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Investigation of charge yields, charge correlations, and multifragmentation of197Au and 208Pb
projectiles at beam energies between 1.0 and 158 GeVÕnucleon

G. Hüntrup, T. Streibel, and W. Heinrich
Department of Physics, University of Siegen, D-57068 Siegen, Germany

~Received 6 August 1999; published 16 February 2000!

We have studied fragmentation processes of208Pb projectiles at 1.0 and 158 GeV/nucleon and of197Au
projectiles at 10.6 GeV/nucleon in collisions with targets ranging from CH2 to Pb. This is the first time
projectile fragmentation has been investigated in such a large projectile energy range with the same experi-
mental technique and with high statistical significance. For our experiments we used stacks of thin CR-39 and
BP-1 nuclear track detectors. This experimental method allows measurement of the trajectories and charges of
all particles with charge numbersZ>6 or Z>7 depending on the detection threshold. Yield spectra for the
fragment chargeZ and the charge sum of the detected fragments show significant target and energy depen-
dences, which originate from different excitation energy spectra of the projectile residues in collision with light
target nuclei, especially for the hydrogen target, and additionally from contributions by electromagnetic dis-
sociation in collisions with heavy target nuclei at high beam energies. The characteristics of the breakup of the
prefragment in a multifragmentation reaction were investigated based on charge correlations. No significant
target dependence was observed for the different energies. This shows that the memory in the special entrance
channel of the reaction is lost before the excited prefragment breaks up into smaller particles.

PACS number~s!: 25.75.2q, 25.70.Mn, 25.70.Pq, 05.70.2a
ha
c

ile
t

id

e
en
ta
a

u
m
s
pr
le
es
ee
th
je

eo

pe
ri
ge
tis
um
re
ga
nd
ha
ti

ak
io

lear

ries
sh-

rs
et

tor

tile
ro-
t at
ults
er
ibed
en-
ere

tile
me
he
in

ar
rea
l
ick

in-
ent
f the
ent
-39

of
I. INTRODUCTION

In the last few years the multifragmentation process
been intensively investigated in collisions of heavy proje
tiles with different targets in a wide spectrum of project
energies. This decay process is of special interest due to
suggestion that multifragmentation is connected to a liqu
gas phase transition in nuclear matter@1–4#. The process of
multifragmentation of excited projectile spectators produc
in collisions of heavy ions with different targets has be
studied at relativistic energy using different experimen
techniques like electronic detector systems, emulsions,
plastic nuclear track detectors.

With electronic detector systems it is possible to meas
all charged particles. These experiments can be perfor
with high statistical significance. Until now experiments u
ing electronic detector systems have been carried out at
jectile energiesEP<1.0 GeV/nucleon. Target and projecti
energy dependences of the fragmentation processes of
cially heavy projectiles have been examined. It has b
shown that charge correlations of fragments produced in
interactions are independent of the targets and of the pro
tile energy for energies between 0.4 and 1.0 GeV/nucl
@5–9#.

Experiments using emulsion detectors have been
formed at all available projectile energies. With this expe
mental technique it is also possible to measure all char
particles. However, these experiments suffer from low sta
tical significance because the analysis is very time cons
ing. Furthermore, one has to consider that emulsions a
mixture of light and heavy elements. Therefore an investi
tion of target dependences is difficult. On the other ha
until now the emulsion experiments are the only ones t
have examined the multifragmentation process at projec
energiesEp.1.0 GeV/nucleon. The results reveal a we
projectile energy dependence for some charge correlat
@10–13#.
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We have performed experiments using the plastic nuc
track detector CR-39 at energiesEp<1.0 GeV/nucleon. This
experimental method allows measurement of the trajecto
and charges of all relativistic particles above a charge thre
old Zt . Thus all particles with charge numbersZ>6 ~or Z
>7, depending on the sensitivity of the batch of detecto!
can be analyzed@14,15#. In one of these experiments a targ
dependence has been observed@15#, which is in contradic-
tion to the results of experiments using electronic detec
devices@9#.

