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The concept of factorial moments was applied to an analysis of the dynamical fluctuations in the ch
distributions of the fragments emitted from gold nuclei with energies 10.6 and,1.0 GeV/nucleon interacting
with emulsion nuclei. Clear evidence for intermittent fluctuations has been found in an analysis using a
particles released from the gold projectile, with a stronger effect observed below 1 GeV/nucleon than a
GeV/nucleon. For the full data sets, however, the intermittency effect was found to be very sensitive t
singly charged particles, and neglecting these particles strongly reduces the intermittency signal. Whe
analysis is restricted to the multiply charged fragments, an intermittency effect is revealed only for multi
mentation events, although one that is enhanced as compared to the analysis of all, singly and m
charged, particles. The properties of the anomalous fractal dimensions suggest a sequential decay mec
rather than the existence of possible critical behavior in the process of nuclear fragmentation. The
influence of the charge conservation effects and the finite size of decaying systems on the observed in
tency signals was pointed out.

PACS number~s!: 25.75.Gz, 29.40.Rg
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I. INTRODUCTION

The concept of intermittency was originally developed
the field of fluid dynamics to study the fluctuations that occ
in turbulent flow@1,2#. Its presence in the velocity and tem
perature distributions is established by the existence of la
nonstatistical fluctuations which exhibit scale invariance. I
termittency in physical systems is studied by examining t
scaling properties of the moments of the distributions of re
evant variables over a range of scales@3#. Białas and Pe-
schanski@4# first introduced the concept of intermittency to
the study of dynamical fluctuations in the density distribu
tions of particles produced in high energy collisions. In ord
to identify any intermittent behavior in the physical pro
cesses occurring during these collisions, they proposed
analysis of the scaling properties of the factorial momen
Fq , as the resolution in the density distribution was varie
By using the method of factorial moments, which results in
filtering out of the statistical fluctuations, it was possible t
analyze data on particle production. This soon led to t
discovery of a characteristic power law dependence of t
factorial moments of an orderq on the resolution scale,d:
Fq}(1/d)

wq. This feature of the moments, identified as a
example of intermittency, was observed in a variety of hig
energy reactions@5–7# and can be considered to be a gener
property of the particle production process. The speci
properties of the intermittency indices,wq , can be associated
either with a random cascading process@4,8–11# or with a
second-order phase transition@9,12–14# depending on the
values obtained. Thus an analysis of the factorial mome
may provide important information on the dynamical prop
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erties of the system. A similar analysis can be applied
other processes, such as nuclear fragmentation, in orde
attain a better understanding of the physics involved.

Płoszajczak and Tucholski@15# were the first to sugges
searching for intermittency patterns in the mass and cha
distributions of the fragments produced during the collisio
of energetic nuclei. They studied the breakup of197Au nuclei
with energies below 1 GeV/nucleon, and showed that
factorial moments of the charge distribution of the fragme
increased like a power law with increasing charge resoluti
thus exhibiting the property of intermittency. A similar analy
sis, confirming the existence of intermittency in nuclear fra
mentation, was later applied to the breakup of238U and
131Xe nuclei withE<1 GeV/nucleon@16#. However, as yet
there is no clear understanding of the underlying dynami
mechanism that leads to intermittency in nuclear fragmen
tion. No clear evidence of critical behavior was observed
these studies. It was shown@15# that a percolation mode
@17,18# could lead to fluctuations in the fragment size dist
butions similar to those observed in the data. In additio
there were some indications that the fragmentation mec
nism is a sequential decay process rather than a pro
breakup or falling apart of the nucleus. On the other ha
specific sequential decay models@19# were unable to repro-
duce the observed intermittency properties of the fragm
distributions.

