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The disassembly of hot classical charged drops containing -230 and 130 particles is studied with

the molecular dynamics method. The strength of the Coulomb repulsion is chosen so that these

drops have a binding energy formula similar to that of nuclei. The phase diagram of neutral matter,

obtained by switching off the Coulomb force, is also similar to that of nuclear matter. In addition to
the total-vaporization, fragmentation, and evaporation modes of the disassembly of neutral drops,
the charged drops also break by multiple and binary fission. The liquid-gas phase transition plays

an important role in the multiple fission of expanding charged liquid drops. There also appears to
be a window in the initial conditions in which binary fission followed by a density oscillation is the

dominant mode of breakup. The multiple and binary fission breakups are due to the Coulomb

forces, and they yield more massive clusters with relatively few small clusters with -10 particles.

The higher energy fragmentation and total vaporization modes are not significantly influenced by

the Coulomb forces. They are primarily due to the liquid-gas transition, aqd their yields decrease al-

most monotonically with the number of particles in the cluster.

I. INTRODUCTION

Recent measurements of nuclear fragmentation in high
energy proton-nucleus' and heavy-ion collisions ' have
stimulated theoretical interest in the problem of the
disassembly of small hot liquid drops. The disassem-

bly of hot nuclei is rather difficult to study microscopical-
ly due to their quantum nature, particularly the Fermi
statistics and the exchange character of nuclear forces. 9

Nevertheless, many thermodynamic arguments, indepen-
dent of either the quantum nature or the details of nuclear
forces, are used to discuss this phenomenon with the hope
that the macroscopic equation of state and the liquid-gas
phase transition play an important role. ' Due to the
highly dynamic nature of the phenomenon and the small
(-200) number of particles involved, it is not obvious
that we can use the equation of state of extended matter in
thermodynamic equilibrium to discuss the disassembly.
In order to gain a better understanding of the relevance of
the equation of state and the liquid-gas transition, for the
disassembly of smaH hot liquid drops, Vicentini, Jacucci
and Pandharipande' (Ref. 10 will henceforth be denoted
by I) studied the time evolution of hot drops of Argon
containing -200 atoms by classical molecular dynamics.
If we ignore the solid phase, which does not seem to play
an important role in the disassembly, the phase diagram
of atomic argon (Fig. 1) is similar to that of nuclear
matter. ' However, we note that in this study the classical
liquid argon drops are not intended to be mock nuclei, but
instead to provide simple systems whose time evolution
can be calculated exactly by solving Newton's equations
of motion.

The initial state used in I is a sphere containing the
prescribed number of atoms, artificiaHy cut out of extend-
ed uniform matter at a specific density and temperature.
The main conclusions of I may be summarized as follows:
The initial expansion of the central matter in the drop is
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FIG. 1. The phase diagram of neutral matter, and the
schematic trajectories of violent evaporation (solid lines), frag-
mentation (dashed lines), and total vaporizaticn (dash-dot line)
of neutral drops having -230 particles. The coexistence curves
are labeled CE and (SI ) for solid liquid, (LV) for liquid vapor,
and (SV) for solid vapor. The curves ITS and AS show the iso-
thermal and adiabatic spinodals. Density and temperature are
in argon natural units.

almost adiabatic. If the energy per atom (denoted by e) is
small, the expansion is small, and the matter cools by

evaporation and recontracts. Density oscillations are

highly damped. The magnitude of the expansion in-

creases with e, and large density inhomogeneities develop

when the expanding matter enters the region of adiabatic

instabiHty. This region is enclosed by the "adiabatic spi-
nodal" (AS) curve in the phase diagram (Fig. 1). If the

average central (AC) density p~c of the matter in the inte-
rior of the drop (called central matter in I) stays greater
than ——, of the liquid density, the liquid matter stays
connected. At the maximum of the expansion it resem-
bles a liquid blob with a very crooked shape. This blob re-
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laxes back to spherical shape; the released surface energy
causes significant evaporation. Events of this type
were called "violent evaporation" in I. Trajectories
of evolution in the pic, T~c plane (TAc denotes the tem-
perature of central matter) for typical neutral events are
shown in Fig. 1.

