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Incomplete-fusion–fragmentation model: Multifragmentation data from 600A MeV heavy-ion
collisions
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The incomplete-fusion–fragmentation model is modified to analyze ALADIN multifragmentation data of the
projectile remnant in reactions of 600 MeV/nucleon Au on different targets. Since the incomplete-fusion–
fragmentation model includes both the dynamical formation and the statistical disassembly of a hot nucleus,
the ALADIN observables can be reproduced quite well when the model parameter concerning the excitation
energy is somewhat adjusted to account for the mean multiplicity of intermediate mass fragments as a function
of the total bound charge.

PACS number~s!: 25.70.Pq, 24.60.Ky
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I. INTRODUCTION

Multifragmentation of hot nuclei and the occurrence o
intermediate mass fragments~IMF! in energetic nucleus-
nucleus collisions have been widely investigated both expe
mentally@1–7# and theoretically@8–30#. Multifragmentation
of a hot nucleus is characterized by the emission of mo
than two IMF’s which are fragments with charge numbe
3<Zf<30. IMF is well suited for studying the onset of the
multifragmentation decay mode of a hot nucleus, instead
the charge~mass! number of the reference fragment intro
duced in@27–30#. Theoretical studies of multifragmentation
can be characterized mainly by the following: the dynamic
approach@14–16#, the statistical model@8–13,27#, the per-
colation model@17–20#, and a combination of statistical and
dynamical calculations@21–26#.

Although the dynamical simulation is very powerful in
describing the space-time evolution of the reaction syste
particle production, etc., it is not able to reproduce the yie
of IMF’s. The statistical model, on the other hand, has be
very successful in describing the various distributions~e.g.,
mass, charge, and energy distributions! of fragments and the
yields of IMF’s. In fact, all of those successes could be r
garded as evidence that the nuclear system has reache
certain state of thermal equilibrium. That fact is not com
monly accepted, however, since thermal equilibrium is on
of the basic assumptions of the statistical model. Whether t
nuclear system approaches thermal equilibrium during t
later stages of intermediate energy nucleus-nucleus collisio
remains a subject of debate@31#.

Recent published ALADIN data of correlations among th
charges of fragments emitted from the projectile remnant
the reactions of 600 MeV/nucleon Au projectiles on differen
targets@32–36# strongly support the establishment of therma
equilibrium in the fragmenting nucleus~hot nucleus! before
breakup. That has attracted, of course, great interest am
theorists. Those correlations include the mean multiplicity
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IMF’s, the average charge of the largest fragment (Zmax), the
ratio of charge moments (g2), the asymmetry of the larges
to second largest charge (a12), and the three-body asymme
try parameter (a123) as a function ofZbound~which is the sum
of the charges of fragments withZf>2). All the aforemen-
tioned correlations are almost independent of the targ
@33–35#, the bombarding energies@36#, and the measured
techniques@37#; that can be taken as evidence for therm
equilibrium of the fragmenting nucleus before breakup.

There have been various attempts to analyze the ALAD
data with the statistical model, with a combination of d
namical and statistical calculations, and with the hyb
dynamical-percolation approach@38–41#. Since the pres-
ently available dynamical models do not allow for an una
biguous determination of the breakup condition of the fra
menting nucleus and the excitation energy, which always
been extracted as extremely high, the dynamical simula
is not able to reproduce the ALADIN data at the mome
@35,42#. In Ref. @39# it was shown that if the input param
eters of statistical calculations, i.e., the mass number and
excitation energy of the fragmenting nucleus, were de
mined by adjusting them so as to reproduce the mean I
multiplicity as a function of averageZbound, the remaining
ALADIN data could be well reproduced by the statistic

FIG. 1. The mass number and the excitation energy of projec
remnants as a function of impact parameter.
1868 © 1996 The American Physical Society



mi
n-
he

e.
tic

d
ble

nd

the
ht

s-

-
n
-
r

re-
t
ter

is

-

s.
ns.