In this paper we have used 10.6 GeV/nucleon197Au pro-
jectile nuclei, with a much higher incident energy than w
available previously for such heavy nuclei to make a detai
study of the fluctuations in the charge distributions of t
fragments emitted from interactions with the emulsion targ
1532 © 1996 The American Physical Society
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53 1533INTERMITTENCY IN 197Au FRAGMENTATION
nuclei. This analysis of the factorial moments is compa
with a similar analysis of the interactions of low ener
(<1 GeV/nucleon! gold nuclei@20#. In order to compare this
analysis with previous studies we have considered the
where the singly charged particles have been included. Th
singly charged particles numerically dominate the analy
but experimentally a determination of which ones are sp
tators, and part of the fragmentation process, and which
participants, is not well defined. For this reason we ha
made two additional analyses, with one representing an
tempt to distinguish between the spectators and particip
in the individual interactions, and the other restricted only
multiply charged fragments.

The paper is organized as follows: In Sec. II we give
brief summary of the experimental details, as well as som
the general characteristics of the fragmentation of197Au at
10.6 GeV/nucleon. More details can be found elsewh
@21–24#. The revisions introduced in the study of the lo
energy gold interactions are also discussed in this section
Sec. III the method of analysis is briefly reviewed. Sect
IV contains the results of the analysis of all particles and
comparison with the low energy data. Also the results of
analysis attempting to include only spectator singly char
particles are presented in this section. Section V discu
the analysis restricted to multiply charged fragments. T
summary and conclusions are discussed in Sec. VI.

II. FRAGMENTATION

Stacks of BR-2 nuclear emulsion were exposed to g
nuclei accelerated to an energy of 10.6 GeV/nucleon at
Brookhaven AGS~Exp. BNL 868!. A minimum bias sample
of interactions was found by microscope scanning along
tracks of incident gold nuclei. In every interaction all th
tracks produced by charged particles were analyzed.
high energy multiply charged fragments of the gold nuc
were readily separated from the low energy fragments e
ted from the target nuclei. The fast singly and doub
charged particles were identified by their grain densiti
while the charges of the heavier fragments were measure
delta ray counts with an accuracy better than 5% over
entire charge range. The present analysis is based on
fully analyzed interactions. Events in which the gold proje
tile apparently survives and no secondary particles are
duced were assumed to be noncharge changing interact
and were excluded from this sample.

For comparison, the interactions of low energy gold n
clei in emulsion were also analyzed. This low energy sam
consists of interactions produced by gold nuclei which
tered the emulsions withE.1.0 GeV/nucleon and, which, i
they did not interact, were brought to rest by energy lo
@20#. For this analysis we have selected only the 360 cha
changing interactions for which the energy of the gold p
jectiles was greater than 0.1 GeV/nucleon.1

The initial stage of a nucleus-nucleus collision involv

1The analysis of the low energy gold interactions by Płoszajc
and Tucholski@15# was based on a slightly larger sample witho
the exclusion of the lowest energy interactions and noncha
changing events.
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the strong interactions between the colliding nuclei, whic
leads to the creation of new particles, predominately pion
At this 10.6 GeV/nucleon incident energy, the average nu
ber of charged created particles was 50.562.0, with indi-
vidual multiplicities that ranged from 0 to. 300. After the
initial ‘‘fast’’ collision stage, a much slower process of deex
citation of the projectile and target nuclei occurs, accomp
nied by the emission of nuclear fragments. It is this latt
stage of the interaction, and, in particular, the breakup of t
gold projectile, that is of interest here. The number of fra
ments emitted from the projectile,Nfr , varies widely from
event to event. Similarly the charges (Z) of these fragments
cover the entire charge range from 1 to 79. In fact we kno
that fragments with chargeZ580 can be produced by charge
pickup @25#, but we are unable to identify these relativel
rare events in this experiment. The multiply charged fra
ments are readily detected. The number ofa particles
(Z52! and heavier fragments (Z>3) in each event was de-
noted byNa andNF , respectively.Na was typically much
greater thanNF . Singly charged fragments, mostly proton
with a small admixture of deuterons and tritons, must also
emitted from the excited gold nuclei, but their numbers ca
not be determined reliably in this experiment, since they ca
not be separated from the produced and interacting sin
charged particles. For each interaction we can use cha
conservation to evaluate the total number of singly charg
particles that were released,Np . ThenNp5ZAu2( i51