We have extended our investigations to higher projec
energies with an improved computerized reconstruction p
cedure for the interactions. Furthermore, a new experimen
1.0 GeV/nucleon was performed to compare these res
with older ones of our own group and with those of oth
groups using different experimental techniques as descr
above. Thus for the first time the target and energy dep
dences of fragmentation processes of heavy projectiles w
investigated in reactions with different targets in a projec
energy range from 1.0 to 158 GeV/nucleon with the sa
experimental technique and high statistical significance. T
conditions of the different experiments are summarized
Table I.

II. EXPERIMENTAL METHOD

For our experiments we used foils of the plastic nucle
track detector CR-39 with a thickness of 0.6 mm and an a
between 8 cm38 cm and 15 cm315 cm. Our experimenta
setup consists of single CR-39 foils upstream from a th
target, which is called the projectile detector~Fig. 1!. This
allows us to identify the charges and trajectories of the
coming projectiles. Downstream from the target the fragm
detector is used to measure the charges and trajectories o
projectile fragments produced in the target. The fragm
detector consists of a few modules containing some CR
foils. Gaps between adjacent modules allow separation
©2000 The American Physical Society03-1
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TABLE I. Summary of the analyzed experiments.

Projectile
Energy

~GeV/nucleon! Target
Target thickness

~g/cm2!
Number of
projectiles

Particle density
~number/cm2! Accelerator

208Pb 1.0 CH2 0.88160.004 116 050 2500 GSI/SIS
208Pb 1.0 C 1.71660.009 114 200 2500 GSI/SIS
208Pb 1.0 Cu 1.78660.009 119 050 2500 GSI/SIS
208Pb 1.0 Pb 1.53960.008 119 150 2500 GSI/SIS
197Au 10.6 CH2 0.88160.004 397 350 3000 BNL/AGS
197Au 10.6 C 2.56560.013 421 200 3000 BNL/AGS
197Au 10.6 Pb 6.17860.031 396 300 3000 BNL/AGS
208Pb 158 CH2 0.88160.004 303 650 1000–6000 CERN/SP
208Pb 158 C 2.56560.013 160 950 1000–6000 CERN/SP
208Pb 158 Cu 3.57260.018 155 400 1000–6000 CERN/SP
208Pb 158 Pb 6.17860.031 162 950 1000–6000 CERN/SP
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projectile fragments that are produced in the same inte
tion. These gaps have to be adapted to the projectile ene
For the experiments at 10.6 GeV/nucleon the experime
setup differs somewhat from the other experiments. Here
used in addition one BP-1 glass detector in front of a
behind the target. This detector material has an excel
charge resolution above the charge thresholdZt574 for the
analyzed experiments. This allows us to distinguish197Au
projectiles from heavy fragments using a single detector s

The irradiation of the detector material causes lat
tracks along the path of the penetrating particles. These
tent tracks can be developed by etching. For the experim
at 1.0, 10.6, and 158 GeV/nucleon the CR-39 foils w
etched in 6NNaOH for 24 h at 60 °C, for 40 h at 70 °C, an
for 40 h at 70 °C, respectively. The BP-1 glass detect
were etched for 14 h in 6NNaOH at 70 °C. During the etch
ing process etch pits of conical shape are formed along
particle tracks on the surface of the detectors. The size
these etch pits along the tracks increases with the ioniza
energy loss, e.g., for relativistic particles with their charg
The position and size of the mouth of all etch cones on
foil sides can be measured with an optical microscope s
tem. For this purpose we use the Siegen automatic measu
system@16,17#.