ci-

n-
to a

e-
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model alone. A more accurate way of reproducing
ALADIN data was introduced in Refs.@35,38,40,41#. The
calculation starts from a dynamical simulation„internuclear
cascade model in Ref.@38#, Boltzmann-Uehling-Uhlenbeck
~BUU! model in Refs.@35,40,41#… and turns into statistical o
percolation calculation~Moscow version of the Copenhage
model in Ref.@38#, Berlin-Beijing model in Ref.@40#, and
percolation model in Refs.@41,35#! once the mass numbe
and the excitation energy of the fragmenting nucleus h
been properly defined from the dynamical simulation. Ho
ever, one first needs to fit the correlation of^M IMF& vs
^Z bound& by adjusting the excitation energy~in Refs.@35,40#!
or the definition of the source~in Ref. @38#!.

In this paper the proposed incomplete-fusio
fragmentation model~IFFM! @22,23,43,44#, which has al-
ready had successes in describing the disassembly of a
nucleus in intermediate energy nuclear collisions, has b
improved somewhat to analyze the ALADIN data of disa
sembly of a projectile remnant~hot nucleus! in reaction of
~600 MeV/nucleon! Au 1 Cu, for example. Since IFFM is a
hybrid dynamical-statistical model, it turns out that only
the model parameter of the excitation energy of a fragme
ing nucleus is slightly adjusted, due to the correlation
^M IMF& vs ^Zbound&, other observed correlations are all repr
duced quite well.

II. MODEL DESCRIPTION

The experimental systematics of the longitudinal mom
tum transfer@45# have indicated that complete fusion giv
way to incomplete fusion if the incident energy excee
8–10 MeV/nucleon. In the model it is assumed, therefo
that the formation of hot nuclei in intermediate ener
nucleus-nucleus collisions is a dynamical incomplete fus
process.

Experiments also show that the fragments close to
target are formed in the peripheral interaction and low m
fragments in more central collisions. This enlightens us
rely on the participant-spectator picture in describing the f
mation of hot nuclei. We assume that the projectile remn
~hot nucleus! is composed of a part of projectile nucleo
locating outside of the overlapping region between the ta
and the projectile nuclei under a given impact parameter.
target nucleons and the remains of projectile nucleons f
the target remnant~another hot nucleus!. The projectile
nucleons located inside the overlapping region can be ca
lated as

NP~b!5r0E dVu$RP2@x21~b2y!21z2#1/2%

3u$RT2~x21y2!1/2%, ~1!

wherer050.16 fm23 refers to the normal nuclear densit
u refers to the step function,RP andRT are, respectively, the
radius of projectile and target nuclei, and b is the imp
parameter. If one assumes further that the ratio of the ch
to mass number of the projectile remnant is equal to
corresponding ratio of the projectile nucleus, as done in R
@35,38#, the mass and charge numbers of the projectile
target remnants (AP , ZP , AT , and ZT) are then deter-
mined.
the
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Since the incident energy is much larger than the Fer
motion energy or the nucleon interaction energy, it is reaso
able to assume further that in the initial reaction stage t
projectile spectator nucleons~missing mass,AP

02NP , where
AP
0 refers to the mass number of the projectile nucleus! es-

cape as a whole~projectile remnant! with beam velocity. The
reaction energyQ can then be calculated from mass balanc
From the energy and momentum conservations, the kine
energy deposited in the reaction system~projectile and target
remnants! can be derived as well. The sum of the deposite
energy and the reaction energy is regarded as the availa
reaction energy of the system

Eavai.5
NP

AP
0

AT
0

AT
01NP

E in1Q, ~2!

whereAT
0 refers to the mass number of the target nucleus a

Ein refers to the incident energy.
The available reaction energy is then shared among

projectile and target remnant nucleons with different weig
parametersf P and f T@511(12 f P)Ap /AT#, respectively.
The projectile remnant takes a share of

EP5 f P
AP

AP1AT
Eavai.. ~3!