N Zi ,
where the summation runs over all multiply charged fra
ments. These released singly charged particles include b
singly charged projectile fragments~spectators,Nspect) and
interacting protons~participants,Npart); Np5Nspect1Npart.
Experimentally, it is not possible to make a clean separat
between the spectators emitted during the fragmentation p
cess and the participants involved in the fast collision sta
of the interaction. However, it is possible to use the me
sured emission angles of the singly charged particles to m
an estimate of the number of spectators in each event,
this approach has been used in some of the later analyse
be discussed.

The average and maximum numbers of the various typ
of fragment have been listed in Table I. Also listed there
the average charge of the heaviest fragment,^Zmax&. For
comparison similar quantities for the sample of low energ
gold nuclei have been included in this table. The valu
listed in Table I show that overall the high energy gold nucl
are more severely broken up than are those of low ener

ak
t
rge

TABLE I. Characteristics of gold fragmentation for 10.6 GeV
nucleon and 0.1–1 GeV/nucleon full data sets.

Sample 197Au ~10.6 GeV/nucleon! 197Au ~0.1–1 GeV/nucleon!

Nevents 1083 360
^Np& 29.7460.71 16.0160.89
^Na& 4.3660.09 5.2260.20
^NF& 1.9160.04 2.3060.08
Np
max 79 69

Na
max 15 15

NF
max 8 7

^Zmax& 37.9960.84 44.4761.36
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producing a smaller heaviest fragment and releasing m
singly charged particles.

The yields per event of the fragments are shown in Fi
1~a! and 1~b! for the high and low energy gold interaction
Both data sets show the familiarU-shaped distributions, with
the yields rising on both sides from a broad minimum
Z'0.5ZAu . If we are dealing with a liquid-vapor phase tra
sition at a critical temperature@26,27#, or a percolation
model @15,17,18#, we would expect to observe a power la
behavior of the fragments yields,P(Z)}Z2t, with an expo-
nent close to 2.3. Clearly this cannot apply to the ent
charge range, since it is well established that the yields of
heaviest fragments increase with increasing charge~see Fig.
1 and also@28#!. It is worth noting that the rise in the yield
of fragments withZ above 30–40 is due mainly to events
which only a single heavy fragment (Z>3) is emitted.

It is possible to select subsamples of events for which
charge distribution can be reasonably well described b
single power function. For example, Figs. 2~a! and 2~b! show
the charge distributions for events in which 2 or more fra
ments withZ>3 are emitted. The fitted inverse power law
in the rangeZ>3 gave the values oft of 1.7560.04 and
1.5660.05 at high and low energies, respectively. These
had reducedx2 values of 2.3 and 0.9 in the two cases. T
lighter fragments, specifically the helium nuclei, do not
this representation, there being many more than would
predicted from an extrapolation of these power laws. Inc

FIG. 1. Yields of charges for fragments from197Au projectiles
measured in full data sets at 10.6 GeV/nucleon~a! and at 0.1–1
GeV/nucleon~b!. For Z>3, two neighbor charges are binned to
gether with the yield plotted at their mean charge.

FIG. 2. Yields of charges for fragments from197Au projectiles
measured in a selected subsample of events withNF>2 at 10.6
GeV/nucleon~a! and at 0.1–1 GeV/nucleon~b!. Lines show the
inverse power fits in the rangeZ>3.
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sion in the fits of theZ52 fragments, even for these selecte
subsamples of interactions, greatly degrades the quality
the fits, resulting in correspondingx2 values of 7.6 and 7.9
for the two energies. The values obtained fort are smaller
than expected from the models. Fragment yields are
cussed in more detail elsewhere@29#.

