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Two-source emission of nuclear fragments and conditional moments in nuclear fragmentation
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A two-source emission picture is used to study the conditional moments of the charge distributions of
projectile fragments in sulphur fragmentation at 200 GeV/nucleon by the Monte Carlo partition method. The
distributions of the conditional moments are investigated and the logarithmic correlations between the condi-
tional moments are found. The comparison of results of nuclear diffractive excitation, electromagnetic disso-
ciation, and the Monte Carlo method are made. The calculated results are shown to be in agreement with the
available experimental data.@S0556-2813~99!02402-4#

PACS number~s!: 25.75.2q, 25.70.Mn, 25.70.Pq
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I. INTRODUCTION

Nuclear fragmentation~hot-nuclei multifragmentation! in
relativistic nucleus-nucleus collisions is an important expe
mental phenomenon@1#. According to the participant-
spectator model@2,3#, the interaction system in relativisti
nucleus-nucleus collisions can be divided into three part
projectile spectator, a participant, and a target spectato
accordance with their relative velocity in the laboratory r
erence frame. The participant includes nucleons in the o
lap volume of two nuclei coming into a violent collision an
produces many mesons, nucleons, photons, lepton pairs
The spectators include all other nucleons outside the ove
volume in a collision; they are broken up into nucleons a
nuclear fragments. In order to study the nuclear reac
mechanism, it is necessary for us to study general chara
of nuclear fragmentation~hot-nuclei multifragmentation! in
relativistic nucleus-nucleus collisions@1#.

Campi @4# has introduced the critical behavior metho
@5,6# in the study of hot-nuclei multifragmentation. He r
gards the hot-nuclei multifragmentation as a critical pheno
enon and identifies the single-event moment~called the con-
ditional moment! as follows:

Mk
j 5 (

dÞdmax

dknj~d!, ~1!

wherek is the moment order,nj (d)50,1,2, . . . , is thenum-
ber of fragments of charged appearing in the eventj. The
sum includes all the fragments, excluding the chargedmax of
the heaviest one produced in the event. Campi has also
troduced the normalized moment

Sk
j 5Mk

j /M1
j ~2!
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which analyzes the charge distribution of fragments in
GeV/nucleon 197Au-Em interactions@7#. Thus, he has ob-
tained linear correlations between lnS3 and lnS2, as well as
ln S5 and lnS2.

The situation for the correlation behavior, as discussed
Ref. @8#, is not affected by omitting the limited conditiond
Þdmax in formula ~1!. We have included the heaviest frag
ment in the following version of formula~1!:

Mk
j 5 (

d51

dmax

dknj~d!. ~3!

According to Eqs.~2! and ~3!, the correlations between
ln S3 and lnS2 , as well as lnS5 and lnS2 for 1 GeV/nucleon
197Au-Em, 3.7 and 14.5 GeV/nucleon28Si-Em, 3.7 and 200
GeV/nucleon16O-Em and 200 GeV/nucleon32S-Em inter-
actions, were obtained in Refs.@8–10#. The logarithmic cor-
relations between the conditional moments were fou
Meanwhile, the correlation behavior reveals a similarity f
different incident energies, projectile sizes, and react
mechanisms.

As it was shown in Refs.@8–10# the event distribution
regions in the lnS3-ln S2 or lnS5-ln S2 planes for different
incident nuclei are different. The correlations between
conditional moments and total charge, excluding the fr
ments withd51 for 10.6 GeV/nucleon197Au-Em and 160
GeV/nucleon 208Pb-Em interactions, were analyzed in Re
@11#. The conditional moments in the diffractive excitatio
and electromagnetic dissociation of sulphur nuclei at 2
GeV/nucleon@12,13# based on a single emission source p
ture were studied by the Monte Carlo@8# partition method
@14# in our previous work@15#. It is shown that the calcu-
lated results by the single emission source cannot presen
experimental data of the conditional moment correlation a
distribution in the case of excluding the heaviest fragme
To include the heaviest fragment, the calculated result
present only the experimental conditional moment corre
tion and cannot present perfectly the experimental con
tional moment distribution. This means that more than o
source is necessary to describe the conditional moment
relation and distribution in the nuclear fragmentation.

