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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 datfS0556-28189)02402-4

PACS numbeps): 25.75~q, 25.70.Mn, 25.70.Pq

[. INTRODUCTION which analyzes the charge distribution of fragments in 1
GeV/nucleon'®’Au-Em interactiong7]. Thus, he has ob-
Nuclear fragmentatiothot-nuclei multifragmentationin ~ tained linear correlations betweenSpand InS,, as well as
relativistic nucleus-nucleus collisions is an important experidn S; and InS,.
mental phenomenorfl]. According to the participant- The situation for the correlation behavior, as discussed in
spectator mode[2,3], the interaction system in relativistic Ref.[8], is not affected by omitting the limited conditiah
nucleus-nucleus collisions can be divided into three parts: & d,, in formula (1). We have included the heaviest frag-
projectile spectator, a participant, and a target spectator iment in the following version of formulél):
accordance with their relative velocity in the laboratory ref- g
erence frame. The participant includes nucleons in the over- i < K j
lap volume of two nuclei coming into a violent collision and Mk_dzl d*n’(d). ©)
produces many mesons, hucleons, photons, lepton pairs, etc.
The spectators include all other nucleons outside the overlap According to Eqs.(2) and (3), the correlations between
volume in a collision; they are broken up into nucleons andn S; and InS,, as well as Ir§; and InS, for 1 GeV/nucleon
nuclear fragments. In order to study the nuclear reactiort®’Au-Em, 3.7 and 14.5 GeV/nucledfiSi-Em, 3.7 and 200
mechanism, it is necessary for us to study general characteGeV/nucleon®O-Em and 200 GeV/nucleo?S-Em inter-
of nuclear fragmentatiothot-nuclei multifragmentationin actions, were obtained in Ref8—10]. The logarithmic cor-
relativistic nucleus-nucleus collision4]. relations between the conditional moments were found.
Campi [4] has introduced the critical behavior method Meanwhile, the correlation behavior reveals a similarity for
[5,6] in the study of hot-nuclei multifragmentation. He re- different incident energies, projectile sizes, and reaction
gards the hot-nuclei multifragmentation as a critical phenommechanisms.
enon and identifies the single-event momeatiled the con- As it was shown in Refs[8—10] the event distribution
ditional moment as follows: regions in the I18;-In'S, or InS;-In'S, planes for different
incident nuclei are different. The correlations between the
M = 2 d*ni(d) o conditioqal moments and total charge, excluding the frag-
k=LA ’ ments withd=1 for 10.6 GeV/nucleon®/Au-Em and 160
e GeV/nucleon?%Pb-Em interactions, were analyzed in Ref.
[11]. The conditional moments in the diffractive excitation
and electromagnetic dissociation of sulphur nuclei at 200
GeV/nucleon{12,13 based on a single emission source pic-
ture were studied by the Monte Car8] partition method
Ti4] in our previous work15]. It is shown that the calcu-
lated results by the single emission source cannot present the
. o experimental data of the conditional moment correlation and
Sk=Mi/M} (2)  distribution in the case of excluding the heaviest fragment.
To include the heaviest fragment, the calculated result can
present only the experimental conditional moment correla-
*Electronic address: liu@sunhe.jinr.ru; liuth@dns.sjstc.edu.cntion and cannot present perfectly the experimental condi-
Now at the Laboratory of High Energies, JINR, Dubna, Moscowtional moment distribution. This means that more than one
Region 141980, Russia. source is necessary to describe the conditional moment cor-
"Electronic address: panebrat@sunhe.jinr.ru relation and distribution in the nuclear fragmentation.

wherek is the moment orden!(d)=0,1,2 . . ., is thenum-
ber of fragments of charge appearing in the evernt The
sum includes all the fragments, excluding the chatgg, of
the heaviest one produced in the event. Campi has also i
troduced the normalized moment
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In this paper, we study the conditional moment correla-the projectile spectator are two different emission sources.
tion and distribution in the diffractive excitatiofDE) and  For the EMD process, the two sources are the nuclear local
electromagnetic dissociatigEMD) of sulphur nuclei at 200 region obtaining virtual photon energies and the other part,
GeV/nucleon by the Monte CarloMC) partition method respectively. Obviously, the hot source is the contact layer or
based on a two-source emission picture and compare the cahe local region obtaining virtual photon energies, and the
culated results with the experimental data of Rgf2] and  cold source is the other part.