III. METHOD OF NORMALIZED FACTORIAL MOMENTS

To study intermittency in multiparticle production, Biała
and Peschanski@4# suggested analyzing scaled factorial m
ments of the particle density distributions in decreasi
phase space bins, down to the limit of the experimental re
lution. The proposed definition of the factorial moments c
be extended in a straightforward way to an analysis of
charge distribution of fragments arising from nuclear fra
mentation process. For each event the factorial momentF,
of rankq is defined as

Fq~dZ!5
1

M (
m51

M

nm~nm21!•••~nm2q11!/~N̄/M !q,

~1!

whereM is the number of charge bins into which the who
charge rangeDZ5Zmax2Zmin has been divided,nm is the
number of fragments emitted in themth charge bin,
m51, . . . ,M and N̄ is the mean fragment multiplicity mea
sured in the fullDZ interval. After averaging over all event
in the sample, the mean factorial moments are

Fq~dZ!5
^n~n21! . . . ~n2q11!&

^n̄&q
, ~2!

where brackets denote averaging overM5DZ/dZ bins and
bars denote averaging over all events in the sample wh
there are two or more fragments in theDZ interval. Addi-
tional correction factors have been proposed@30# to allow for
nonuniform distributions of the analyzed variable, leading
a modified definition of the mean factorial moments of t
form

Fq
corr~dZ!5

^n~n21!•••~n2q11!&

^n̄q&
. ~3!

This definition guarantees that in the case of statisti
fluctuations, the corrected moments equal unity indep
dently of the bin size,dZ. In what follows, we will only use
corrected factorial moments calculated according to Eq.~3!
~superscript corr will be omitted for simplicity!.

The physical process under study is said to exhibit
intermittent behavior if the factorial moments increase like
power law with decreasing bin size:

Fq~dZ!5Fq~DZ!S DZ

dZ D wq

, ~4!

wherewq.0 in the limit of dZ→0. The magnitude of the
exponents,wq , called intermittency indices, characterize
the strength of the intermittency signal.

Intermittency occurs in systems which possess the pr
erty of self-similarity@Eq. ~4!# over a broad range of resolu

-
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53 1535INTERMITTENCY IN 197Au FRAGMENTATION
tions. This is a typical feature of fractal objects which also
satisfy certain scaling laws. The connection between factori
moments and rules of multifractal geometry reduces to th
direct relation between intermittency indices and the anom
lous fractal dimensions,dq of the analyzed distributions@31–
33#:

dq5
wq

q21
. ~5!

It was suggested@9–14# that measurements of anomalous
dimensions in the rapidity spectra may reveal an underlyin
mechanism in particle production processes. Particularly,
was argued@9,13# that an observation ofdq being indepen-
dent of q ~i.e., monofractal structure! would indicate a
second-order phase transition in the system. On the oth
hand, if a final state is formed as a result of the self-simila
cascade mechanism, one expectsdq to increase withq
@4,8,9#. If we assume that the above considerations can b
extrapolated to the processes of nuclear fragmentation, th
one can expect that the study of the dependence of anom
lous dimensions, measured for the fragment charge distrib
tions, on the rank of the moments may allow one to distin
guish between sequential~cascade like! and prompt~single
fractal object! mechanisms. Furthermore if the system exhib
its a monofractal structure, it would indicate the possibl
occurence of critical phenomena.

IV. INTERMITTENCY IN CHARGE DISTRIBUTION OF
ALL PARTICLES

Following the previous analyses of the factorial moment
for charge distributions of fragments@15,16#, we study the
charge spectrum of all fragments irrespective of thei
charges. Specifically,Zmin is set to 1, and all the singly
charged particles released from the projectile,Np , whether
they are spectators or participants, are included in this ana
sis.

Figures 3~a! and 3~b! show log-log plots of the depen-
dence of the factorial moments calculated according to E
~3! on the number of subdivisions,M of the whole
DZ578 interval for the full data sets available at 10.6 and
,1 GeV/nucleon. The moments of ranksq5225 are
shown for which statistically significant results can be ob
tained.

