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The Phases of Nuclear Matter
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Caloric curves and critical hehavior in nuclei

J. B. Natowitz, R. Wada, K. Hagel, T. Keutgen, M. Murray, A. Makeev, L. Qin, P. Smith, and C. Hamilton

Cyclotron Institute, Texas A&M University, College Station, Texas 77845
(Received 19 June 2001; published 4 March 2002)

Data from a number of different experimental measurements are used to construct caloric curves for five
different regions of nuclear mass. These curves are qualitatively similar, and exhibit plateaus at the higher
excitation energies. The limiting temperatures represented by the plateaus decrease with increasing nuclear
mass, and are in very good agreement with results of recent calculations employing either a chiral symmetry
model or the Gogny interaction. This agreement strongly favors a soft equation of state. Evidence is presented
which suggests that critical excitation energies and critical temperatures might be determined from caloric
curve measurements when the mass variations inherent in such measurements are taken into account.

DOL: 10.1103/PhysRevC.65.034618 PACS number(s): 24.10.—i, 25.70.Gh
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1. Introduction

Definition of Temperature

1.Statistical mechanics:
with fixed number of particles N at an energy E
1 9S(E, Npart) _ 9Inp(E, Npart)

T OF oD

2.The Kinetic theory of gases :
In a classical ideal gas, the temperature Is related to its
average Kinetic energy
<E,>=number of degree of freedom * 1/2kgT



Heavy 1on collisions at intermediate and

high energies
dense, hot, and

asymmetric nuclear /‘
matter o © L
@—»@ ? &
Projectile
Target @/*
Detectors
T=2 Equation of State

Of Nuclear Matter
E(po,T,0)=7




The concept of temperature has been used in nuclear systems seventy years ago.
® From compound nuclei (p = p,, T*1-2 MeV,)
— (P~ po.T>5 MeV),
m) highly excited nuclei (p ~ 3py, T>5 MeV)
‘ asymmetrical highly excited nuclei
(p = 3py, T>5 MeV, 5>0)

® Nuclear equation of state (EOS)f

p;épo; T>Oaw

E(p, T, 0) =7, How to determine T

In theory ?



Thermometer determination
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® 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)

dY E
= f(E,. )exp[——Xn
dEkin ( kln) p[ T

]

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

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



Slope thermometer

The slope temperature is
extracted by fitting the
slope of the particle spectra

The spectra shape can be
Influenced by collective
dynamical effects

do/dE (arb, units)

=6

Westfall et al, PLB 116, 118 (1982)
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Fluctuation thermometer

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

(02) = f &*p(2P2 — P}’ f(p)

o’ = 12m TZZ(QA)

Wuenschel et al.,, NPA 843 (2010) 1
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e Population of excited states

The ration of the populations of 2 states
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Double ratios of isotopic yields

3/2,

Vo \3 T

density

Ratio between the 2 different emitted fragments

Y(A.Z)  p(AZ) (A)m A3\ A

Y(A,Z')  p(A,z")  \A 2
WA Z) g Az (A2
w(A",Z") ppF PnF

B(A,Z) - B(A, Z"))

- exp
T Thers = 13.3 MeV/ In (2.2 Youi/ ?“ )
Temperature ( w Yme)
V(A ZV/Y(A 1. 7 1 Thepa = 18.4 MeV/ In S'Sﬁ
T:(ABl—ﬁBz)/lﬂl( ) e
Y(As,Z5)/Y (A2 + 1,75+ 1) Titear = 143 MeV/ In (1.6173;/1; )
3/9 e He
] ((Al +1)- AQ) / Tgeri = 11.3 MeV/ In (1.8?‘38;§Lf)
Ay - (As+1) Yaie/Y?;
(w(Al +1,71 + 1) - w(As, zg)) Tonoine = 142 MeV/1n (227300 )
w(A,71)  -w(As+ 1,725+ 1) Tei = 11.5 MeV/ In (59;:2;;2)
S. Albergo et al., Nuovo Cimento A 89, 1 (1985) Tee = 138 MeV/In (7.977</ 0 )
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A New Interpretation for ALADIN Caloric Curve ™

LI Wen-Fei''? ZHANG Feng-Shou''*' CHEN Lie-Wen''”

1 [ Cenrer af Theoretical Nuclear Ph;src.f . National Laborarorv of Heawvy Ton Accelerarnr , lanzhom T30000, (Chine )

2 { Institnze of Modern Phasics . The Chinewe Acaderny of Sciences . Lanzhopr 730000, China )