[13]. The MC method used in this paper is based on the fol-

The paper is organized as follows. The descriptions ofowing consideration. In collisions, the hot source is com-
DE, EMD, and MC processes in the framework of two pletely fragmented due to its high excitation. The cold source
source emission method is given in Sec. Il. Calculation reis partly fragmented with a given probability. In a collision,
sults and comparison with available experimental data arese assume that the hot source has chadgeand the cold
presented in Sec. lll. Discussion and conclusions are sunsource has chargé— Q, whereZ is the charge of the pro-
marized in Sec. IV. jectile nucleus. LeF denote the probability o@=1. Then,

the probability ofQ=2 is assumed to bE?, the probability
IIl. DESCRIPTIONS OF DE, EMD, AND MC PROCESSES of Q=3 isF3, etc. In all collisions, the normalized condition

Up to now, three kinds of interactions in high-energy Of Probability can be written as
nucleus-nucleus collisions were found in experiment. They
are nuclear reaction, electromagnetic dissociation, and elastic F+F2+...+FQ+ ...+ FQmax=1, (4)
collision. Some of nuclear reaction events are diffractive ex-
citation.

According to the discussions in Refd2] and[13], po- WhereQpay is @ maximum charge of the hot source in all
tential DE events are those interactions showing no visiblé&ollisions. Similarly, in the case of fragmentation of the cold
target excitation(the number of target fragments is zgro source in a collision, the probability of the cold source
when the interactions are examined in the emulsion usingMitting one charge obeys
optical microscopes. L&f; denote the emission angle of the
ith chargeq shower particle 'in an event; the D!E event obeys f+f2t ... +f90 ... +fZ Q=1 (5)
the constraint condition at;sing,<0.4. Events with charged
shower particles of sifi,>0.4 are classified as non-DE ones.

EMD events are generated in collisions involving largewherefd (q=1,2,...Z—Q) is the probability of the cold
enough impact parameters so that no nuclear interactions ogource emitting charge in a collision.

cur. Extremely strong electromagnetic fields from heavy nu- The hot and cold sources emit charg@sand g, respec-
clei are produced for a very short time on the projectile; sucHively. For a givenQ or g, there are various possible configu-
events typically consist of projectile fragments, which pro-rations of charged fragments. For the hot source, it is com-
ceed essentially in the direction of the projectile nucleus. Théletely fragmented. And for the cold source, it is partly
fragmentation cone was defined By 6. = P /Py, Where — fragmented with a given probability. The residual charge
P; and Ppeamare the Fermi momentuttestimated to be 200 —Q—q of the cold source is the charge of the residual
MeV/c) and projectile momentum. The EMDs were thennucleus in a collision. If the cold source is not fragmented in
picked up using the criterion that the total charge of projec@ collision, i.e.,q=0, the charge of the residual nucleus is
tile fragments inside this cone is the charge of the projectileZ— Q. One of various possible configurations Qf one of
nucleus. various possible configurations qf and the residual nucleus

In the DE process, due to the existence of a relative mowith chargeZ—Q—q consist of a final state configuration.
tion between the participant and the spectator, the friction i¢-€t n(d) denote the number of projectile fragments with
assumed to be caused on the contact layer. Both the partigtharged. A set{n(d)} of all n(d) in a probable fragmenta-
pant and the spectator obtain the heat of friction. It takegion marks a final state configuration. Then, the{sgt)} is
some time when the contact layer transmits the heat of fricthe sum of three kinds of fragments emitted from the hot and
tion to the other part of the spectator. This could not lead theold sources and the residual nucleus in the cold source,
whole spectator to an equilibrium state but could lead theespectively.
contact layer and the other part to local equilibrium. Then, Following the partition methofil4] various possible con-
the contact layer and the other part of the spectator emfigurations of a given charge can be obtained. For example,
nuclear fragments with two different temperatures. In theif the charge number is 5, there are seven kinds of possible
EMD process, the local region of the colliding nucleus ob-configurations. Using fragment symbols, they are B; B¢,
tained the virtual photon energies from the collisions. ThenHe+Li, 2H+Li, H+2He, 3H+He, and 5H, respectively. In
the local region has some excitation energy and remains in e case of charge numbers 1, 2, 3,,15, thepossible con-
high excitation state. A small part of the excitation energy offiguration numbers are 1, 2, 3, 5, 7, 11, 15, 22, 29, 40, 56, 77,
the local region is transmitted to the other part of the collid-101, 134, and 176, respectively. The value(Qf,y, in our
ing nucleus. Then, the other part remains in a low excitatioMC simulation, is taken to be 4. It is due to a maximum
state. The whole colliding nucleus does not remain in thevolume of the contact layer about one fourth of the projectile
equilibrium state, but the local region obtained virtual photon[16]. Then,Q..=4 for the 32S projectile. The probability of
energies, and the other part of the colliding nucleus remaingagmentation of the cold source is assumed to be 0.5. It
in the local equilibrium states, respectively. reflects a low excitation energy obtained by the source,