The excitation energy of projectile remnant can then be a
sumed as

EP*5CP3EP , ~4!

whereCP is the fractional factor describing the part of en
ergy EP which turns into excitation energy. Since a certai
portion ofEP should go to the expansion and the preequilib
rium emission,CP is less than 1. The excitation energy pe
nucleon is then

eP*5EP* /AP . ~5!

As usual, one assumes that after expansion the afo
formed projectile~target! remnant approaches the freeze-ou
state, which is described as a sphere with radius parame
Rh (h5P or T) greater than r 051.18 fm. Rh and
Cf
P5 f P3CP are regarded as model parameters.
The Berlin-Beijing model@10# is then used to describe the

disassembly of the projectile remnant at freeze-out. In th
model it was assumed that the projectile remnant~hot
nucleus! disassembles promptly into a configuration de
scribed by a set of variables$Nc ,Nn , $Ai ,Zi% i51

Nc ,

$rW i%1
Nc , $pW i%1

Nc , $e i%1
Nc , $rW j%, $pW j%1

Nn%. Here Nc refers to
the number of charged fragments including prompt proton
Nn stands for the number of prompt and evaporated neutro

$Ai ,Zi% i51
Nc , $rW i%1

Nc , $pW i%1
Nc , and $e i%1

Nc are the set of mass
and charge numbers, position, momentum, and internal ex
tation energy of charged fragments.$rW j%1

Nn and$pW j%1
Nn are the

set of position and momentum of neutrons.
The configurations allowed by the mass, charge, mome

tum, and energy conservations were assumed to conform
distribution of canonical or microcanonical ensemble@10#.
By the means of the Monte Carlo method and the corr
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1870 53ZHENG, WANG, SA, AND ZHANG
sponding Metropolis pass a large number of allowed c
figurations (106, say! were generated and the physical o
servables could then be calculated as a statistical avera

III. RESULTS AND COMPARING WITH DATA

In Table I the results ofNP , NT , AP , ZP , E avai., EP ,
EP* , and eP* from the calculation of IFFM are given. Th
impact parameters are the same as those in Refs.@35,40,41#.
It should be mentioned that the excitation energies
nucleon exhibited in Table I are the results from the adju
ment to fit the observed correlation of^M IMF& vs ^Zbound&.
The corresponding parameterCf

P(5 f P3CP50.130.57) is
equal to 0.057. We show in Fig. 1eP* as a function of the
impact parameterb.

Figure 2 shows the correlation of^M IMF& vs ^Zbound&,
where the open circles refer to the ALADIN data and
solid squares refer to the incomplete-fusion–fragmenta
model calculations~the same labels are used in Figs. 3–7
well!. One learns from this figure that the mean multiplic
of IMF increases first with the decrease of^Zbound& ~i.e., with
the strength of violence of collision! and then begins to de
crease after reaching a maximum at^Zbound&;40. This pre-
sents the evidence of the coexistence of a variety of de

FIG. 2. Correlation between the average multiplicity of IM
(^M IMF&) and the average total charge in bound fragments w
charge numberZf>2. Open circles: the ALADIN data of the dis
assembly of projectile remnants in the reaction~600 MeV/nucleon!
Au 1 Cu. Solid squares: results of IFFM.

FIG. 3. The same as Fig. 2 but for the correlation betw
^Zmax& and ^Zbound&.
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modes of hot nuclei and the turning over of decay mode
from the pseudoevaporation~or/and pseudofission! mode to
the multifragmentation mode and then to the vaporizatio
mode@27–30,46#.

The distribution of̂ Zmax& vs ^Zbound& is shown in Fig. 3.
Perfect agreement between the ALADIN data and the calcu
lations can be seen here. Figure 3 exhibits that^Zmax& de-
creases rapidly witĥZ bound& decreasing. This means that the
charges are shared by lighter fragments for the more viole
collisions.

Figure 4 gives the asymmetry of the two largest fragment

a125
Zmax2Z2
Zmax1Z2

, ~6!

as a function of̂Zbound&, whereZ2 refers to the charge of the
second largest fragment. The calculated results agree sa
factorily with the data. We show in Fig. 5 the same story fo
the second to third largest fragments,

a235
Z22Z3
Z21Z3

. ~7!

