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Caloric Curve:
Au+Au, 600MeV/u
12C,18O+natAg,197Au, 30-84MeV/u

22Ne+181Ta, 8MeV/u



There is a mass dependence clearly 
shown in the Caloric Curves 
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1. Introduction1. Introduction
Definition of  Temperature 

1.Statistical mechanics: 
with fixed number of particles N at an energy E

2.The kinetic theory of gases :
In a classical ideal gas,  the temperature is related to its 
average kinetic energy
<Ek >=number of degree of freedom * 1/2kB T



Heavy ion collisions at intermediate and 
high energies 

Projectile
Target

?

T=?

Detectors

dense, hot, and 
asymmetric nuclear 
matter

Equation of State
Of Nuclear Matter
E(,T



The concept of temperature has been used in nuclear systems seventy years ago.

 From compound nuclei (  0 , T1-2 MeV,)

hot nuclei(  0 ,T>5 MeV), 

highly excited nuclei (  30 ,T>5 MeV)

asymmetrical highly excited nuclei

(  30 ,T>5 MeV, >0)

Nuclear equation of state (EOS)


 

≠
 

0 ,  T > 0, 
 

>0

E(, T, ) = ?,       How to determine T 

in theory ?



Thermometer determination


 

Kinetic approaches, Based on the canonical ensemble
Slope thermometer                                G. D. Westfall, Phys. Lett. B 116, 118 (1982).

Fluctuation temperature               S. Wuenschel et al., Nuclear Physics A 843, 1 (2010).


 

Population approaches, Based on the grand-canonical 
ensemble, 
Double ratios of isotopic yields          S. Albergo et al., Nuovo Cimento A 89, 1 (1985).

Population of excited states            D.J. Morrissey et al., Phys. Lett. B 148, 423 (1984).

Isobaric yields from a given soure        M. Veselsky et al., Phys. Lett. B 497, 1 (2001).




 

Kinetic energy approaches

Originally proposed in 1937 in case of n‐induced reactions
(Maxwell‐Boltzmann distribution)

Slope thermometer
Westfall, PLB 116, 118 (1982)
Jacak et al., PRL 51, 1846 (1983)

Fluctuation thermometer
Wuenschel et al., NPA 843, 1 (2010) 
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Slope thermometer

The slope temperature is 
 extracted by fitting the 

 slope of the particle spectra

Westfall et al, PLB 116, 118 (1982)

Jacak et al., PRL 51, 1846 (1983)

The spectra shape can be 
Influenced by collective 
dynamical effects 



Fluctuation thermometer

Wuenschel et al., NPA 843 (2010) 1

Using the momentum fluctuation, 
the nuclear temperature can also 
be derived.




 

Population of excited states

The ration of the populations of 2 states

Correction: decay, 

final‐state interaction,…
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Morrissey et al., PLB148, 423 (1984)



density

Ratio between the 2 different emitted fragments

Temperature

Double ratios of isotopic yields

S. Albergo et al., Nuovo Cimento A 89, 1 (1985)



F.S.Zhang and L. X. Ge,
HEPNP 16(1992)666



Pochodzalla et al., ALADIN, 
PRL75(1995)1040

W.F.Li, F.S.Zhang, L.W.Chen
HEPNP25(2001)538





Review PaperReview Paper
 Kelic, Natowitz, Schmidt, EPJA30(2006)203Kelic, Natowitz, Schmidt, EPJA30(2006)203



2. Theoretical Model2. Theoretical Model

t
200 fm/c

hot nuclear system excited pre-fragments final products

50 fm/c
de-excitation

v=0.1-0.5c

Projectile
Target

v=0.1-0.5c

Projectile
Target

Multifragmentation

Isospin-dependent Quantum Molecular Dynamics model statistical decay model (GEMINI)

THERMAL SHOCK
  COMPRESSION

FREEZEOUT

SEPARATION

SECONDARY
  EMISSION

             EXPANSION
PRE-EQUILIBRIUM   EMISSION
EQUILIBRIUM EMISSION ?



mean field (corresponds to interactions)
MDISymCoulYukloc

z UUUUUU ),( 
Uloc :  density dependent potential

UYuk: Yukawa (surface) potential          

UCoul: Coulomb energy

USym: symmetry energy 

UMD: momentum dependent  interaction

two-body collisions + pauli blocking

initialization 

coalescence model

Gemini

Isospin dependent quantum molecular dynamics model + Isospin dependent quantum molecular dynamics model + 
GeminiGemini



To check the model

Charge distributions, multiplicities, and the energy spectra



J. Su and F. S. Zhang, PRC 84 037601 (2011)

3.Results and Discussion
Charge and Zbound distributions <MIMF > and Zmax /Zp ~ Zbound /Zp







Istopic
 

dependence of nuclear Temperature

The isotope temperatures 
show a smooth fall with 
increasing Zbound /Zp for 
the reactions

TheTHeLi for the 
neutron-rich projectiles 
are larger than those for 
the neutron-poor 
projectiles

N/Z 

J. Su and F. S. Zhang, PRC 84, 037601 (2011)



A

N/Z

With A decreasing，
T increasing;

With N/Z increasing, 
T increasing

N/Z and mass dependence of THeLi

J. Su and F. S. Zhang, PRC 84, 037601 (2011)



Tslop
 

and THeLi
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Tslope > THeLi

Tslope

THeLi

Odeh et al. PRL, 84.4557 (2000)



How to distinguish the Fermi motion ?
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Kinetci energy including：thermal, Fermi motion, Collective flow+ Coulomb

Etot= Ethermal +EFermi +Eflow +ECoulomb

Tslop and T’slop

Su, Zhu, Xie, Zhang, PRC 85, 017604 (2012)

Fermi-Dirac



W. Bauer,  
PRC52(1995)803







To compare the 3 nuclear thermometers

Assumption: the traditional definition of temperature is suitable.
Systems:      central heavy-ion collisions (Xe+Sn, Au+Au)
Energy:        30 - 80 MeV/u
Observable: difference between THeLi and Tslope (Tflu )

Maxwell distribution: T>THeLi
Fermi distribution:     T~THeLi

Su, Zhu, Xie, Zhang, PRC 85, 017604 (2012)



T_Maxwell T_Fermi>

TMaxwell
 

>  TFermi
 

~  THeLi

T_HeLi~

Su, Zhu, Xie, Zhang, Phys. Rev. C 85, 017604 (2012)



Haberland et al., Eur. Phys. J. D9, 1999, 1 
Schmidt, Kusche, Issendorff, and Haberland, Nature, 393,238 ,1998

For sodium Clusters Nan
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Heat capacity of Na+
139 is plotted against the T

Haberland et al., Eur. Phys. J. D9, 1999, 1 
Schmidt, Kusche, Issendorff, and Haberland, Nature, 393,238 ,1998



4. Conclusions and outlooks 
1. To verify different methods for determination of T:

kinetic energy method, population of excited states, 
double ratios of isotopic yields

2. In each method, to know the reliability for different 
conditions

3. New methods are welcome for determination of T 
and it is still very far to get a  proper definition of 
liquid-gas phase transitions in nuclear system

Thank you for your attention !
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