For the DE process, the contact layer and the other part ofhere the value 0.5 can be regarded as a fitting result to the
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FIG. 1. Correlations between 8 and InS, in 3’S fragmenta- FIG. 3. As for Fig. 1, but showing a correlation betweergjn
tion at 200 GeV/nucleon in the case of including the heaviest fragand InS,.
ment. Circles, squares, and crosses correspond to DE, EMD, and
MC events, respectively.
ranges of the values of B and InS; for the 3°S fragmenta-

. o . ) tion process arg€0,4In 2] and[0,81n 2], respectively.
experimental data. The probabilities of various possible con- Figyres 1 and 2 demonstrate the logarithmic correlations
figurations for given charge are assumed to B¢, WhereN  petween the conditional moments in the cases of including
is the number of possible configurations for given cha@ye ang excluding the heaviest fragment, respectively. The equa-
or g. tions of the correlation lines for DE, EMD, and MC events in

Figs. 1 and 2 are as follows:
ll. RESULTS

, . ) In S3=(0.555+0.025+(1.823+0.010In S,, (6)
The normalized moments of sulphur nuclei fragmentation

at 200 GeV/nucleon are calculated event by event in this
paper. The fragmentation channel data obtained in REH.
and[13] were used.

Figures 1 and 2 show the correlations betwee§;land
InS, calculated by formulag2), (3) and (1), (2), respec- and
tively. The circles, squares, and crosses correspond to experi-
mental DE and EMD events and MC simulated events. The
event numbers are 191, 258, and 1000 correspond to the
experimental DE and EMD processes and the MC simulation
process based on a two-source emission picture, respectively.
We would like to emphasize that there are some points in
Figs. 1 and 2 corresponding to more than one event. It takes

place in the case of including the heaviest fragment. Possible The value of calculat_ed slope parameter Is similar to th_e
two slopes of the experimental correlation lines. The distri-

i i | l bution region of simulated events in the3gIn S, plane is
B 7 similar to that of DE and EMD events. There is no obvious
difference between DE, EMD, and MC events. The obtained
results both for the cases of including and excluding the
heaviest fragment are in agreement with the experimental
4= m data.

« The correlation between B and InS, calculated by for-

&z& mulas(2), (3) and (1), (2) are shown in Figs. 3 and 4, re-

¥ spectively. The circles, squares, and crosses correspond to
experimental DE and EMD events and MC simulated events,
respectively. In the case of including the heaviest fragment, a
possible range of the values of$is [0,16 In 2 for the 32S

InS;=(0.762-0.022 + (1.7410.009In'S,,  (7)

InS;=(0.750+0.01]) + (1.746+0.005InS,  (8)

In S;=(0.008+0.004 + (2.080+0.010InS,,  (9)
In S;=(0.007+0.003 +(2.028-0.0079InS,,  (10)

In S;=(0.008+0.002 +(2.062-0.003InS,. (11)

lnS3
o

FIG. 2. As for Fig. 1, but excluding the heaviest fragment.

InS2

fragmentation process. The equations of the correlation lines
for DE, EMD, and MC events in Fig. 3 are

InSs=(2.134-0.084 +(3.293-0.035In'S,, (12

In Ss=(2.809+0.07) +(3.028-0.028In'S,, (13
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FIG. 4. As for Fig. 2, but showing a correlation betweergn FIG. 5. Correlations betweeth,, and InS, in 3°S fragmenta-
and InS,. tion at 200 GeV/nucleon in the case of including the heaviest frag-
ment. Circles, squares, and crosses correspond to DE, EMD, and
MC events, respectively.
and

InS5=(2.7630.030 +(3.043:0.013In 5, (14 but we care about the comparison between the calculated
respectively. The equations of the correlation lines for DE,esults and the experimental data. Figures 5 and 6 show simi-
EMD, and MC events in Fig. 4 are lar _results for three kinds of events. This means that the

excited nuclei both from the DE and EMD processes do not

In Ss=(0.044+0.019 +(4.361+0.048InS,,  (15) remember their history of formation.

