replaced by its mole fraction, ( approximately by 1 in dilute solution). The activity of a 
pure liquid or solid phase is exactly 1. The activity of a species in an ideal gas phase may be replaced by its partial pressure. 

 
** In chemical thermodynamics, activity) is a measure of the “effective concentration” of a species in a mixture. The species' chemical potential depends on the activity   Activity 
depends on temperature, pressure and composition of the mixture, among other things. The difference between activity and other measures of composition arises because 
molecules in non-ideal gases or solutions interact with each other, either to attract or to repel each other.  

http://en.wikipedia.org/wiki/Reaction_quotient
http://en.wikipedia.org/wiki/Chemical_equilibrium
http://en.wikipedia.org/wiki/Chemical_equilibrium
http://en.wikipedia.org/wiki/Equilibrium_constant#cite_note-1
http://en.wikipedia.org/wiki/Equilibrium_constant#cite_note-2
http://en.wikipedia.org/wiki/Thermodynamic_activity
http://en.wikipedia.org/wiki/Ionic_strength
http://en.wikipedia.org/wiki/Chemical_equilibrium#Composition_of_a_mixture
http://en.wikipedia.org/wiki/Gibbs_free_energy
http://en.wikipedia.org/wiki/Mole_fraction
http://en.wikipedia.org/wiki/Partial_pressure
http://en.wikipedia.org/wiki/Chemical_thermodynamics
http://en.wikipedia.org/wiki/Chemical_species
http://en.wikipedia.org/wiki/Chemical_potential
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Solution


Equilibrium constants from α-
particles model predictions 

• Many tests of EOS are done using 
mass fractions and various 
calculations include various different 
competing species. 

• If any relevant species are not 
included, mass fractions are not 
accurate. 

• Equilibrium constants are more 
robust than mass fractions. 

• Differences in the equilibrium 
constants may offer the possibility to 
study deviations from ideality-
interactions between species 

• Models converge toward ideality at 
lowest densities.   
 PRL 108 (2012) 172701. 
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The Symmetry Energy Problem 
      Density Dependence ? 

While low density situation would 
appear to be easier to constrain- cluster 

formation changes the medium This 
leads to additional complexity  

(opportunity) 

Experimentally or observationally 
constraining the density dependence of the 
symmetry energy over a  broad range of 
densities is a complex problem-  
 

Rho 

E/A 



The equation of state and symmetry energy of low density nuclear matter 
K. Hagel, G. Roepke and J. Natowitz ,  EPJA, 50, 39  (2014)  
See also         S. Typel et al., Phys. Rev. C 81, 015803 (2010). 
                          J.B. Natowitz et al.,   Phys.Rev.Lett.104:202501 (2010 ). 
 
          NOTE CHEMICAL EQUILIBRIUM ASSUMPTIONS FOR FIREBALL 
 

            SYMMETRY ENERGY LOW DENSITY LIMIT 
At Low Density The Symmetry Energy is Determined by Cluster Formation. Analysis of  Cluster Yield  
Ratios For Different N/Z Systems (ISOSCALING) Allows Determination of The Symmetry Free Energy. 
Employment of Entropies Calculated with the QSM Model of Roepke, Typel et al (shown to be 
appropriate by other measured quantities) Allows Extraction of The LOW Density Symmetry Energy    
Fsym  + T∙Ssym  = Esym 



Density dependent binding energies 
• From Albergo, recall that 
• Invert to calculate binding energies 
• Entropy mixing term  
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PRL 108 (2012)  
062702 



Temperatures and Densities 
47 MeV/u 40Ar + 112Sn Core collapse supernova simulation 

Supernova Heavy Ion Nuclear 
reaction 

Density 
(nuc/fm3) 

10-10 < ρ < 2 2x10-3 < ρ < 3x10-2 

Temperature 
(MeV) 

~0 < T < 30 5 < T < 11 

Electron 
fraction 

0 < Yp < 0.6 Yp ~0.41 

• Recall vsurf vs time 
calculation 

• System starts hot 
• As it cools, it expands 

T Fischer 



Comparison of all models together 

• Two groups of calculations 
– n, p, α calculations which 

predict Keq(α), but cannot 
predict other species. 