;
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942 PRC 59FU-HU LIU AND YURI A. PANEBRATSEV
In this paper, we study the conditional moment corre
tion and distribution in the diffractive excitation~DE! and
electromagnetic dissociation~EMD! of sulphur nuclei at 200
GeV/nucleon by the Monte Carlo~MC! partition method
based on a two-source emission picture and compare the
culated results with the experimental data of Refs.@12# and
@13#.

The paper is organized as follows. The descriptions
DE, EMD, and MC processes in the framework of tw
source emission method is given in Sec. II. Calculation
sults and comparison with available experimental data
presented in Sec. III. Discussion and conclusions are s
marized in Sec. IV.

II. DESCRIPTIONS OF DE, EMD, AND MC PROCESSES

Up to now, three kinds of interactions in high-ener
nucleus-nucleus collisions were found in experiment. Th
are nuclear reaction, electromagnetic dissociation, and el
collision. Some of nuclear reaction events are diffractive
citation.

According to the discussions in Refs.@12# and @13#, po-
tential DE events are those interactions showing no vis
target excitation~the number of target fragments is zer!
when the interactions are examined in the emulsion us
optical microscopes. Letu i denote the emission angle of th
i th charged shower particle in an event; the DE event ob
the constraint condition of( isinui,0.4. Events with charged
shower particles of sinu i.0.4 are classified as non-DE one
EMD events are generated in collisions involving lar
enough impact parameters so that no nuclear interactions
cur. Extremely strong electromagnetic fields from heavy
clei are produced for a very short time on the projectile; su
events typically consist of projectile fragments, which pr
ceed essentially in the direction of the projectile nucleus. T
fragmentation cone was defined byu,uc5Pf /Pbeam, where
Pf andPbeamare the Fermi momentum~estimated to be 200
MeV/c) and projectile momentum. The EMDs were th
picked up using the criterion that the total charge of proj
tile fragments inside this cone is the charge of the projec
nucleus.

In the DE process, due to the existence of a relative m
tion between the participant and the spectator, the frictio
assumed to be caused on the contact layer. Both the pa
pant and the spectator obtain the heat of friction. It ta
some time when the contact layer transmits the heat of f
tion to the other part of the spectator. This could not lead
whole spectator to an equilibrium state but could lead
contact layer and the other part to local equilibrium. Th
the contact layer and the other part of the spectator e
nuclear fragments with two different temperatures. In
EMD process, the local region of the colliding nucleus o
tained the virtual photon energies from the collisions. Th
the local region has some excitation energy and remains
high excitation state. A small part of the excitation energy
the local region is transmitted to the other part of the coll
ing nucleus. Then, the other part remains in a low excitat
state. The whole colliding nucleus does not remain in
equilibrium state, but the local region obtained virtual phot
energies, and the other part of the colliding nucleus rema
in the local equilibrium states, respectively.

For the DE process, the contact layer and the other pa
-
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the projectile spectator are two different emission sourc
For the EMD process, the two sources are the nuclear lo
region obtaining virtual photon energies and the other p
respectively. Obviously, the hot source is the contact laye
the local region obtaining virtual photon energies, and
cold source is the other part.

The MC method used in this paper is based on the
lowing consideration. In collisions, the hot source is co
pletely fragmented due to its high excitation. The cold sou
is partly fragmented with a given probability. In a collisio
we assume that the hot source has chargeQ, and the cold
source has chargeZ2Q, whereZ is the charge of the pro
jectile nucleus. LetF denote the probability ofQ51. Then,
the probability ofQ52 is assumed to beF2, the probability
of Q53 is F3, etc. In all collisions, the normalized conditio
of probability can be written as

F1F21•••1FQ1•••1FQmax51, ~4!

whereQmax is a maximum charge of the hot source in a
collisions. Similarly, in the case of fragmentation of the co
source in a collision, the probabilityf of the cold source
emitting one charge obeys

f 1 f 21•••1 f q1•••1 f Z2Q51, ~5!

where f q (q51,2, . . . ,Z2Q) is the probability of the cold
source emitting chargeq in a collision.