The InS, distributions,P(In S,), in the case of including
In S=(0.034+0.013 +(4.131+0.033InS,,  (16) and excluding the heaviest fragment are given in Figs. 7 and
8, respectively. The distribution is normalized to a 0.25 bin
and width of InS,. The dashed, dotted, and solid histograms cor-
respond to experimental DE and EMD events and MC simu-

In S5=(0.044+0.007) +(4.289+0.015InS,, (17)  |ated events, respectively. The 3p distributions for MC

. events in the case of including and excluding the heaviest
respectively. _ _ fragment are similar to those of DE and EMD events. The

One can see from Figs. 3 and 4 that the correlations b&syperimental data can be presented by the calculated results
tween InS; and InS; are similar to those between® and  pased on a two-source emission picture.
InS in Figs. 1 and 2. The conclusions of Figs. 1 and 2 can |t e condsider, as mentioned in Sec. |, the excited pro-
be drawn from Figs. 3 and 4, as well. The results obtained ifectile nucleus as just one emission source, the calculated
the framework in the two-source emission picture are iNesylts cannot present experimental data of the conditional

agreement with the experimental data. moment correlatiofCMC) and distribution(CMD) in the
Figures 1 and 3 show that DE and EMD events are veryase of excluding the heaviest fragméts).

similar, if not equal. It is known that the DE and EMD pro-
cesses are different in interaction mechanisms. The DE pro-
cess is a nuclear reaction, and the EMD process is an elec- g,
tromagnetic interaction. The similar results show that the
same fragmentation channel can be obtained by different in-
teraction mechanisms, and the excited nuclei do not remem-
ber their history of formation. 10
Under the comparison I& and InS at the same I8, in
Figs. 1-4, we found the exact linear correlations between the O BXxox x X
logarithmic conditional moments with different moment or-
ders. The results support the applicability of the two-source 5 |- B o _
emission picture in presenting the experimental data. °
In order to compare theory and experiment in detail, Figs. x x 0
5 and 6 present the correlations between the heaviest frag-
ment charged,,.x and InS; for including and excluding the ok —
heaviest fragment in formul&), respectively. The circles, o
squares, and crosses correspond to experimental DE and InS,
EMD events and MC simulated events, respectively. We do
not care about the type of correlation betwegp, and InS,, FIG. 6. As for Fig. 5, but excluding the heaviest fragment.
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FIG. 7. The InS, distributions in *°S fragmentation at 200

GeV/nucleon. The heaviest fragment is included. Dashed, dotted,
and solid histograms correspond to DE, EMD, and MC events

respectively. the whole nucleus or spectator, the number of light frag-

ments in a typical event will be in the range fra@2 to Z.
The heaviest fragment will be helium. In such a case, an

For including the heaviest fragment, the calculated resulPPvious difference between excluding and including the
can present only the experimental CMC and cannot presefteaviest fragment will disappear due to snifl,. If the
the experimental CMO15]. Here, we can see that the cal- excitation and evaporation processes happen in the local re-
culated results based on a two-source emission picture c&fon of the nucleus or spectator, the number of light frag-
present the experimental CMC and CMD, as well as thdnents in a typical events will be less than that of the former
correlation between the heaviest fragment and the condf@S€: The heaviest fragment will be the residual nucleus, and

tional moment, in the case of including and excluding the't i generally greater than helium. In such a case, one will
heaviest fragment. see an obvious difference between excluding and including

the heaviest fragment due to gredj,... Excluding the
heaviest fragment, if the other fragments are H and He, the
IV. DISCUSSIONS AND CONCLUSIONS value of InS; will be in the range from 0 to In 2.

Many ||ght fragments are produced in high_energy As a conclusion, in the case of eXClUding the heaviest
nuclear fragmentation if the excitation and evaporation profragment, we suggest that the conditional moment distribu-
cesses happen in the whole nucleus or spectator. Thus, tiign or event distribution in the I8;-In'S, plane could be
value of |nS2 will be low. If the excitation and evaporation used in further studies. This work shows that the calculated

process happen in the local region of the nucleus or Spect&esults based on a two-source emission picture are in agree-
tor, the number of light fragments in the final state will be ment with available experimental data. The MC simulated
small. The value of I1$, in the case of excluding the heaviest €vents can present the experimental data in the case of in-
fragment will be low, too. This phenomenon can be reflectecfluding and excluding the heaviest fragment, not only for the

in the CMD rather than in the CMCL0,15. In the correla-  conditional moment correlation but also for the conditional
tion p|ane, this phenomenon is revealed in the region of |Ov\m0ment distribution and the correlation between the heaviest

InS,. fragment and the conditional moment.
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