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  Nuclear and Astrophysical Equations of State - Relevance to Properties of The    
            Neutrinosphere in Supernovae, Nucleosynthesis, Neutron Stars,         
                                     

http://chandra.harvard.edu/photo/1999/0052/index.html


Astrophysical Implications, e.g., 
Core-collapse Supernovae 

K.Sumiyoshi et al., 
Astrophys.J. 629, 
922 (2005) 

K.Sumiyoshi, G. 
Roepke  
PRC 77, 055804 
(2008) 

Density. electron 

fraction, and 

temperature profileof a 

15 solar mass 

supernova  at 150 ms 

after core bounce --as 

function of the radius. 

 

CLUSTER FORMATION 
Modifies Nuclear EOS  

C.J. Horowitz, 
A. Schwenk     
ArXiv  nucl-
th/0507033  

Cluster formation Influences   
              neutrino flux 
What is the composition,  
EOS and neutrino response  
  of nuclear matter near the  
       neutrinosphere? 

http://www.arxiv.org/find/nucl-th/1/au:+Horowitz_C/0/1/0/all/0/1
http://www.arxiv.org/find/nucl-th/1/au:+Schwenk_A/0/1/0/all/0/1
http://www.arxiv.org/find/nucl-th/1/au:+Schwenk_A/0/1/0/all/0/1


Exploring The Nuclear Matter Equation of State in the 
Laboratory With Collisional Heating 
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S. Typel, et al., 
ArXiv 0908.2344v1 
August 2009 



The charged particle detectors are composed of 

Ionization Chambers, silicon telescopes and CsI(Tl) 

scintillators covering angles between 3 and 170 

degrees 

R. Wada el al, Phys. Rev. C 69, 044610(2004) 

NIMROD  4π Charged Particle Telescope Array 

      and 4π Neutron Calorimeter 

ejectile identification, energy, angle, correlations on 
an event by event basis 

 

S. Wuenschel et al., NIM 604, 578–583 (2009). 



 
  
 “Laboratory Tests of Low Density Astrophysical Nuclear Equations of State”  
L. Qin et al., , Phys. Rev. Lett.108., 172701 (2012)  
   
“Experimental Determination of In-Medium Cluster Binding Energies and Mott Points in Nuclear Matter”  
K. Hagel et al., Phys. Rev. Lett. 108 .062702 (2012)  
  
“The Nuclear Matter Symmetry Energy at 0.03 ≤ρ/ρ 0  ≤0.2”   
R. Wada et al.,  Phys. Rev. C 85, 064618 (2012) 
 
 “Density determinations in heavy ion collisions”  
G. Roepke et al., Phys. Rev. C.    88, 024609 (2013 ) 
 
Experimental reconstruction of excitation energies of primary hot  isotopes in heavy ion collisions near the Fermi Energy” 
M.R.D.Rodrigues et al,  Phys. Rev. C,  88, 034605  (2013 ) 
 

And references therein 
 

RELEVANT  RECENT PUBLICATIONS  

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=3CBf71eCOMH86OIhkhM&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=3CBf71eCOMH86OIhkhM&page=1&doc=3
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=3CBf71eCOMH86OIhkhM&page=1&doc=3
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=3CBf71eCOMH86OIhkhM&page=1&doc=3


Test of Astrophysical Equations of State 
Equilibrium Constant, Kα 

 • Many tests of EOS are done using mass fractions. 

        Various calculations include various different  

        competing species., if all relevant species are not  

         included, mass fractions are not accurate. 

 

• Equilibrium constants, e.g., 

 

 

  

 

 

        should be independent of proton fraction  and choice of 

        competing species. 

 

• Models converge at lowest densities, but many are 
significantly above data at  higher density 

 

• Lattimer & Swesty with K=180, 220 show reasonable 
agreement with data 

 

• QSM with in-medium binding energy shifts works well 

L. Qin et al.PRL 108 172701 (2012).  
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Density Dependent Binding Energies 
of Light Clusters – The Mott Point  

K. Hagel et al., PRL 108 062702 (2012). 

The Mott 
Point 

• Successful QSM Model of Roepke et al. Incorporates In-Medium modification of Cluster 
Binding Energies . Clusters become unbound wrt medium at the Mott Point 
 

• Mott points determined in reactions of 47AMeV 40Ar and 64Zn projectiles with 112, 124Sn 
      are in close agreement with the theoretical estimates 

T-REX  



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 



Symmetry Energy at Low Density  

S. Typel et al., Phys. Rev. C 81, 015803 (2010).  
                                                    See also 
                J.B. Natowitz et al.,   Phys.Rev.Lett.104:202501 (2010 ). 

 

R. Wada et al.Phys. Rev. C 85, 064618 (2012 ) 

At Low Density The Symmetry Energy is Determined by Cluster Formation. Analysis of  
Cluster Yield  Ratios For Different N/Z Systems 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 
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Q N Usmani et. al, Phys. Rev. C 84 064313 (2011)

Q N Usmani et. al, Phys. Rev. C 84 064313 (2011)

R Wada et. al, Phys. Rev. C 85 064618 (2012), QS calculations 
at T=4 MeV

D. T. Khoa and H.S. Than, Phys. Rev. C 71 044601 (2005); 
D. T. Khoa, H.S. Than and D.C. Cuong, Phys. Rev. C 76 014603 (2007).

L. Trippa, G. Colo and E. Vigezzi, Phys. Rev. C 77 061304 (2008)

 D. V. Shetty, S.J. Yennello and G.A. Souliotis, 
Phys. Rev. C 76 024606 (2007),
 D. V. Shetty et al., J. Phys. G 36 075103 (2009).
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Neutron Star 

208Pb 

1.4 x 10 -17 km 

~ 20 km 

Clustering in the Skins of Leptodermous Systems 

PASTA 



Is Clusterization of Low Density Skins the Explanation for  
  Light Particle Accompanied  or “Ternary” Fission 

252 Cf - Thesis  T U Darmstadt 

Low Density At Scission Point 



Ternary fission Yields  

• Thesis data of 
U. Koester, 

     TU Berlin 

         1999 

• nth induced 
ternary fission 
of 242Pu 

 



YIELD FIT  
– Nuclear Statistical Equilibrium (B. Meyer, Clemson) 
   Plus Time Dependent Nucleation (Demo et al.} 

T = 1.38 MeV,  Rho =4.6e-04 fm-3, Yp = 0.34, t = 3 x10-20 sec 
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Does clustering affect the neutron skin thickness and 
Hence the determination of symmetry energy slope  
                             at normal density? 

A  Comment -NEUTRON SKINS AND SYMMETRY ENERGY 



• Summary 

For near symmetric nuclear matter at densities ~.03≤  ρ/ρ0  ≤  0.2  We  

 

• Measured Alpha Mass Fractions, Equilibrium constants-Tested 
Astrophysical Equations of State 

 

• Determined Density dependence of Binding energies - Extracted Mott 
Points 

 

• Determined Symmetry Free Energies-Symmetry Energy Coefficients 

 

•  Found Good overall agreement with model which includes clusterization 
and  in-medium effects on clusters. 

 

• For Ternary Fission we are exploring a NSE Model Approach based on 
clustering in the nuclear skin- Low Density at Lower Temperature 

• Thank You 
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