The hot and cold sources emit chargesQ and q, respec-
tively. For a givenQ or q, there are various possible configu
rations of charged fragments. For the hot source, it is co
pletely fragmented. And for the cold source, it is par
fragmented with a given probability. The residual chargeZ
2Q2q of the cold source is the charge of the residu
nucleus in a collision. If the cold source is not fragmented
a collision, i.e.,q50, the charge of the residual nucleus
Z2Q. One of various possible configurations ofQ, one of
various possible configurations ofq, and the residual nucleu
with chargeZ2Q2q consist of a final state configuration
Let n(d) denote the number of projectile fragments wi
charged. A set $n(d)% of all n(d) in a probable fragmenta
tion marks a final state configuration. Then, the set$n(d)% is
the sum of three kinds of fragments emitted from the hot a
cold sources and the residual nucleus in the cold sou
respectively.

Following the partition method@14# various possible con-
figurations of a given charge can be obtained. For exam
if the charge number is 5, there are seven kinds of poss
configurations. Using fragment symbols, they are B, H1Be,
He1Li, 2H1Li, H12He, 3H1He, and 5H, respectively. In
the case of charge numbers 1, 2, 3,. . . ,15, thepossible con-
figuration numbers are 1, 2, 3, 5, 7, 11, 15, 22, 29, 40, 56,
101, 134, and 176, respectively. The value ofQmax, in our
MC simulation, is taken to be 4. It is due to a maximu
volume of the contact layer about one fourth of the projec
@16#. Then,Qmax54 for the 32S projectile. The probability of
fragmentation of the cold source is assumed to be 0.5
reflects a low excitation energy obtained by the sour
where the value 0.5 can be regarded as a fitting result to
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experimental data. The probabilities of various possible c
figurations for given charge are assumed to be 1/N, whereN
is the number of possible configurations for given chargeQ
or q.

III. RESULTS

The normalized moments of sulphur nuclei fragmentat
at 200 GeV/nucleon are calculated event by event in
paper. The fragmentation channel data obtained in Refs.@12#
and @13# were used.

Figures 1 and 2 show the correlations between lnS3 and
ln S2 calculated by formulas~2!, ~3! and ~1!, ~2!, respec-
tively. The circles, squares, and crosses correspond to ex
mental DE and EMD events and MC simulated events. T
event numbers are 191, 258, and 1000 correspond to
experimental DE and EMD processes and the MC simula
process based on a two-source emission picture, respecti
We would like to emphasize that there are some points
Figs. 1 and 2 corresponding to more than one event. It ta
place in the case of including the heaviest fragment. Poss

FIG. 1. Correlations between lnS3 and lnS2 in 32S fragmenta-
tion at 200 GeV/nucleon in the case of including the heaviest fr
ment. Circles, squares, and crosses correspond to DE, EMD,
MC events, respectively.

FIG. 2. As for Fig. 1, but excluding the heaviest fragment.
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ranges of the values of lnS2 and lnS3 for the 32S fragmenta-
tion process are@0,4 ln 2# and @0,8 ln 2#, respectively.

Figures 1 and 2 demonstrate the logarithmic correlati
between the conditional moments in the cases of includ
and excluding the heaviest fragment, respectively. The eq
tions of the correlation lines for DE, EMD, and MC events
Figs. 1 and 2 are as follows:

ln S35~0.55560.025!1~1.82360.010!ln S2 , ~6!

ln S35~0.76260.022!1~1.74160.009!ln S2 , ~7!

ln S35~0.75060.011!1~1.74660.005!ln S2 ~8!

and

ln S35~0.00860.004!1~2.08060.010!ln S2 , ~9!

ln S35~0.00760.003!1~2.02860.007!ln S2 , ~10!

ln S35~0.00860.002!1~2.06960.003!ln S2 . ~11!