If e is so large that the expansion drives the average
density to values & 0.2 liquid density, the blob breaks and
fragmentation occurs. Generally, a drop with -230
atoms broke into several clusters containing 10 to 60 par-
ticles. If e is very large the expanding matter goes above
the AS as illustrated in Fig. 1, and totally vaporizes.

In the present work we study the effect of a long range
Coulomb repulsion on the disassembly of the hot drop. A
q /r;J term of appropriate strength is added to the inter-
atomic potential. The strength of the repulsion is adjusted
so that liquid argon drops having -300 atoms are unsta-
ble against fission. The disassembly of hot charged liquid
drops has fission modes in addition to those of evapora-
tion, fragmentation, and vaporization.

The Hamiltonian of the charged drops and the details
of the calculation are given in Secs. II and III, and the re-
sults are presented in Sec. IV.

II. THE HAMILTONIAN

The time evolution is calculated with the molecular
dynamics method' using the Hamiltonian:

0= g p; /2m+ g [u(r,))+q /r, j]j, (2.1)

=0 for r ~ 3 . (2.2)

The natural units for energy and length of the argon in-
teratomic potential are 119.8 K and 3.405 A. Neutral
matter is defined as is nuclear matter by switching off the
Coulomb potential. The equation of state of neutral
matter is given in I, and the phase diagram is shown in
Fig. 1.

The natural unit of length is approximately the mean
interparticle distance at equihbrium. The equilibrium
density in natural units is —1; it is 1.04 for argon solid at

where A is the total number of particles in the drop, and

U;J is a truncated Lennard-Jones (LJ) 6,12 potential:

u(r;1)=4(r ' —r ) —4(3 ' —3 ) for r &3,

TABLE I. Cluster yields of D events. Tables I—IV show results of calculations of the disassembly of
charged droplets. Each line is an event, and the events are in order of increasing energy. The events are
labeled in the fashion described in Sec. III. Cluster populations are given for the system after 6000 time
steps, and are divided into light {A g7) and heavy (A &7) categories. Light cluster populations are
given by N& —X6, where N; is the number of clusters of size i. Heavy cluster populations are given in
an explicit list of the cluster sizes present. An asterisk on a heavy cluster, such as 202 in event
D( —0.96, 0.78), indicates that the cluster has a growing deformation and hence is likely to fission. E&

is the average monomer kinetic energy after 6000 steps.

Event (e, T;)

D( —1.26, 0.68)
D( —1.25, 0.67)
D( —1.24, 0.67)
D{—1.22, 0.67)
D( —1.18, 0.67)
D( —0.99, 0.78)
D( —0.97, 0.78)
D( —0.97, 0.77)
D( —0.96, 0.78)
D( —0.96, 0.78)
D( —0.90, 0.78)
D( —0.75, 0.88)
D( —0.74, 0.90)
D( —0.69, 0.82}
D( —0.65, 0.88)
D( —0.63, 0.88)
D( —0.62, 0.89)
D( —0.59, 0.88)
D( —O. S8, 0.82)
D( —0.19, 1.10}
D(0.42, 1.32)
D(1.16, 1.56)
D(1.63, 1.77)
D(2.45, 2.22)
D{4.74, 2.88)
D(6.23, 3.53)

2.39
1.91
2.46
2.60
2.19
2.11
2.23
2.31
2.31
2.72
2.39
2.33
2.04
2.33
1.98
2.03
2.67
2.04
1.92
2.44
2.82
3.27
3.26
4.52
6.65
8.78

17,0,0,0,0,0
20, 1,0,0,0,0
20, 1,1,0,0,0
19,0,0,0,0,0
12,0,0,0,0,0
16,0,0,0,0,0
17,3,0,0,0,0
15,0,0,0,0,0
13,0,1,0,0,0
23,2,0,0,0,0
27,0,0,0,0,0
27,0,0,0,0,0
22,2,0,0,0,0
24, 1,0,0,0,1