For the reconstruction of the particle trajectories in t
stacks a precise alignment of the detector foils in the se
is necessary. This can be determined based on the trac
projectile ions. At relativistic beam energies the heavy p
jectiles penetrate each stack in almost straight lines. Furt

FIG. 1. Experimental setup for the experiments performed
1.0, 10.6, and 158 GeV/nucleon.
03490
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more, the projectile trajectories are almost parallel to e
other and perpendicular to the detector surfaces. So one
correlate a local pattern of projectile etch cones on the fi
detector side with the pattern on successive detector si
This method allows reconstruction of the projectile trajec
ries of the projectiles with a spatial resolution of about 2mm.
The trajectories of the projectile fragments can then easily
found in the stack coordinate system. For these tracks a
cision between 2 and 10mm can be achieved depending o
the angle between the beam axis and the direction of
fragment trajectory. This reduced position resolution for t
projectile fragments is mainly caused by the limited mou
ing precision of the detectors in the setup along the be
axis. After the reconstruction of the particle tracks one has
correlate the track of a projectile fragment with the cor
sponding track of an incident projectile.

The reconstruction of the particle tracks and vertices
performed using a computerized reconstruction proced
The reliability of this method can be checked by a visu
reconstruction of the measured etch cones@14#. Problems
may arise only if the distance between two fragmenting p
jectiles becomes very small. To exclude ambiguities we h
considered only fragmentation events where the distanc
the neighboring projectile tracks on the last detector side
front of the target is larger than 50mm.

Charge calibration of the measured particle tracks can
performed with the measured area of the etch cones.
ionization of the detector material is described by the Bet
Bloch formula. According to this the ionization is propo
tional to Z2/b2. For the experiments at 10.6 and 158 Ge
nucleon,b is almost constant for all projectiles and project
fragments on all detector sides. Thus the measured are
the etch cones can be related directly to the charge of
corresponding particle. For the experiments at 1.0 G
nucleon, however, due to the significantly different ener
loss of projectiles and fragments,b depends on the depth i
the stack where a fragment was produced. So it may hap
that etch cones of fragments with the same measured are
the same foil side correspond to particles with a differe
charge and different energy. These effects were estim
using the restricted energy loss (REL200) of particles in the
t
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INVESTIGATION OF CHARGE YIELDS, CHARGE . . . PHYSICAL REVIEW C 61 034903
detector material@18#. This is a quantity describing the de
tector damage along the particle tracks in dependence oZ
andb.

Furthermore, for the CR-39 detectors systematic err
may have a strong influence on the charge resolution
particles with large charge numbers. For example, it w
observed that the mean measured area of the etch pits d
from foil side to foil side. This is caused by somewhat d
ferent conditions during the measuring procedure. Fo
nately, these systematic deviations can be corrected for@19#.
The spectrum of the determined mean track areas for
experiment with the C target at 158 GeV/nucleon after
corrections is shown in Fig. 2. One can see that for all fr
ments with charges 6<Z<82, corresponding charge pea
can be found. Charge identification can be performed
counting charge numbers downward beginning with
beam peak. We finally achieve a charge resolution of 0.1e,
0.5e, and 1.0e for a single etch cone of chargeZ56, 26, and
82 for the experiments at 10.6 and 158 GeV/nucleon. For
experiment at 1.0 GeV/nucleon, however, individual cha
peaks can only be resolved forZ<60. For charges withZ
.60 we use the area difference between successive ch
peaks measured for the experiments at the higher proje
energies to estimate the calibration. Therefore systematic
rors for the charge calibration of 1.5e cannot be excluded fo
the experiments at 1.0 GeV/nucleon for charges withZ
.60.

III. INCLUSIVE CHARGE YIELDS

In Figs. 3–5 the measured inclusive charge yields for
experiments with different targets for each beam energy
shown. These results are not corrected for the fragmenta
of projectile fragments produced in the targets. So the res
at large and small charge numbers in particular may h
systematic errors of up to 10%. For the experiments with
208Pb projectiles the yields for charges with 7<Z<79 and
for the experiments with the197Au projectiles the yields for
charges with 7<Z<76 are presented. Furthermore, we ha
analyzed reactions of projectiles with the detector mater
CR-39~C12H18O7! and BP-1 ~the composition is given in

FIG. 2. Spectrum of measured mean track areas for the ex
ment of 208Pb projectiles with a C target at 158 GeV/nucleon.
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@20#!. The probability of a reinteraction of the projectile frag
ments produced is comparatively small for these mater
because the detectors are thin in comparison to the tar
mounted in stacks.