The value of calculated slope parameter is similar to
two slopes of the experimental correlation lines. The dis
bution region of simulated events in the lnS3-ln S2 plane is
similar to that of DE and EMD events. There is no obvio
difference between DE, EMD, and MC events. The obtain
results both for the cases of including and excluding
heaviest fragment are in agreement with the experime
data.

The correlation between lnS5 and lnS2 calculated by for-
mulas ~2!, ~3! and ~1!, ~2! are shown in Figs. 3 and 4, re
spectively. The circles, squares, and crosses correspon
experimental DE and EMD events and MC simulated eve
respectively. In the case of including the heaviest fragmen
possible range of the values of lnS5 is @0,16 ln 2# for the 32S
fragmentation process. The equations of the correlation li
for DE, EMD, and MC events in Fig. 3 are

ln S55~2.13460.084!1~3.29360.035!ln S2 , ~12!

ln S55~2.80960.071!1~3.02860.028!ln S2 , ~13!

-
nd

FIG. 3. As for Fig. 1, but showing a correlation between lnS5

and lnS2.



E

b

a
d

i

er
-

pr
le

th
t i
em

th
r-
rc

gs
fra

,
a
d

ated
imi-
the
not

and
in

or-
u-

iest
he
sults

ro-
ted
nal

ag-
and

944 PRC 59FU-HU LIU AND YURI A. PANEBRATSEV
and

ln S55~2.76360.030!1~3.04360.013!ln S2 , ~14!

respectively. The equations of the correlation lines for D
EMD, and MC events in Fig. 4 are

ln S55~0.04460.019!1~4.36160.048!ln S2 , ~15!

ln S55~0.03460.013!1~4.13160.033!ln S2 , ~16!

and

ln S55~0.04460.007!1~4.28960.015!ln S2 , ~17!

respectively.
One can see from Figs. 3 and 4 that the correlations

tween lnS5 and lnS2 are similar to those between lnS3 and
ln S2 in Figs. 1 and 2. The conclusions of Figs. 1 and 2 c
be drawn from Figs. 3 and 4, as well. The results obtaine
the framework in the two-source emission picture are
agreement with the experimental data.

Figures 1 and 3 show that DE and EMD events are v
similar, if not equal. It is known that the DE and EMD pro
cesses are different in interaction mechanisms. The DE
cess is a nuclear reaction, and the EMD process is an e
tromagnetic interaction. The similar results show that
same fragmentation channel can be obtained by differen
teraction mechanisms, and the excited nuclei do not rem
ber their history of formation.

Under the comparison lnS3 and lnS5 at the same lnS2 in
Figs. 1–4, we found the exact linear correlations between
logarithmic conditional moments with different moment o
ders. The results support the applicability of the two-sou
emission picture in presenting the experimental data.

In order to compare theory and experiment in detail, Fi
5 and 6 present the correlations between the heaviest
ment chargedmax and lnS2 for including and excluding the
heaviest fragment in formula~2!, respectively. The circles
squares, and crosses correspond to experimental DE
EMD events and MC simulated events, respectively. We
not care about the type of correlation betweendmax and lnS2,

FIG. 4. As for Fig. 2, but showing a correlation between lnS5

and lnS2.
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but we care about the comparison between the calcul
results and the experimental data. Figures 5 and 6 show s
lar results for three kinds of events. This means that
excited nuclei both from the DE and EMD processes do
remember their history of formation.

The lnS2 distributions,P(ln S2), in the case of including
and excluding the heaviest fragment are given in Figs. 7
8, respectively. The distribution is normalized to a 0.25 b
width of lnS2. The dashed, dotted, and solid histograms c
respond to experimental DE and EMD events and MC sim
lated events, respectively. The lnS2 distributions for MC
events in the case of including and excluding the heav
fragment are similar to those of DE and EMD events. T
experimental data can be presented by the calculated re
based on a two-source emission picture.