Factorial moments of the same order and calculated fo
various bin sizes are strongly correlated because their co
putation is based on the successive rebinning of the sam
data. As a consequence the errors of the average factor
moments, estimated from the dispersion,D, of the values of
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the moments used to calculate the average, are overestim
~the variations between the points are much smaller than
pected from the errors of the mean moments!. In this analysis
we have made an attempt to reduce the errors of correla
data points. The correlations between measured moment
due to event-to-event fluctuations of the total multiplici
and to bin-to-bin correlations. The fluctuations of the to
multiplicity are reflected in the absolute values of the m
ments and in the dispersion of the moments calculated
M51, DM51 . They also give a constant, independent
M , contribution to the errors of the moments calculated
M.1. The bin-to-bin correlations are due to the overlap
bins corresponding to differentM ’s, i.e., usually smaller bins
are contained in larger ones. They give contribution to
errors, clearly dependent onM , which are important for
studying the dependence of the moments on the width of
bin. Assuming that these two contributions are independ
we have calculated, at each bin width, the dispersionDvar:
Dvar
2 5D22DM51

2 . The errors of the mean moments calc
lated from the dispersionDvar are shown in the figures and
included in the fits.

A clear intermittency signal is seen~Fig. 3! at both ener-
gies indicated by a power law increase of the moments w
decreasingdZ. At lower energy the rise of the moments
faster suggesting a stronger intermittency effect in,1 GeV/
nucleon data than at 10.6 GeV/nucleon.

In @15# the analysis of the factorial moments was done

FIG. 3. log-log plots of the factorial momentsFq calculated
with Zmin51 for full data sets at 10.6 GeV/nucleon~a! and at 0.1–1
GeV/nucleon~b!. Full circles correspond toq52, open circles to
q53, full squares toq54, and open squares toq55. Lines show
the best fits to power law functions.
n
TABLE II. Average fragment multiplicities measured in selected samples of events at 10.6 GeV/nucleo
and 0.1–1 GeV/nucleon.

Sample 197Au ~10.6 GeV/nucleon! 197Au ~0.1–1 GeV/nucleon!

NF>3 Nfr529255 NF>3 N fr529255
Nevents 320 332 137 93
^Np& 32.7960.73 32.9560.42 23.9661.11 27.1260.73
^Na& 5.9960.15 6.3660.14 7.3760.27 8.5560.28
^NF& 3.6960.05 3.0760.08 3.9260.10 3.7560.15
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selected subsamples of events in order to search for a cla
events which exhibits the strongest intermittency signal. T
different selection criteria were applied: one limiting th
analysis to multifragmentation events for which the numb
of heavier fragments,NF , exceeds some threshold value a
one restricting the total multiplicity of fragments. Simila
selection criteria were applied to our data samples. Spe
cally, ~a! NF>3, and ~b! Nfr5Np1Na1NF529:55. In
Table II the event statistics and average multiplicities of d
ferent fragments are listed for subsamples selected accor
to each of the above criteria at 10.6 GeV/nucleon and 0.1
GeV/nucleon. Plots of the factorial moments are shown
Figs. 4~a!, 4~b!, and 5~a! and 5~b! for these two classes o
events. For each set of events the moments follow a lin
rise with M in log-log plots, although this rise is strongl
suppressed for the events with restrictedNfr multiplicity
@Fig. 5, criterion~b!#.

The power law fits to the dependencies shown in Fi
3–5 were performed for 39>dZ>2. To account for the cor-
relations between the moments calculated for differentdZ

FIG. 4. The same as in Fig. 3 but for events with the number
heavy fragmentsNF>3 for 10.6 GeV/nucleon~a! and 0.1–1 GeV/
nucleon~b!.

FIG. 5. The same as in Fig. 4 but for events with the to
number of fragmentsNfr529:55 for 10.6 GeV/nucleon~a! and
0.1–1 GeV/nucleon~b!.
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one should perform fully correlated fits including the whol
covariance matrix@34#. However, for low statistics data the
determination of the covariance matrix is not sufficiently a
curate to assure the reliable results of the fit. Therefore,
the present analysis the standard uncorrelated fits were do
We have checked, however, that the fits containing the f
covariance matrix, determined from our presently availab
data, gave similar values of the intermittency indices b
with frequently smaller errors as compared to those obtain
from uncorrelated fits and reported in this paper.