The spectra show significant target and energy dep
dences. The results for reactions of the projectiles with H
be extracted from the data for the C and CH2 targets based
on a statistical subtraction method. The spectrum of fr
ments produced in collisions of208Pb projectiles with H tar-
get nuclei at 1.0 GeV/nucleon~upper left part of Fig. 3!
shows a peak around chargeZ540. This peak is caused b
fission events. In addition to this peak only a few events c
be found in the charge range 7<Z<65. These few events
may be generated by fragmentation of larger projectile fr
ments in the thick C and CH2 targets or may be artifact
caused by the statistical subtraction method. For chargeZ
.65 a steep increase of the yield with increasingZ is ob-
served. One can conclude that at 1.0 GeV/nucleon the e
tation energy of the projectile residues produced is not la
enough to generate multifragmentation events for reacti
of 208Pb projectiles with H.

The spectra for reactions of208Pb projectiles with the
heavier targets C, Cu, and Pb at 1.0 GeV/nucleon, howe
show a comparable shape. In these reactions fragments
all possible charges are produced. Here one observes a
crease of the charge yields with decreasing charge num
for Z<20. On the other hand, comparatively fewer fissi
and spallation events can be found. Therefore one can
clude that a wider excitation energy spectrum of the proj
tile residues produced can be explored in reactions with

ri-

FIG. 3. Yield spectra for the charges of fragments measured
reactions of208Pb projectiles with H, CH2, C, CR-39, Cu, and Pb a
a beam energy of 1.0 GeV/nucleon.
3-3
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G. HÜNTRUP, T. STREIBEL, AND W. HEINRICH PHYSICAL REVIEW C61 034903
FIG. 4. Yield spectra for the charges of fragments measured
reactions of197Au projectiles with H, CH2, C, BP-1~up- and down-
stream of the targets!, and Pb at a beam energy of 10.6 Ge
nucleon.

FIG. 5. Yield spectra for the charges of fragments measured
reactions of208Pb projectiles with H, CH2, C, CR-39, Cu, and Pb a
a beam energy of 158 GeV/nucleon.
03490
heavier targets. At higher excitation energies the prefr
ments break up in multifragmentation. The spectra for int
actions of the208Pb projectiles with CH2 and CR-39 are a
superposition of the spectra for reactions with the H, C, a
O components.

The spectra for the reactions at the higher projectile en
gies show only a weak target dependence. Here the spe
for reactions with the H component differ less significan
from the spectra for the heavier targets than at 1.0 G
nucleon. One has to conclude that at the higher projec
energy the maximum possible excitation energy of the p
jectile residues is significantly enlarged for reactions of208Pb
or 197Au projectiles with H target nuclei. For the heavie
targets significant energy dependences can be observed
for spallation and fission reactions. One finds especially
reactions of208Pb projectiles with a Pb target an increasi
proportion of spallation and fission reactions at 158 Ge
nucleon. This energy dependence is caused by the ele
magnetic dissociation process as described by Hirzebr
et al. @21#. Apart from this special fragmentation process,
significant target and energy dependences can be found
reactions of208Pb and197Au projectiles with a C, Cu, or Pb
target. The observed independence of the shape for the
emental yields of the projectile energy is in agreement w
the results of other experiments@22,23#.

Furthermore, in Fig. 4 the spectra for reactions of197Au
projectiles with the BP-1 detectors up- and downstream fr
the targets are plotted. For both cases the fragments w
identified only with the detectors downstream of the targe
Therefore the comparison of these spectra allows us to
mate the experimental bias caused by reinteractions of
jectile fragments in the thick targets. These spectra sh
only small differences for the largest and smallest cha
numbers.