19,0,0,0,0,0
32,3,0,0,0,1

29,2,0,0,0,0
2S,1,0,0,0,0
29,2,0,0,0,0
39,4,0,1,0,0
47,2,0,1,1,1

50,6,1,0,2,0
66,5,5,1,1,0
64,9,6,3,2,2
96,13,4,3,3,2
85,17,10,7, 1,1

Heavy

211
204
203
208
67,147
87,128
87, 119
92,124
68,143
202*
206*
23,36,57,86
17,78,110
48,67,77
21,32,39,46,73
20, 166
84, 112
22,2S,35,45,72
53,70,71
18,29,35,95
7,11,11,14,14,15,20,29,45
8,13,13,15,15,16,16,18,19,22
7,9,10,14,20,33,36
11,12,14,16,18,19
7,7,7,9,9,10,11
7,8,8,12
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T=0, and 0.82 for argon liquid at 5=0.7. With this cri-
terion the natural length unit for nuclear matter should be
1.8 fm. It is more difficult to define an analogous natural
unit of energy in nuclear matter. The binding energy is
-6 per particle in natural units; it is -8 for solid, and
-5 for liquid argon. With this criterion the natural ener-

gy unit for nuclear matter will be -2.5 MeV. However,
the critical temperature of argon is 1.3 in natural units,
while that of nuclear matter is —17 MeV.

We have used the value q =0.055 (in argon natural
units) in our work. This value is obtained by comparing
the expansion of the binding energy of solid charged ar-
gon granules, in powers of A '~, with that of nuclei.
The binding energy per atom of a cold neutral hexagonal
close-packed (hcp) argon crystal, with the truncated I.J
potential is —8.3. The energy of a surface parallel to hcp
planes is 2.37 per unit area, and the unit radius ~o ——0.61.
From these we obtain the binding energy formula:

E/A ——8.3+11A-'"+0.054A' ', (2.3)

that is not too different from the nuclear binding energy
formula:

E/A ——15+ 18A 'i +0.12A i (MeV) . (2.4)

Both equations (2.3) and (2.4) are rather crude. In (2.3}we
have used the energy of a surface parallel to the hexagonal
Bravais planes instead of that of a truly spherical surface,
while in (2.4} we have approximated the dependence of
nuclear binding energies on neutron and proton number
by taking the proton fraction to be 0.4.

The surface tension of liquid argon at the melting tem-
perature T=0.7 is estimated" to be 1.28. In fact this is
the tension of the planar interface between vapor and
liquid phases in equilibrium. Thus using it for a quasi-
stable (or evaporating) surface dividing the liquid phase
and vacuum is an approximation. We note that the sur-
faces involved in the study of dissociation of hot drops are
at best quasistable. Empirically the surface tension of
liquids at temperature T is given by

o(T)=~o[pi. (T) pG(—T)] (2.5)

2E(surface)
E(Coulomb)

(2.6)

At low temperatures where pG(T) is small, we can use the
equilibrium surface tension to estimate the surface energy.
At T=0.7 we obtain:

2E(surface) 290
E(Coulomb) A

(2.7)

where pz (T) arid pG(T) are the densities of the liquid and
gas phases on the coexistence curve at temperature T. At
small T the pG( T) is negligible, and the tension of the sur-
face in equilibrium may not be too different from that of
the quasistable surface in vacuum. At larger values of T,
however, the tension of an evaporating surface can be sig-
nificantly different from that of a surface in equilibrium.

The stability of charged liquid drops is given by the
classical Bohr-Wheeler criterion:

Event (e, T;)

TABLE II. Cluster yields of 8 events. See the caption for Table I.