The values of the fitted intermittency indices,wq , for dif-

of

tal

FIG. 6. Dependencies of the anomalous dimensionsdq on the
order of the moments for 10.6 GeV/nucleon data~full circles! and
0.1-1 GeV/nucleon data~open circles! for different event selections:
all events ~a!; events with NF>3 ~b!; and events with
Nfr529255 ~c!.

TABLE III. Intermittency indiceswq from power law fits to the
factorial moments calculated withZmin51 for different event selec-
tions. The upper values are for 10.6 GeV/nucleon data, the low
values are for 0.1–1 GeV/nucleon data.

Sample All events NF>3 Nfr529:55

w2 0.00560.004 0.00560.003 0.00160.002
0.01060.011 0.01160.008 0.00360.004

w3 0.01560.005 0.01460.005 0.00460.003
0.02760.017 0.03060.012 0.00860.006

w4 0.02660.007 0.02660.007 0.00860.004
0.04960.023 0.05360.018 0.01560.008

w5 0.03960.009 0.03960.009 0.01360.005
0.07360.030 0.07860.023 0.02460.010
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TABLE IV. Intermittency indiceswq from power law fits to the factorial moments calculated with
Zmin51, but for different selections of singly charged particles, for the two 10.6 GeV/nucleon data sampl

Sample ucut ^Np(u<u cut)& w2 w3 w4 w5

All 0.011 5.0660.10 20.00660.004 20.01160.007 20.01360.011 20.00960.016
events 0.023 11.5460.22 20.00160.004 0.00160.006 0.00560.009 0.01560.014

0.034 16.4660.33 0.00160.003 0.00660.005 0.01460.008 0.02460.011
0.048 20.9660.44 0.00360.003 0.01060.005 0.02060.007 0.03160.010

NF>3 0.011 6.2460.16 0.00660.005 0.01860.007 0.03260.010 0.04760.014
0.023 14.5160.30 0.00560.004 0.01660.006 0.03060.008 0.04660.011
0.034 20.0760.41 0.00560.004 0.01560.005 0.02760.008 0.04260.010
0.048 24.8360.54 0.00560.004 0.01560.005 0.02860.007 0.04360.010
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ferent data sets at low and high energies are listed in Ta
III. For the full data sets and also for events withNF>3, we
observe systematically a stronger intermittency effect
lower energy. Selection of events with multiple emission
heavier fragments gives a stronger intermittency signal w
respect to the selection onNfr multiplicity.

Figure 6 shows the anomalous dimensionsdq calculated
from Eq. ~5! as a function of the rank of the moments. Th
dq increases withq suggests that the fragmentation of go
projectiles proceeds via a sequential or cascadelike me
nism.

In the analyses presented above all singly charged
ticles (Np) were included, although only a fraction of thes
particles (Nspect) are associated with the process of gold fra
mentation. Since the number of these singly charged p
ticles is much larger than the number of multiply charg
fragments~see Table I! they exert a significant and uncerta
influence on the results. We made an attempt to distingu
between the spectator singly charged particles and par
pant protons on an event by event basis using the meas
emission angles of the singly charged particles released f
the projectile. It can be assumed that spectators are emitte
smaller angles than participants, which have suffered an
ergy loss and acquired some transverse momentum, du
the interactions with target nucleons. Therefore, by selec
only those of theNp particles which are emitted in the labo
ratory system within a very narrow forward angle,u<ucut,
we are enriching our sample of analyzed particles by sin
charged spectators. Such a procedure could be applied to
10.6 GeV/nucleon data where the emission angles of
charged particles originated from the interaction vertex ha
been precisely measured. The results are quoted in Tabl
which lists the values of the fitted intermittency exponen
obtained from the analysis comprising only those sing
charged particles from a given event which fulfill the crit
rion u<ucut. The analysis was performed for the full da
sample as well as for a subsample of events withNF>3. The
u cut values varied from 0.011 rad up to 0.048 rad. The c
responding average multiplicities of singly charged partic
fulfilling a given angular criterion are also listed in Tab
IV.2 Inspecting thewq values given in Table IV and compar
ing them to those listed in Table III~corresponding to the

