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The relative yield of decay modes of a projectile remnant as a function of^Zbound& has been analyzed from
the ALADIN data of ~600 MeV/nucleon! Au 1 Cu, and it is consistent with the corresponding theoretic
results of the incomplete-fusion-fragmentation model. The experimental and theoretical results of the re
yield of decay modes and of the Campi plot and the theoretical results of the thermodynamical temperatu
show nicely the competition and transformation processes of the decay modes of the projectile remnan
the decreasing of̂Z bound&. @S0556-2813~96!00407-4#
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I. INTRODUCTION

A nuclear system has the character of a short-range re
sive and longer-range attractive force, which shows typ
van der Waals behavior as in molecular dynamics and
courages the investigations of a liquid-gas phase trans
both theoretically and experimentally@1–10#.

Later on the studies were extended to the disassembly
hot nucleus in medium-energy nucleus-nucleus collisi
@9–18#. In @11#, a peak structure at thermodynamical te
peratureT; 5 MeV was found in the curve of heat capaci
versus thermodynamical temperature resulting from the
nonical Monte Carlo simulation for the disassembly of a h
nucleus238U* . The backbending phenomenon~or the tem-
perature plateau! atT; 5 MeV in the plot of thermodynami-
cal temperature as the function of excitation energy
nucleon (T versuse* ) was then discovered for the disasse
bly of an ideal hot nucleus (Ah5 100 andZh5 50! using the
Copenhagen statistical multifragmentation model@12#. Se-
quentially, a similar temperature backbending atT; 5 MeV
in the microcanonical Monte Carlo simulation of the disa
sembly of a hot nucleus131Xe* was reported in@13,14#. In
@13,14# the second temperature backbending atT; 6 MeV
was discovered as well. These two backbendings were
plained, as corresponding to the changing-over of the do
nant decay mode of the hot nucleus from the pseudoev
ration mode to the pseudoevaporation plus pseudofis
modes and to the multifragmentation mode, respectiv
@13,14#. These transformations were named as decay m
transformations of the hot nucleus. The temperature pla
above has been proved preliminarily by the experiment@18#.

In @13,14,16,17# the mass number of the referential fra
ment (Ar< Ah/10) was introduced, according to which th
definition of decay modes for a hot nucleus is given: T
pseudoevaporation mode (E) refers to the decay event of th
hot nucleus in which there is only one fragment withAf>
Ar and the rest are smaller. The decay event of the
nucleus with only two fragmentsAf1 andAf2> A r is de-
fined as the pseudofission mode (F). The multifragmentaion
mode (M ) stands for the event in which there are at le
5496/54~1!/254~4!/$10.00
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three fragmentsAf1 , Af2 , and Af3> Ar . An event com-
posed of an assembly of protons, neutrons, and light fra
ments with mass numberAf, 5 is named as the vaporization
mode (V). The results of the relative yield of decay modes a
a function of excitation energy of the hot nucleus,131Xe* ,
confirmed nicely the decay mode transformation@13,14#,
mentioned above.

Recently published ALADIN data of correlations amon
the charges of fragments emitted from the projectile remna
in reactions of a~600 MeV/nucleon! Au projectile on differ-
ent targets~C, Al, Cu, and Pb! @19–21# support strongly the
establishment of the thermal equilibrium in the fragmentin
nucleus ~hot nucleus! before breakup. That has attracte
great interest among theorists. These correlations include
mean multiplicity of IMF’s ~3<ZIMF<30!, the average
charge of the largest fragment (Zmax), the ratio of charge
moments (g2), the asymmetry of the largest to second larg
est charge (a12), and the three-body asymmetry (a123) as a
function of theZbound ~which is the sum of the charges of
fragments withZf>2 and is a measurement of the violenc
of the collision!. A lot of successful theoretical explanation
by using the statistical model or the combination of dynam
cal and statistical calculations or the combination of dynam
ics and percolation calculations have been publish
@21–25#. Recently we have also reproduced satisfactorily th
ALADIN data of ~600 MeV/nucleon! Au 1 Cu reactions
using the incomplete-fusion-fragmentation model~IFFM!
@26#.

In this paper we give the results of the relative yield of th
decay modes as a function of^Zbound&, analyzed from the
ALADIN data of the projectile remnant in the reaction~600
MeV/nucleon! Au 1 Cu and the corresponding theoretica
results of IFFM. For comparison we give also the Cam
plot, both analyzed from the data and calculated with IFFM
and the theoretical plot of thermodynamical temperature v
sus excitation energy per nucleon. The theoretical results
all comparable with the corresponding experiments. All th
experimental results indicate consistently that the ALADI
data do really imply the messages of the competition amo
the decay modes of the projectile remnant and the transf
254 © 1996 The American Physical Society
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mation of the decay modes from each other. The analysi
the relative yield of the decay modes is a much better w
than the Campi plot, etc., in studying the competition a
transformation of decay modes.

