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Nuclear Liquid-Gas Phase Transition

� Phase Diagram
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� Caloric Curve

J.Pochadzalla et al.,

PRL75('95),1040.
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Problem:

If L.G.P.T. is responsible

for Multifragmentation,

Statistical Property is Essential.

! Can we understand it

in Microscopic Transport Models ?



Microscopic Transport Models

to Nuclear Multi-Fragmentation

� (Semi-)Classical M.D.-type Models

A.O. and J.Randrup, NPA 565('93),474.

c.f. Schnack-Feldmeier, NPA 601('96), 181.

Ono-Horiuchi, PRC 53('96), 2341.

? Equation of Motion

_
r =

@H

@p

_
p = �

@H

@r

? Partition Function

Z =

Z

d� exp(��H)

0

1

2

3

4

5

0 1 2 3 4 5

E
xc

ita
tio

n 
E

ne
rg

y 
/ P

ar
tic

le

Temperature = 1/β

Harmonic Oscillator

A=1
A=2
A=3
A=4

AMD
Classical
Quantum

! E

�

/ T � 1=� even at low T

! Too Small T (' Strength of Flucts.) at a given E

� Transport Models with Fluctuations

1. Boltzmann-Langevin Approach

2. AMD-V (Ono-Horiuchi)

3. Quantum Langevin Model (Ohnishi-Randrup)



Quantum Stat. Mech. of Wave Packets

Energy Fluctuation of Wave Packets
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� Partition Function in Wave Packet Basis
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� Harmonic Approximation
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Soluble Example

� One Particle in a Harmonic Oscillator
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� � � Larger Fluctuations + Intrinsic Distortion = Exact

� Fermions in a Harmonic Oscillator

(A.O. and J.Randrup, NPA 565('93),474.)
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Statistical Properties of Nuclei

( A.O. and J.Randrup, PRL 75('95),596;AOP 253('97),279;

A.O. et al., Proc. NN97, NPA, in press. )

? Equilibrium in a Sphere R = r

0

A

1=3

(r

0

= 2:0 fm)

? AMD w.f. and H (Volkov)

? Harmonic Approx.

? Metropolis Sampling

� Caloric Curve
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Quantal Langevin Equation at Fixed T

� Equilibrium Distribution
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� Equivalent Langevin Equation at Fixed E
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Thermal Fragmentation of Nuclei

(A.O. and J. Randrup, PL B394('97), 260)

? Equilibrium in a Box with Periodic B.C.

? Time-Average by using QMD (Gogny) +Q.L.

� Mass Dist. at Fixed T
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Quantal Langevin Equation at Fixed E

� Equilibrium Distribution � � � Q. Microcan.
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Soluble Example

� Distinguishable Particles in a Harmonic Oscillator

(A.O. and J.Randrup, AOP 253('97),279.)

? Number of States = Phase Volume
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� Example of Energy Fluctuation
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Multifragmentation from Au+Au

� MSU/ALADIN Data |

E

inc

and b-dependence of IMF Multiplicities

M.B.Tsang et al., PRL 71 ('93), 1502.

A.O. and J. Randrup, PL B394('97), 260.

c.f. Iwamoto et al. PTP 98('97),87.

Barz et al. PLB 359('96),261.
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� FOPI Data |

IMF Multiplicities and Z Distribution

W. Reisdorf et al., NP A612 ('97), 493

? IMF Multiplicities
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� Cluster-Cluster Scattering

Danielewicz and Bertsch, NP A533 ('91), 712: (d, t, h)

Ono et al., PRC 47 ('91), 2652: (N�)

Y. Nara et al. PL B346 ('95), 217: (K
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* Seed of IMFs 
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� Light Charged Particle Multiplicity

� � � Large underestimate for A=3
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SUMMARY & OUTLOOK

� Quantal Langevin Model

? Based on the energy uctuations of wave packets,

which are not energy eigen states.

? Dynamical Relaxation to Quantum Stat. Equil.

? Larger Fluctuations (Quantum & Statistical)

+Intrinsic Distortion (Smaller Excitation Energy)

Enhancement of Stable Dynamical Fragments

� Achievements

a. Caloric Curve (Liquid ! Gas)

b. Thermal Fragmentation (Critical behavior)

c. Dynamical Fragmentation (Au+Au)

� Remaining Problems

? Mobility TensorM cannot be determined only from

stat. requirements.

? Light Charged Particle (LCP) formation (d; t;

3

He; �)

Underesitmate by a factor of 4 � 10 for A = 3

! Coalescence ?