2It is worth noting that, for the full data set, the^Np(u<0.048 rad&
coincides with the value which can be evaluated from the VEN
@35# model calculations. This model predicts that for Au-emulsi
ble
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inclusion of allNp particles! we see a distinct difference in
the dependence of the slopes on the number of the anal
singly charged particles between the full data set and the
of events withNF>3. While for the full sample we observ
a strong decrease of the intermittency indices with decre
ing multiplicity of singly charged particles, for events with
least three heavy fragments the indices weakly depend on
^Np(u<ucut)&. Nevertheless, although we were not able
unambigously identify the spectators, the applied appro
mate procedure has shown that for all events without
selection, the intermittency effects are due to the sin
charged particles, and restricting the number of these
ticles ultimately leads to the disappearance of the interm
tency fluctuations, i.e., indiceswq,0 ~this will be also seen
from the analysis which follows!.

V. FACTORIAL MOMENTS OF CHARGE DISTRIBUTIONS
OF MULTIPLY CHARGED FRAGMENTS

To avoid the uncertainties due to the unknown number
singly charged spectators in a given event, it is reasonab
restrict the intermittency analysis to only multiply charg
fragments (Z>2). Thus we now setZmin52 and repeat the
analysis.

Figures 7~a! and 7~b! show the factorial moments as
function ofM for the full datasets, and the moments are n
compatible with a power law. The observed convexity in t
behavior of the moments indicates that intermittency patte
are not present in theZ distributions of multiply charged
fragments. This agrees with the trend we have seen from
above study of the dependence of the intermittency on
number of singly charged particles accepted for the analy

On the other hand for the subsample of multifragmen
tion events corresponding toNF>3 the moments increas
like a power function with decreasing width of the char
bins in the rangedZ>2, as is shown in Figs. 8~a! and ~b!.
The fitted intermittency exponents are given in Table
Comparing the values quoted in Table V with those listed
Table III shows that restriction of the analysis to multip
charged fragments reveals an enhanced signal of dynam
fluctuations in the fragment charge distributions for selec
multifragmentation events as compared to the analysis
sented in Sec. IV. This may indicate that the fluctuatio

S
n
interactions thêNpart&59.4 which corresponds to about 20 spec
tors (̂ Nspect&5^Np&2^Npart&).
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among the multiply charged fragments are stronger. On
other hand, this observation can be also explained by the f
that the analysis of multiply charged fragments involves pa
ticles originating from a single source~fragmentation of gold
nuclei! whereas in the previous analysis the particles fro
two distinct sources, namely from the fragmentation proce
~spectator protons and multiply charged fragments! and from
the collision process~participant protons!, are mixed.

In Figs. 9~a! ~10.6 GeV/nucleon! and ~b! ~0.1–1 GeV/
nucleon! we present the comparison of thewq values ob-
tained forZ min51 andZmin52 for different subsamples of
events selected according to cuts onNF multiplicity. For all
the selected subsamples, settingZmin to 2 gives largerwq
values thanZmin51 for 10.6 GeV/nucleon data. For the
lower energy data, the evidence is not clear due to the lar
errors, but the trend is, systematicallywq(Zmin52)
.wq(Z min51). The intermittency indices resulting from the

FIG. 7. log-log plots of the factorial momentsFq calculated
with Zmin52 vsM for full data sets at 10.6 GeV/nucleon~a! and
0.1–1 GeV/nucleon~b!. Different symbols correspond to different
ranks of the moments~see caption to Fig. 3 for details!.