– Models with n, p, d, t, 
3He, α 

• Low densities 
– All Keq(α) converge to 

ideal gas 
– They are below 

experimental data which 
result from the very late 
stages of the reaction  

• Models that treat all light 
particles are generally 
within error bars 
M. Hempel et al. 
 Phys. Rev. C 91, 045805 (2015). 

4He d 

3He t 



32A MeV      136,124Xe+124,112Sn 
 

        Remi Bougault 
   Private Communication 
        October 2018 
 
The INDRA Collaboration 

Different T-Rho Trajectory 
At different denities but same T=7 MeV 

Experimental KGanil= KTamu 
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Light Particle Accompanied  or “Ternary” Fission 

I. Halpern, E. Henley 
Alpha particle emission in fission, in   Physics 
and Chemistry of Fission : CERN Report 1963 
(unpublished); Physics and Chemistry of 
Fission (International Atomic Energy 
Agency, Vienna, 1965) Vol.2(Vienna, 1965), p. 
369 



Mica and lexan track detectors were employed to observe the 
yield (number of events per binary fission) of fragments emitted 
from 252Cf  as a function of range in H2. These experiments were 
carried out in the chamber depicted in Fig. 1. 



Light Particle Accompanied  or “Ternary” Fission 

252 Cf - Thesis  T U Darmstadt 



 







Is Cluster Formation in Low Density Skins the Explanation for  
          Light Particle Accompanied  or “Ternary” Fission ? 

252 Cf - Thesis  T U Darmstadt 



Phys. Rev. C 90, 
011601(R) – 
 Published 8 July 2014 

 





  
 

• F. Gonnenwein 
• M. Mutterer 
• C. Wagemans 
• A. Yorobyev 
        And collaborators 

Some Representative Publications of the VAST Literature on Ternary Fission 

Energy distribution of ternary α particles in 
spontaneous fission of 252Cf 
M. Mutterer, Yu. N. Kopatch, S. R. Yamaledtinov, V. G. Lyapin, J. von 
Kalben, S. V. Khlebnikov, M. Sillanpää, G. P. Tyurin, and W. H. 
Trzaska 
Phys. Rev. C 78, 064616 – Published 30 December 2008 

5He, 7He, and 8Li (E*=2.26MeV) intermediate ternary 
particles in the spontaneous fission of 252Cf 
 
Yu. N. Kopatch, M. Mutterer, D. Schwalm, P. Thirolf, and F. 
Gönnenwein 
Phys. Rev. C 65, 044614 – Published 1 April 2002 

And references therein ! 



Particle                                     Total Yield/fission                   Equatorial Emission                    Adopted Value                          
  n                  2.95                                                       0.104                                                  0.104                                   
  p            4.08x10-5                                            3.48 x 10-5                                  3.48 x 10-5                          
4He            2.07 x 10-3                                          2.06 x 10-3                                  1.72 x 10-3       (a)                

(a)5He decay  contribution removed 

Experimental Determination of KEQ(α) 

Coalescence Model Volume Calculation -   (Mekjian Model) -  2822 fm3     

Particle 
Densities                KEXPT  
Rho n   3.70E-05 3.01E+18   

Rho p   1.21E-08 

Rho α   6.09E-07 

 NSE    KEQ 4.86E+18 

PAIS KEQ  (FSU,.85) 3.04E+18 

Evidence of a 
medium Effect? 

From the relevant literature 
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Summarizing Ternary Fission Analysis 
 
 

Apparent equilibrium constants have been derived at 
T=1.4 MeV, ρ=  4x 10-4  nuc /fm3 

 

Results indicate equilibrium achieved for A ≤ 14 
( for a relatively slow dynamic evolution ) 

 
Further theoretical analyses are underway  

 
Role of medium effects, time restrictions, finite size 

effects all under investigation 
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