II. BRIEF REVIEW OF THE INCOMPLETE-FUSION-
FRAGMENTATION MODEL

The proposed incomplete-fusion-fragmentation mo
@27–30,26# is a hybrid dynamical-statistical model. In IFFM
the formation of a hot nucleus is depicted as an incompl
fusion process. The projectile remnant~one of the hot nuclei!
is composed of projectile nucleons outside the overlapp
region between the target and projectile nuclei under a gi
impact parameter. The target nucleons and the remain
projectile nucleons form the target remnant~another hot
nucleus!. The number of projectile nucleons inside the ov
lapping region is calculated according to the collision geo
etry ~or participant-spectator model!. If one assumes that th
ratio of the charge number to mass number of the projec
remnant is equal to the corresponding ratio of the projec
nucleus, as in@21–26#, the mass and charge numbers of t
projectile and target remnants are then decided. Since
incident energy is quite high in comparison with the ene
of the Fermi motion and/or the energy of the nucleon int
action, it is reasonable to assume that in the initial stage
reaction the spectator projectile nucleons escape as a w
~projectile remnant! with beam velocity. The reaction energ
Q can then be calculated in virtue of mass balance. From
energy and momentum conservations, the kinetic energy
posited in the reaction system~projectile and target rem
nants! can be calculated. The sum of the reaction energy
the deposited energy is regarded as the available rea
energy. This available reaction energy is shared among
projectile and target remnant nucleons with different wei
parameters off P and f T511(12 f P)(AP /AT), respectively.
The excitation energy of the projectile remnant is assume
be a part of its available reaction energy and the correspo
ing fractional factor is regarded as a model parameter.
other part is consumed in the process approaching the
equilibrium ~freezeout!. We refer to@27–30,26# for details.

The statistical multifragmentation model~Berlin-Beijing
model! @11,31,13,14,32# is then used to describe the disa
sembly of the projectile remnant at freezeout. In this mode
is assumed that the projectile remnant~hot nucleus! disas-
sembles promptly into a configuration described by a se
variables $Nc , Nn , $Ai , Zi% i51

Nc , $r iW %1
Nc , $piW %1

Nc , $e i%1
Nc ,

$r jW %1
Nn , $pjW %1

Nn%. HereNc refers to the number of charge
fragments including prompt protons.Nn stands for the num-
ber of prompt and evaporated neutrons.$Ai , Zi% i51

Nc ,

$r iW %1
Nc , $piW %1

Nc , and $e i%1
Nc are the set of mass and char

numbers, position, momentum, and internal excitation
ergy of charged fragments.$r jW %1

Nn and $pjW %1
Nn are the set of

position and momentum of neutrons. The configurations
lowed by the mass, charge, momentum and energy con
vations are assumed to conform to a distribution of canon
or microcanonical ensemble. By means of the Monte Ca
method and the corresponding Metropolis pass a large n
ber of allowed configurations~106, say! are generate. The
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physical observables can then be calculated as a statist
average.

III. RESULTS AND DISCUSSIONS

Table I gives the mass numberAh , the charge number
Zh , the excitation energyEh* (e* in addition! and the aver-
agedZbound of the projectile remnant in reaction~600 MeV/
nucleon! Au 1 Cu, calculated with IFFM. Since in the theo-
retical calculation there is a distribution ofZbound ~in a small
interval! and a correspondinĝZbound& for each projectile
remnant, in order to compare theory with experiment rigo
ously the sameZbound interval is used to analyze ALADIN
data instead of the constant bin in@21#.

The relative yield of decay modes of the projectile rem
nant as a function of̂Zbound& is given in Fig. 1 for the reac-
tion ~600 MeV/nucleon! Au 1 Cu: Fig. 1~a! is the ALADIN
data and Fig. 1~b! is the results of IFFM. Since the ALADIN
data are the charge distribution of fragments here we use
charge number of the referential fragmentZr ,

TABLE I. The characteristics of the projectile remnant in th
reaction ~600 MeV/nucleon! Au 1 Cu calculated from the
incomplete-fusion-fragmentation model.

b AP ZP E* «*
~fm! ~MeV! ~MeV/nucleon! ^Zbound&

1 67 27 373.8 5.58 24.3
2 74 30 405.5 5.48 27.1
3 89 36 465.3 5.23 32.2
4 107 43 523.0 4.90 38.4
5 125 50 554.5 4.44 44.6
6 143 57 549.1 3.84 50.8
7 159 64 497.8 3.13 57.2
8 173 69 402.7 2.33 63.9
9 184 74 261.8 1.42 70.8
10 192 77 117.2 0.61 76.6

FIG. 1. Relative yield of decay modes as a function o
^Z bound& for the projectile remnant in the reaction~600 MeV/
nucleon! Au 1 Cu: ~a! ALADIN data, ~b! results of IFFM.
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Zr5
Zh
C
, ~1!

to define the decay mode instead of the mass number
referential fragment in@13,14,16,17#. In Eq. ~1!, the constant
C is equal to 12.8. When the value ofZr given by Eq.~1! is
real the results in Fig. 1 are the averaged results over
integersZr6 1. One learns from Fig. 1~a! that theE mode is
dominant at very largêZbound& ~very peripheral collisions!
where theF mode is small and noM mode at all. With the
decreasing of̂Zbound&, i.e., increasing of centrality, the rela
tive yield of theE mode decreases rapidly, the yield of th
F mode increases and shares the percentage together wit
E mode. If ^Zbound& decreases further, theM mode appears,
grows quickly, and becomes dominant at a very central c
lision, where theE mode disappears and theF mode is
smaller. The consistency between experimental and theor
cal results is very well.