Quite good agreement is also obtained.
The result of three-body asymmetry

FIG. 4. The same as Fig. 2 but for the correlation between th
asymmetry of two largest fragments and the^Zbound&.

FIG. 5. The same as Fig. 2 but for the correlation between th
asymmetry of the second and third largest fragments and th
^Zbound&.
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a1235
A@~Zmax2^Z&!21~Z22^Z&!21~Z32^Z&!2#

A6^Z&
, ~8!

is given in Fig. 6, where

^Z&5 1
3 ~Zmax1Z21Z3!. ~9!

This varies smoothly witĥZbound& and reproduces the corr
sponding ALADIN data very well.

g2 , the ratio of charge moment, is defined as

g25
se
2

^Z&e
2 11 ~10!

and shown in Fig. 7. In the above equationse
2 is the variance

of the charge distribution within the event and^Z&e
2 is the

mean charge of the event.g2 approaches its lower limit of 1
when all framents have the same charge; this may co
spond to the pseudoevaporation or the vaporization d
mode of the disassembly of a hot nucleus. The mean valu
g2 indicates the size of the charge fluctuations. Figur
shows that the ALADIN data ofg2 are reproduced quit
nicely.

FIG. 6. The same as Fig. 2 but for the correlation between
three-body asymmetry and the^Zbound&.
-

re-
cay
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IV. DISCUSSION AND CONCLUSION

First, it should be mentioned that Eq.~3! exhibits a rela-
tion between the excitation energy of a projectile remna
and its mass number. This results from adjusting the mo
parameter (Cf

P) to reproduce the correlation of^M IMF& vs
^Zbound&. We are pleased that the unified value of th
Cf
P5 f P3CP50.130.5750.057 is well fitted for all calcu-

lated projectile remnants; this is better than making an
justment for every projectile remnant as done in Refs.@38–
40#.

It should be pointed out that theCP50.57, defined as a
part of the parameterCf

P and referred to as a fraction of th
projectile remnant energy going into excitation energy,
somewhat smaller than corresponding values (;0.620.8)
used in Refs.@22,23,43,44#. This is reasonable since the in
cident energy here is larger and the hot nucleus considere
the projectile remnant. The factorf P50.1 is close to the
value of the rolling friction coefficient@47# in magnitude.
This means that the process of transferring the available
action energy into the projectile remnant might be regard
as a result of rolling friction when the projectile nucleus a
target nucleus pass through each other. This is consis
with the participant-spectator picture adopted.

In summary, the IFFM it turns out is not only good fo

he FIG. 7. The same as Fig. 2 but for the correlation between
ratio of charge moments,g2 , and^Z bound&.
TABLE I. The characteristics of projectile remnants in reaction~600 MeV/Nucleon! Au 1 Cu calculated
from the incomplete-fusion–fragmentation model

b Eavai. EP EP* eP*
~fm! NT NP AP ZP ~GeV! ~MeV! ~MeV! ~MeV/nucleon!

1 63 130 67 27 25.45 655.8 373.8 5.58
2 63 123 74 30 24.99 711.4 405.5 5.48
3 63 108 89 36 23.85 816.3 465.3 5.23
4 60 90 107 43 22.29 917.3 523.0 4.90
5 50 72 125 50 20.23 972.8 554.5 4.44
6 40 54 143 57 17.52 963.4 549.1 3.84
7 29 38 159 64 14.28 873.4 497.8 3.13
8 18 24 173 69 10.47 696.7 402.7 2.33
9 10 13 184 74 64.90 459.3 261.8 1.42
10 4 5 192 77 27.85 205.6 117.2 0.61
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describing various distribution of fragments in disassem
of a hot nucleus but is also good for reproducing t
ALADIN multifragmentation data, even though the dynam
ics involved in the IFFM is quite simple. This results becau
statistics plays a more important role than dynamics for
scribing the behavior of final fragments.
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