FIG. 8. The same as in Fig. 7 but for events with the number
heavy fragmentsNF>3 for 10.6 GeV/nucleon~a! and 0.1–1 GeV/
nucleon~b!. Lines show the fitted power law functions. Symbols ar
the same as in Fig. 3.
the
act
r-

m
ss

ger

analysis of multiply charged fragments show no significa
energy dependence although systematically the values of
indices obtained for 10.6 GeV/nucleon data are smaller th
those obtained for lower energy data.

Although the analysis of the gold fragmentation, based
a relatively low statistics emulsion data, revealed some int
esting observations, it is evident that higher statistics a
needed to confirm the above observations. It certainly wou
be interesting to perform such an analysis for high statist
electronic datasets@36,37#.

VI. SUMMARY AND CONCLUSIONS

The method of factorial moments was used to search
dynamical fluctuations in the charge distributions of frag

of

e

FIG. 9. Comparison of the intermittency indices obtained fro
fits to the factorial moments calculated withZmin51 ~open circles!
and Zmin52 ~full circles! for subsamples of events with different
NF multiplicities at 10.6 GeV/nucleon~a! and at 0.1–1 GeV/
nucleon~b!. Values ofq are slightly displaced for clarity.
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53 1539INTERMITTENCY IN 197Au FRAGMENTATION
ments arising from deexcitation of gold projectiles after a
interaction with emulsion nuclei at incident energy of 10
GeV/nucleon. For comparison, the same analysis was p
formed for gold fragmentation at energies, 1 GeV/nucleon.
The factorial moments were found to increase like a pow
law with decreasing width of the charge bin in the analysis
all particles (Z51279) released from the fragmenting gol
projectiles. This evidence for the existence of nonstatisti
fluctuations of the intermittent type confirms the previous
reported results. Comparison of the results obtained for d
ferent projectile energies indicate that dynamical fluctuatio
are stronger at low energy than at 10.6 GeV/nucleon. It w
also found that multifragmentation events exhibit strong
intermittency than the events with restricted fragment mul
plicities.

It was shown that the results obtained for all minimu
bias events are sensitive to the number of singly charg
particles subjected to the analysis. The analysis, limited
multiply charged fragments only, revealed no intermitten
when all events are used without any selection on the fr
ment multiplicity. On the other hand, some evidence for t
intermittency effect was found for multifragmentatio
events. These multifragmentation events exhibit a stron

TABLE V. Intermittency indiceswq from power law fits to the
factorial moments calculated withZmin52 for events withNF>3 at
10.6 GeV/nucleon and 0.1–1 GeV/nucleon.

10.6 GeV/nucleon 0.1–1 GeV/nucleon

w2 0.01260.007 0.01960.011

w3 0.04060.012 0.05160.017

w4 0.08060.020 0.09260.025

w5 0.13560.032 0.13960.033
n
.6
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intermittency signal when compared to an analysis that a
included the singly charged particles released from the g
projectiles. In the latter case, the mixing of particles ori
nating from the two different processes may be respons
for the weaker fluctuations.

From the fitted intermittency indices, the anomalous fr
tal dimensions have been calculated and found to dep
upon the order of the moments, in contradiction to the
pectations from a prompt decay mechanism or a seco
order phase transition. This dependence suggests the
curence of sequential decay in the fragmentation of g
nuclei.

The results, presented here on the observation of dyn
cal fluctuations in the charge distributions of fragments em
nating from excited gold projectiles constitute a challen
for theory and/or models of nuclear multifragmentation. T
problems which certainly need to be solved, within t
framework of fragmentation models, are whether and h
the charge conservation effects, which produce the hole
the fragment charge distributions, and the finite size of
decaying system affect the factorial moments and
strength of the intermittency signal. It is worth pointing o
that for the multifragmentation events as well as the anal
of only multiply charged fragments, which both show
clear intermittency signals, charge conservation effects m
be more substantial than in the case of the analysis o
events without any selection or the inclusion of sing
charged particles.
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