Light Heavy

8( —1.96, 0.47)
8( —1.37, 0.68)
8( —0.99, 0.91)
8{—0.95, 0.90)
8( —0.89, 0.90)
8( —0.84, 0.88)
8( —0.84, 0.90)
8{—0.44, 1.14)
8( —0.36, 1.13)
8( —0.32, 1.12)
8( —0.28, 1.15)
8( —0.20, 1.12)
8( —0.14, 1.26)
8( —0.03, 1.27)
8( —0.01, 1.26)
8(0.04, 1.23)
8(0.04, 1.26)
8(0.04, 1.26}
8{0.04, 1.27)
8{0.27, 1.38}
8(1.48, 1.90)
8(2.48, 2.48)
8(4.74, 3.31)
8(6.08, 4.22)
8(8.44, 5.40)
8(25.00, 13.60}

3.25
2.67
2.47
2.29
2.35
2.38
2.65
2.64
2.40
2.68
2.39
3.09
2.36
2.55
2.44
1.94
3.01
2.17
2.53
2.98
3.42
3.91
6.28
7.55
9.89
26.75

2,0,0,0,0,0
14,0,0,0,0,0
1 8,3,1,0,0,0
24,0, 1,0,0,0
34,3,0,0,0,0
27,2,0,0,0,0
27,3,1,0,0,0
43,5,1,0,0, 1

44,6,0,0,0,0
46,2,0,0,0,0
46,2,0,1,0,0
37,7,0,0,0,0
46,5,2,0, 1,0
49,4, 1,0, 1,0
43,7,3,0,0,0
42,2, 1,1,2,0
58,4,2,0,0,0
54,7,1,1,0,0
53,2,3,1,1,0
55,0,1,0,0,0
69,11,4,0,1,3
82, 11,5,2,2,3
97,24,5,3,3,4
133,18,6,5,0,0
135,17,9,2, 1,0
196,10,1,0,0,0

229
218
204
193
191
200
195
168
170
34,143
61,111
13,165
157
15,40, 104
8,35„59,60
8,10,11,54,76
12,141
66,76
8, 143
8, 10,11,30,34,38,41
7,7,8,8,12,17,18,24
7,8,9,12,12,15,15
11
12
7
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Event (e, T;)

TABLE III. Cluster yields of d events. See the caption for Table I.

Light

d( —1.17, 0.78)
d(-l. 16', 0.88)
d( —1.08, 0.87)
d(-1.08', 0.88)
d( —0.94, 1.00)
d( —0.89, 0.88)
d( —0.79, 0.88)
d( —0.70, 1.01)
d( —0.69, 1.11}
d( —0.68, 1.00)
d( —0.68, 1.00)
d( —0.57, 1.11}
d( —0.46, 1.02}
d( —0.36, 1.11)
d( —0.33, 1.11)
d( —0.25, 1.22)
d( —0.06, 1.22)
d( —0.01, 1.07)
d(0.37, 1.26)
d(1.67, 1.79)
d(2. 25, 2.18)
d(4.99, 3.51)

1.65
1.76
1.94
2.30
2.52
2.05
2.20
1.90
1.75
1.78
2.02
2.23
1.88
2.27
2.39
1.80
2.09
1.98
2.25
3.42
4.28
7.11

16,1,0,0,0,0
16,2,0,0,0,0
18,0,0,0,0,0
21,2,0,0,0,0
18,0,0,0,0,0
22,0,1,0,0,0
22, 1,0,1,1,0
27,0,0,0,0,0
24,2,1,0,0,0
27,0,0,0,0,0
20,0,1,0,0,0
19,0,0,1,1,0
24,3,0,0,0,0
29,0,1,1,0,0
26,0,0,0,0,0
26,3,0,0,0,1

28,2,0,0,0,1

30,3,0,0,0,1

40,2,0,0,1,1

34,7,1,1,2, 1

41,8,2,3,2, 1

66,9,4,3,0,0

113
ill
12,100
108
113
28,80
102
106
30,69
40,64
54,55
14,17,71
12,19,32,39
35,58
10,21,25,50
8,9,27,49
14,15,17,20,32
12,16,17,22,23
7,26,45
7,7,8,10,11,18
9,9,17
7,7,9

Event {e,T;)

TABLE IV. Cluster yields of b events. See the caption for Table I.