3 L CCAST ( Wordd abaratary) DBeijing 100080, China )
Abstract Within the framework of Hartree-Fock theory with extended Skvrme effective inrerac-
tion., the excitation energy as a function of temperature and density was investigated and used 1o anna-
lvse the ALAIJN calaric curve. Our work began on the assumption that the temperature plateau of
ALAIDIN calaric curve was resulted from the compression excitation energy. The thearetical calcula-
tions with this assumprion were in good agreement with the AILLAIJIN caloric curve. which indicates
that our assumption is reasonahle, i.e. . rthe temperature plateau of ALADIN calanc curve is resulted
from the compression excitation energy, and liguid-gas phase transition isn’t the only interpretation

for the ALAIDIN caloric curve. Therefore, we provided a new interpretation for the AL ADIN caloric

curve. 12 .
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Fig. 1a,b. Pressure-density isotherms for nuclear matter (a) and 197 Au (b). Ln(Sg) LH(S‘B)

In both figures, the coexistence line (long dotted-dashed) is defined as the
boundary of two phase regions in thermodynamic equilibrium and the spin-
odal lines (dotted-dashed) are defined as the isothermal incompressibility

Fig. 5a,b. The scatter plots of the correlation between Ln 53 and Ln S
a, and the correlation between Ln (Z 7 4 x) and Ln S5 b, for the spinodal,

_ the super heated liquid, the hot liquid regions and their mixing for '*7Au
vanish at T=6 MeV
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Nuclear thermometry

A. Keli¢!#, J.B. Natowitz?, and K.-H. Schmidt!
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? Department of Chemistry, Texas A&M University, College Station, TX 77842, USA
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Abstract. Different approaches for measuring nuclear temperatures are described. The quantitative results
of different thermometer approaches are often not consistent. These differences are traced back to the dif-
ferent basic assumptions of the applied methods. Moreover, an overview of recent theoretical investigations
is given, which study the quantitative influence of dynamical aspects of the nuclear-reaction process on
the extracted apparent temperatures. The status of the present experimental and theoretical knowledge is
reviewed. Guidelines for future investigations, especially concerning the properties of asymmetric nuclear
matter, are given.

PACS. 24.60.-k Nuclear reaction: general: Statistical theory and Auctuations — 05.70.Fh Phase transitions:

general studies — 25.70.-z Low and intermediate energy heavy-ion reactions — 21.10.Ma Level density



2. Theoretical Model

hot nuclear system excited pre-fragments final products
" @ @ [~ . o/
v=0.1-0.5c .‘E: & . o
&0 | & © 1
Projectile Target a g .
Multifragmentation de-excitation t
>0 fmie 200 fm/c

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

THERMAL SHOCK FREEZEOUT SECONDARY
COMPRESSION EMISSION

EXPANSION SEPARATION

PRE-EQUILIBRIUM EMISSION
EQUILIBRIUM EMISSION ?



Isospin dependent quantum molecular dynamics model +
Gemini

® mean field (corresponds to interactions)

U(p,z,)=U"* +U™ +u“ + U +uy ™!
U'ec: density dependent potential

UYuk: Yukawa (surface) potential

UCoul: Coulomb energy

USYm: symmetry energy

UMDP: momentum dependent interaction

® two-body collisions + pauli blocking
° initialization
® coalescence model

® Gemini



To check the model
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Odd-even effect in heavy-ion collisions at intermediate energies
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Charge and Z,,,,,4 distributions

3.Results and Discussion
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Istopic dependence of nuclear Temperature

o '%Sn Exp. 71
A '*sn Exp. 1

o "*La Exp.
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How to distinguish the Fermi motion ?

Kinetci energy including: thermal, Fermi motion, Collective flow+ Coulomb

Etot= Ethermal +Erermi +Eflow +Ecoulomb
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Temperatures of fragment kinetic energy spectra
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Multifragmentation reactions without large compression in the initial state (proton-indnced re-
actions, reverse kinematics, projectile fragmentation) are examined, and it is verified gquantitatively
that the high temperatures obtained from fragment kinetic energy spectra and lower tempceratures
obtained from observables such as level population or isotope ratios can be understood in a common
framework.
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FIG. 2. Apparent temperature of fragment kinetic energy
spectra {in units of the Fermi energy) as a Munction of the
temperature, Tin of the Fermi gas. Solid line: numerical so-
lution of Eq. {8} inserted intoc Eq. (7}. Dashed line: analytic
appreoximation, Eq. {11). .
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Nuclear temperatures from Kinetic characteristics
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The kinematic characteristics of fragments are investigated using the isospin-dependent quantum molecular
dynamics model accompanied by the statistical decay model GEMINI. The temperatures of single multifrag-
menting sources formed in those central heavy-ion collisions are extracted by two methods based on classical
kinetic approaches. Differences between the slope temperature and the quadrupole temperature are discussed.
Taking into account the Fermi-Dirac nature of finite nuclear systems, we derive the quantum temperatures. The

quantum slope temperatures are lower than the isotope temperatures Ty ;. The quantum quadrupole temperatures
are higher than the isotope temperature.
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the present simulations {(cal.) and experimental data (exp.) [9] for
Au + Ao central collisions at 35 MeV /nucleon.



Temperature (MeV)

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 TreLi and Tsiope (Ttiu)
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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 1t 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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