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The �r st version of AMD (before 1995)
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Wave packet motion in the mean �eld

H: Effective Hamiltonian

+ Two-nucleon collisions (as in other simulation methods)
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Nuclear structure
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Stati stics in AMD

Solve the time evolution of many nucleon system contained in a box.

Statistical ensemble (E, V)

Energy balance between liquid and gas

Internal energy of nuclei: (E=A)liquid

Energy of gas nucleons: Egas = 3
2 T
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How to get quantum stati stics

Fluctuation or stochasticity. (Ohnishi and Randrup)

Dynamics of wave packet widths. (Schnack and Feldmeier)

Quantum branching ( dynamics of wave packet shape. (Ono and Horiuchi)

c + c + c + ...1 2 3

t

Initial State

Branching

AMD wave function for each branch
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Stochastic equation of motion

d
dt

Zi = fZi , H gPB + (NN coll) + � Zi(t)

ACS Meeting (2004.08.25) – p.5/20



Mean �eld + Quantum branc hing

At each time step t0, for each wave packet k,. . .

Mean �eld propagation for t0 ! t0 + � + Branching at t0 + � � : Coherence time
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Stati stics in AMD

Solve the time evolution of many nucleon system contained in a box.

Statistical ensemble (E, V)

Energy balance between liquid and gas

Internal energy of nuclei: (E=A)liquid

Energy of gas nucleons: Egas = 3
2 T
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Stud y of liqui d-gas phase transition

Microcanonical ensemble ( Long-time solution of AMD

(E, V, N = 18, Z = 18)
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Caloric cur ve by AMD
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AMD results for fragmentation

40Ca + 40Ca at 35 MeV/u, b = 0

Experiment
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Isoscali ng in dynamical collisi ons

Can we �nd any “equilibrium” in dynamical collisions?

Isoscali ng

— Fragment yeilds from two systems

1: 40Ca + 40Ca at 35 MeV/u

2: 60Ca + 60Ca at 35 MeV/u
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/ e� N+� Z

The fragment isospin composition is

largely governed by a statistical law.
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10-2

10-1

100

101

102

0 2 4 6 8 10 12
N

Y
60

(N
,Z

) 
/ Y

40
(N

,Z
)

Gogny-AS

60Ca + 60Ca  /  40Ca + 40Ca

e1.60 N ± 2.06 Z
10-2

10-1

100

101

102

Y
60

(N
,Z

) 
/ Y

40
(N

,Z
)

Gogny e1.83 N ± 2.31 Z

ACS Meeting (2004.08.25) – p.11/20



A statist ical relation in the sim ulat ion results

A statistical relation between

the isoscaling parameter �

the fragment isospin asymmetry (Z=A)2
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Fragment yields and nuclear free energies

Isoscaling Y(1)
NZ=Y(2)

NZ / e� N+� Z

Relation �= � (Z=A)2 = 4C=T
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Liquid drop form GNZ(T, P) = f (A)A + c(A)
(N � Z)2

A
+ Coulomb
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Fragment yields ) Symmetr y energy

Yi(N, Z) from many systems

i = 1: 40Ca + 40Ca

i = 2: 48Ca + 48Ca

i = 3: 60Ca + 60Ca

i = 4: 46Fe + 46Fe

By employing isoscaling,
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Binding energies (T = 0)

� BE(N, Z) + 8A MeV ( AMD/Gogny
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Shell, pairing and clustering effects are stronger than K(N, Z).
) Fitting is not easy for the binding energies.

The AMD ground state masses are �tted by a liquid-drop formula:

� BE(N, Z) = avA + asA2=3 + acZ2A� 1=3 + [cv + csA� 1=3]
(N � Z)2

A
+ f� , 0g�=A� 1=2

av = � 14.6, as = 14.9, cv = 30.9, cs = � 35.2, ac = 0.65, � = 10.1 in MeV
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Size dependence of symmetr y energy
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Why is the surface effect missing?

Because of �nite T?

GNZ(T, P) = f (A, T, P)A + c(A, T, P)
(N � Z)2

A
+ Coulomb

f (A, T, P) = av(T, P) + as(T, P)A� 1=3, c(A, T, P) = cv(T, P) + cs(T, P)A� 1=3

cs(T) =
�
1 �

� T
Tc

� 2� 2

cs(T= 0) � 0.9 � cs(T= 0) for T = 3.4 MeV

Lattimer et al., NPA535, 331(1991)

Because of the fragmentation dynamics?
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Summar y

AMD with quantum branching

Quantum statistics

E� � aT2, Liquid-gas phase transition

Fragmentation in dynamical nuclear collisions

Nuclear collisions ) Isoscaling and symmetry energy

Symmetry energy at � � 0.08 fm� 3 for T � 3.4 MeV

Surface effect is weak for the symmetry energy.

) Y(N, Z) is directly related to bulk symmetry energy.
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A relation under equilibrium

under given T!$P!$(Ntot
i , Ztot

i )
Yield of nucleus (N, Z)

Yi(N, Z) = Y0i exp
h
�

�
Gnuc(N, Z) � � niN � � piZ

�
=T

i

Gnuc(N, Z; T, P): Free energy of a nucleus

Isoscaling

Y2(N, Z)=Y1(N, Z) / e� N+� Z

� = (� n2 � � n1)=T

� = (� p2 � � p1)=T

For each Z, the most probable value of N: N̄i(Z)

@
@N

[Gnuc(N, Z) � � niN � � piZ]
����
N=N̄i (Z)

= 0

+ (i = 1) � (i = 2)

�

[Z=Ā1(Z)]2 � [Z=Ā2(Z)]2
= 4C(Z)=T C(Z) � cv + cs Ā(Z)� 1=3

Gnuc(N, Z) = avA + asA2=3 + acZ2A� 1=3+[cvA + csA2=3]
� N � Z

A

� 2

+ � � �
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Lang evin- like equation of motion

Equation of motion for the wave packet centroids

d
dt

Zi = fZi , H g+ � Zi(t) + �
�
Zi , H +

X

m

� mQm

�
+ NN-Collision

If Zi were canonical for simplicity,

fZi , H g=
1
i~

@H
@Z�

i

� Zia(t) = 0, � Zia(t)� Z jb(t) = Diab(t)� i j � (t � t0)

(Zi , H 0) =
1
~

@H 0

@Z�
i

Legendre parameters � m are determined so that Qm are not

changed by the (Zi, H 0) term.

� is determined by the total energy conservation.
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