Light

b( —1.74, 0.72)
b( —1.34, 0.92)
b( —1.28, 0.89)
b{—1.15, 0.91)
b( —1.08, 0.87}
b( —1.06, 0.87)
b{—0.80, 1.12)
b( —0.67, 1.16)
b( —0.63, 1.14)
b{—0.62, 1.12)
b(0. 12, 1.36)
b(1.46, 1.85)
b(1.72, 2.42)
b(5.97, 4.22)

1.50
2.18
1.70
2.14
1.65
2.22
2.22
1.90
2.36
2.05
2.18
3.50
3.73
7.71

6,0,0,0,0,0
14,0,0,0,0,0
10,2,0,0,0,0
13,2,0,0,0,0
14,1,1,0,0,0
19,0,0,0,0,0
27, 1,0,0,0,0
26,3,1,0,0,0
30,2,0,0,0,0
26,2, 1,0,0,0
42,0,2,0,0,1

49,4,1,4,1,1
53,6,4,1,0,0
8 1,8,6,1,1,1

124
117
34,84
115
106
113
100
96
99
92
77
7,15,17
9,10,25

TABLE V. Cluster yields of neutral and charged events with similar p; and T;. Letters X and C in
the event label denote neutral and charged events. See the caption of Table I for other details.

Event (e, T;)

D{—1.6, 1.29)N
D(0.42, 1.32)C

Light

33,5,0,1,0,0
47,2,0,1,1,1

183
7, 11,11,14,14,15,20,29,45

B{—0.72„1.95)X
B(1.48„1.90)C

D(0.42, 2.23}N
D(2.45, 2.22)C

74,4,2,1,1,0
69,11,4,0,1,3

67,7,3,0,2,0
64,9,6,3,2,2

134
7,7,8,8,12,17,18,24

7,7,11,11,12,16,16,24
11,12,14,16,18,19

B(0.63, 2.54}X
B{2.48, 2.48}C

85,15,6,1,0,1

82,11,5,2,2,3
7,9,10,14,19,31
7,8,9,12,12,15,15

B{6.89, 5.58}N
B(8.44, 5.40)C

140,22,6,2,3,0
135,17,9,2, 1,0
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which is quite close to that for nuclei (Z =0.4A )

2E(surface) 300
E(Coulomb) A

(2.8)

2.0

l.6

The charged drops will certainly become more unstable at
higher temperatures because the cr(T) of even the quasi-
stable surface is expected to decrease as T increases.

III. CALCULATIONS 0.8 )C

The present calculations are quite similar to those re-
ported in I. The Coulomb force is switched off, and a
cube containing 432 (250) particles is equilibrated under
periodic boundary conditions at the desired density and
temperature. At time t=0 the Coulomb force is turned
on, and all particles outside of a sphere, whose diameter
equals the side of the cube, are removed along with the
periodic boundary conditions. This sphere contains -230
(130) particles, and forms our initial state. The time evo-
lution of the particles is followed by molecular dynamics
with a time step of 10 ' sec. The cluster composition at
any chosen time t is determined from the positions of the
particles at time t. Briefly, a cluster is defined so that it is
possible to go from any particle i to another particle i' be-

longing to the same cluster by successive interparticle
jumps of distance &d. The final composition is not too
sensitive to d when d is in the range 2—3. The range of
the strong interaction (2.2), which is responsible for the
binding of the clusters, is 3, so that d cannot be greater
than 3. We use d =3 in the present work.

The "central matter" is defined as that consisting of
half of the particles belonging to the largest cluster that
are closest to the center of mass of that cluster. Before
fragmentation or fission most of the particles belong to a
single large cluster. The density pAc and temperature
Tzc of the central matter is measured as in I. After frag-
mentation, or the formation of fission neck, the present
definitions of p~c and T„cbecome less meaningful. For
example, all the particles in a system with a well-

0.4

0
I.O0.8 l.20.40 0.6

~oc

FIG. 3. Evolution trajectories of neutral (dashed lines) and
charged (solid lines) events having similar T;. In the tempera-
ture region covered by this figure, the charged drops fragment,
but the neutral drops do not.

developed fission neck belong to a single large cluster.
The center of mass of this cluster is close to the neck, and
so the present definition of the "central matter" is not
meaningful. The time evolution of the central matter is
shown on p, T planes by trajectories of pAc(t ), T~c(t).