The thermodynamical temperature as a function of ex
tation energy per nucleon resulted from IFFM for the proje
tile remnant in the reaction~600 MeV/nucleon! Au 1 Cu is
given in Fig. 2. Two temperature backbendings appear
Fig. 2, one is located atT; 4.5 MeV and another at; 5.1
MeV. In comparison with Fig. 1 and noticing Table I one ca
see that the first temperature backbending~at e* ; 3 MeV!
just corresponds to the place where theE mode drops down
rapidly in Fig. 1 and therefore corresponds to the transf
mation from theE mode dominance toE1F mode domi-
nance. The second temperature backbending~at e* ; 4.5
MeV! corresponds to the place where theM mode grows up
quickly, i.e., to the transformation to theM mode domi-
nance.

The Campi plot, i.e., the plot of lnZmax versus ln̂S2&
is given in Fig. 3. Figures 3~a! and 3~b! are the results of
ALADIN data and IFFM, respectively. HereS2 refers to the
second-rank conditional moment@33#

FIG. 2. Thermodynamic temperature as a function of excitati
energy per nucleon for the projectile remnant in the reaction~600
MeV/nucleon! Au 1 Cu.
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M1
, ~2!

and

Mk5(
i
Zi
k , ~3!

whereMk stands for thekth-rank moment in a single event
and the sum is running over all fragments except the heavie
one. As for^S2&, it is the averagedS2 over the events with
the sameZmax. The Campi plot had been thought of as the
remnant of critical phenomena in the disassembly of the ho
nucleus @33,34#. The events falling on upper and lower
branches are attributed to theE and/orF mode events and to
theM mode events, respectively, the cross point of those tw
branches is regarded as the critical point. Although it wa
pointed out in@35# that the Campi plot is not a sufficient
condition for the decay mode transformation of the ho
nucleus, it is worthwhile to have the Campi plot in compar
ing with others. Figure 3 indicates that as the collision cen
trality decreases (^Zbound& increases!, the number of events
falling on the lower branch decreases, the absolute slops
both branches decrease, the zone of the lower branch shrin
and the values ofZmax and ^S2& increase. When̂Zbound& is
large enough, most of the events fall on the upper branc
there are only few points on the lower branch, and the abs
lute slops of both branches approach zero. The agreeme
between theoretical and experimental Campi plots here
quite good and is even better than that in@36#. The more
interesting thing is that the Campi plot shows the same ru
for the competition and transformation of decay modes as th
ones shown in other figures, mentioned above.

It is worthwhile to point out that the vaporization decay
mode of the projectile remnant has not been shown in Fig.
It might indicate that the excitation energy per nucleon
needed for the onset of the vaporization decay mode~i.e., the

on
FIG. 3. The Campi plot for the projectile remnant in the reaction

~600 MeV/nucleon! Au 1 Cu: ~a! ALADIN data, ~b! results of
IFFM.
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liquid-gas phase transition@15,37#! is beyond the region in
question. The saturation of the excitation energy per nucle
with decreasing of̂Zbound& sets a limit to the multifragmen-
tation mode and prevents the appearance of the vaporiza
decay mode~liquid-gas phase transition!.

IV. SUMMATION

In summary, we have analyzed the relative yields of d
cay modes for the projectile remnant in reaction~600 MeV/
nucleon! Au 1 Cu and compared them with the correspon
ing results of IFFM. The Campi plot, both analyzed from
ALADIN data and calculated by IFFM, and the calculate
thermodynamical temperature plot are also given here. N
only do all the theoretical results agree reasonably with c
responding experimental ones but they also show the co
petition and transformation processes of decay modes of
projectile remnant consistently and satisfactorily.
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Note added. After the submission of our paper, we hea
at INPC ’95 in Beijing that the ALADIN/LAND collabora-
tion has analyzed the experimental plot of temperature v
sus excitation energy per nucleon for the projectile remn
in the Au1 Au collision at 600 MeV/nucleon. A tempera
ture plateau atT; 4.52 5 MeV is observed@38#, which is
consistent with the results of IFFM here~cf. Fig. 2!. As for
the zone of temperature backbendings at thee* axis in the
results of IFFM is much narrow than the data, it is because
the reaction system here is Au1 Cu and that here one is
limited to the study of the multifragmentation decay mo
and assumes the saturation of excitation energy with decr
ing of ^Zbound&.
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