If we condsider, as mentioned in Sec. I, the excited p
jectile nucleus as just one emission source, the calcula
results cannot present experimental data of the conditio
moment correlation~CMC! and distribution~CMD! in the
case of excluding the heaviest fragment@15#.

FIG. 5. Correlations betweendmax and lnS2 in 32S fragmenta-
tion at 200 GeV/nucleon in the case of including the heaviest fr
ment. Circles, squares, and crosses correspond to DE, EMD,
MC events, respectively.

FIG. 6. As for Fig. 5, but excluding the heaviest fragment.
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PRC 59 945TWO-SOURCE EMISSION OF NUCLEAR FRAGMENTS . . .
For including the heaviest fragment, the calculated re
can present only the experimental CMC and cannot pre
the experimental CMD@15#. Here, we can see that the ca
culated results based on a two-source emission picture
present the experimental CMC and CMD, as well as
correlation between the heaviest fragment and the co
tional moment, in the case of including and excluding t
heaviest fragment.

IV. DISCUSSIONS AND CONCLUSIONS

Many light fragments are produced in high-ener
nuclear fragmentation if the excitation and evaporation p
cesses happen in the whole nucleus or spectator. Thus
value of lnS2 will be low. If the excitation and evaporatio
process happen in the local region of the nucleus or spe
tor, the number of light fragments in the final state will b
small. The value of lnS2 in the case of excluding the heavie
fragment will be low, too. This phenomenon can be reflec
in the CMD rather than in the CMC@10,15#. In the correla-
tion plane, this phenomenon is revealed in the region of
ln S2.

Some of light fragments with high or low temperatur
are not excited but produced directly by a secondary co
sion in the nucleus or spectator. For a hot source, ex
direct fragments, we can consider most of light fragments
results of high excitation and evaporation processes. F
cold source, except heaviest fragment and direct fragme
most of light fragments are the results of low excitation a
evaporation processes. Here we regard the nucleus or s
tator as two local regions, the hot source, except direct fr
ments, and the cold source, except the heaviest fragmen
direct fragments, in which the excitation and evaporat
processes may be.

If the high excitation and evaporation processes happe

FIG. 7. The lnS2 distributions in 32S fragmentation at 200
GeV/nucleon. The heaviest fragment is included. Dashed, do
and solid histograms correspond to DE, EMD, and MC eve
respectively.
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the whole nucleus or spectator, the number of light fra
ments in a typical event will be in the range fromZ/2 to Z.
The heaviest fragment will be helium. In such a case,
obvious difference between excluding and including t
heaviest fragment will disappear due to smalldmax. If the
excitation and evaporation processes happen in the loca
gion of the nucleus or spectator, the number of light fra
ments in a typical events will be less than that of the form
case. The heaviest fragment will be the residual nucleus,
it is generally greater than helium. In such a case, one
see an obvious difference between excluding and includ
the heaviest fragment due to greatdmax. Excluding the
heaviest fragment, if the other fragments are H and He,
value of lnS2 will be in the range from 0 to ln 2.

As a conclusion, in the case of excluding the heavi
fragment, we suggest that the conditional moment distri
tion or event distribution in the lnS3-ln S2 plane could be
used in further studies. This work shows that the calcula
results based on a two-source emission picture are in ag
ment with available experimental data. The MC simulat
events can present the experimental data in the case o
cluding and excluding the heaviest fragment, not only for
conditional moment correlation but also for the condition
moment distribution and the correlation between the heav
fragment and the conditional moment.

ACKNOWLEDGMENTS

The authors would like to thank M.V. Tokarev and L.N
Barabash for their helpful comments. One of the auth
~F.H.L.! gratefully acknowledges the support of the Labo
tory of High Energies at the Joint Institute for Nuclear R
search, Dubna, Russia. His work was also supported by
China State Education Department Foundation for Retur
Overseas Scholars, Shanxi Provincial Foundation for
turned Overseas Scholars~Main Project!, Shanxi Provincial
Foundation for Leading Specialists in Science, and Sha
Provincial Science Foundation for Young Specialists.

FIG. 8. As for Fig. 7, but excluding the heaviest fragment.
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