Events with initial densities of 0.82 and 1.2, with -230
(130) atoms, are respectively, labeled by letters 8 and D (b
and d ), the values of e, the total energy per atom, and T;,
the initial temperature. Thus D( —0.63, 0.88) denotes an
event in which a charged hot liquid drop containing
-230 atoms having p;=1.2, e= —0.63, and r;=0.88
dissociated. The energy e is conserved, and it is impor-
tant in the analysis of the events. In I only e and p; are
included in the event label, and values of r; are listed in
the tables. We find that T; is useful to compare neutral
and charged events. Also, while comparing neutral and
charged events, we add the letters X and C to the event
labels to differentiate them.

2.0

l.6 2.0
I

J

&

)
&

I
j

)

C 23)N

0.8

O.S

0
0 0.2

)'ac

0.8
I

1.0 (.2
0.4

, 0.88,'

FIG. 2. Evolution trajectories of neutral (dashed lines) and
charged (solid lines) events having T; &2. The top two trajec-
tories show total vaporization, while the others give fragmenta-
tion. The dots on the trajectories give time in units of 100 steps.
Thus a dot labeled 2 gives pAC and TAc at t =200 steps.

0
0 0.2 0.6 O.S l.0 !.2

FIG. 4. Trajectories of multiple fission events of charged
drops. Note that the expansion almost stops at t-400 steps
when the central density is —

2 the liquid density.
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i ~ I

B{-5.0i, l.26)
t -500

2.0

1.6—

I
1

&

1 1
s

1

1.2

TQc

0.8

0.4

0
0 0.2 0.8 1.0

-8
-8 0 8

X

FIG. 5. The x,y coordinates of the particles, in natural units,
at time t=500 steps in the multiple fission event 8( —0.01,
1.26). The circles representing the particles have diameter of
—1, which is the radius of the repulsive core in the two-body in-
teraction in natural units. The drop has a horseshoe type of
shape.

IV. RESULTS

The cluster compositions at t =6000 steps are given in
Tables I—IV. Events such as D( —0.99, 0.78) have clearly
undergone binary fission, while those like D( —0.69, 0.82)
are examples of ternary fission. The composition of
events with e& —0.5 appeared to have stabilized by
t=6000, while that of events having e ~ —0.5 has not
necessarily stabilized. For example, in the event
D( —0.90, 0.78) the deformation of the drop with 206
particles was growing at t =6000. We expect that it will
fission at a later time. Events that have the same macro-
scopic initial states, i.e., their p;, e;, and Tt are identical,
do not necessarily give the same final state, as can be seen
by comparing the composition of the two D( —0.96, 0.78)
events in Table I. To obtain identical final states the ini-

FIG. 7. Evolution trajectory of the fast fission event
D( —1.18, 0.67). The present definitions of the pAc and T«
have doubtful validity after t =2100 steps. The distribution of
particles at t =1500 steps is shown in Fig. 8.

tial states must be microscopically identical, i.e., the ini-
tial positions and the velocities of all the particles must be
identica1.

The cluster compositions of some neutral (from Ref. I)
and charged events at relatively high initial temperatures
are compared in Table V. The Coulomb energy of the ini-
tial states is -2 per particle for 8 and D events, and it ac-
counts for the difference in energy between charged and
neutra1 events. In total vaporization events, such as
8(6.89, 5.58)N (neutral) and 8(8.44, 5.40)C (charged),
the Coulomb force does not seem to play a major role.
The effect of Coulomb force on higher-energy fragmenta-
tion events, having T; & 2, also appears to be small. The
fragmentation of the charged drops seems to produce
clusters of a slightly smaller size. The trajectories of neu-
tral and charged events with T; & 2 are compared in Fig.
2.

IO

D(- I . I 8, 0.67)
t =l500

-8
-8

—IO
-I0

I

-5 IQ

FIG. 6. The x,y coordinates of the particles at time t =500
steps in the multiple fission event D( —0.59, 0.88). See the cap-
tion of Fig. 5 for more details.

FICi. 8. The x,y coordinates of the particles at time t =1500
steps in the fast fission event D( —1.18, 0.67). The evolution
trajectory is shown in Fig. 7.
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The significant effects of the Coulomb force are seen at
lower T, . The neutral events 8( —0.72, 1.95}N and
D( —1.6, 1.29}N are classified as violent evaporations in
I. The corresponding charged events 8(1.48, 1.90)C and
D(0 42., 1.32)C, however, undergo fragmentation. The
trajectories of these events are compared in Fig. 3. The
extra Coulomb repulsion pushes the expansion to values
of pAc less than 0.2, where the system fragments.

At lower energies, in the range of —0.2 & e & —0.8 for
D events and e-0 in 8 events, the evolution of the
charged system is qualitatively different from that of the
neutral system. The charged system expands into the re-
gion of adiabatic instabilities, but it does not have enough
energy to expand to low values of pAc. The expansion
stops, or becomes very slow, in the region p~c-0. 3 to
0.5pL, , and the system phase separates with a slight rise in
temperature. For example in both the events shown in
Fig. 4, phase separation seems to occur in the region of
t -400 steps. The condensed liquid has a crooked shape
(Figs. 5 and 6},but it is a single connected body. Howev-
er, instead of relaxing back to spherical shape as the neu-
tral system did, the crooked hquid drop breaks into a few
big clusters due to the Coulomb repulsion. This process
can be called multiple fission because it is primarily due
to the Coulomb repulsion. It yields fewer and more mas-
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FIG. 9. The evolution trajectory of the fission event
b( —1.2S, 0.89).

0.8

sive clusters than the typical fragmentation events (Tables
I—IV).

At still lower energies, e ——1.0 in D events and
e ——0.3 in 8 events, we find binary fission with very
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FIG. 10. The x,y coordinates of the particles at t =550, 950, 1500, and 6000 steps in the fission event b( —1.28, 0.89) are shown in
parts (a), (b), (c},and (d), respectively.
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high probability. This fission occurs in a small energy
window via the following mechanism. The system ex-

pands and recontracts (Fig. 7). If the energy is above the
window the system will undergo multiple fission without
recontraction. If e is within the window, the system is
likely to recondense with a high degree of deformation
(Fig. 8}. This deformation slowly increases and the sys-
tem fissions into two big clusters. If the energy is too
small, the expansion is not large, and the system is likely
to recontract into an almost spherical shape. These sys-
tems do not fission with a large probability in the time
scale considered in this work. We note that in 6000 units
of time a sound wave travels -20 times across the drop
with 230 particles. We refer to fission, such as that of
event D( —1.18, 0.67), following a significant density os-
cillation as "fast fission" because it occurs on these short
time scales.

At lower energies we can expect the more conventional
"spontaneous" mode of fission in which a thermal fiuc-
tuation causes a critical deformation of the shape. We
have found only one possible candidate for this process;
the event b( —1.28, 0.89). Its evolution trajectory is
shown in Fig. 9, and the time evolution of particle posi-
tions is shown in Figs. 10(a)—(d}. In this event the drop,
after a small initial expansion, appears to have stabilized.
It stays for -2000 steps (from -200 to 2200) at
p~&-0. 8 and T~c-O. S, and fissions. It is likely that

some of the large residues in other low energy events may
undergo spontaneous fission at t &6000. The fraction of
spontaneous fission occurrence at sufficiently low energies
will be determined by a competition between evaporation
cooling and fission.

In conclusion we find that at lower energies the
disassembly of hot liquid drops is significantly influenced
by the Coulomb repulsion. In addition to the vaporiza-
tion, fragmentation, and evaporation modes of neutral
drops, the disassembly of charged drops has multiple and
binary fission modes. Clusters with many ( & 20) particles
are produced in these fission modes, with relatively few
clusters having —10 particles. In particular cir-
cumstances, D events with e= —0.97 and T, =0.78, for
example, binary fission following a density oscillation
occurs with a very large probability. The observed mass
yields in the ' C-induced reactions on gold show a dip at
Z —12. The present studies suggest that this dip could be
due to multiple or binary fission of the compound system.
Mass yields obtained from the disassembly of charged hot
drops are being studied by simulating a large number of
events with the same macroscopic initial condition.
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