IV. CHARGE CORRELATIONS

It is possible to study characteristics of fragmentation p
cesses like fission or spallation based on inclusive cha
yields of fragments. For the multifragmentation proce
however, where several fragments are produced in the s
interaction, these yield spectra give only limited informatio
Details about the reaction conditions like the size of t
original projectile spectator are needed. For this purpose
uses the quantityZbound @7#. Zbound is defined as the sum o
the charges of all fragments withZ>2 produced in the same
interaction.Zbound is closely related to the impact paramet
and to the size of the original projectile spectator, as can
concluded from a simple geometric picture of the react
process. Furthermore, it has been shown thatZbound has a
relation to the excitation energy per nucleon of the decay
prefragment@4#.

Due to the detection threshold of the CR-39 foils we ca
not determineZbound for the individual fragmentation events
Instead of this we useZbound6or Zbound7. These quantities are
defined as the sums of the charges of all particles withZ
>6 or Z>7 produced in the same interaction. The depe
dence of the characteristics of multifragmentation onZbound
and onZbound6 or Zbound7 cannot be compared directly. It i

or

or
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INVESTIGATION OF CHARGE YIELDS, CHARGE . . . PHYSICAL REVIEW C 61 034903
evident that due to the loss of the information provided
the lighter fragments estimation of the impact parame
based onZbound6is less accurate than usingZbound. However,
the observed distributions for theZbound7values are strongly
related to the distribution of the sizes of projectile spectat
produced. SmallZbound7values correspond to small projecti
spectators and small impact parameters whereas largeZbound7
values correspond to large projectile spectators and large
pact parameters.

In Figs. 6–8 the measured yield spectra forZbound7 are
plotted for experiments with208Pb projectiles at 1.0 GeV
nucleon, with 197Au projectiles at 10.6 GeV/nucleon, an
with 208Pb projectiles at 158 GeV/nucleon in reactions w
targets ranging from CH2 to Pb. As for the inclusive charg
yield spectra, significant target and energy dependences
be found. At 1.0 GeV/nucleon a strong target dependence
reactions with H, C, Cu, and Pb can be observed. For re
tions with the H component only a few events withZbound7
<65 can be found. As for the charge yield spectra, one
to state that these events are probably caused by the re
action of projectile fragments in the thick targets, or are
tificially generated by the statistical subtraction method
plied for the H target. ForZbound7.65, however, a steep
increase of the yields with increasingZbound7 values can be
recognized. One must conclude that the deposited excita
energy for reactions of208Pb projectiles with H is not suffi-
cient at 1.0 GeV/nucleon to generate projectile residues w
small charge numbers.

For reaction with the heavier targets C, Cu, and Pb, ho
ever, events are observed for allZbound7values. Nevertheless

FIG. 6. Yield spectra for the charge sumZbound7 measured for
reactions of208Pb projectiles with H, CH2, C, CR-39, Cu, and Pb a
a beam energy of 1.0 GeV/nucleon.
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FIG. 7. Yield spectra for the charge sumZbound7 measured for
reactions of197Au projectiles with H, CH2, C, BP-1~up- and down-
stream of the targets!, and Pb at a beam energy of 10.6 Ge
nucleon.

FIG. 8. Yield spectra for the charge sumZbound7 measured for
reactions of208Pb projectiles with H, CH2, C, CR-39, Cu, and Pb a
a beam energy of 158 GeV/nucleon.
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comparison of the spectra for the C target with the spe
for the heavier targets shows a significant target depend
for the smallerZbound7values. For the C target comparative
few events with smallZbound7 values can be observed, i
comparison to those for the Cu and Pb targets.

In the spectra for reactions of197Au and 208Pb projectiles
at 10.6 and 158 GeV/nucleon for collisions with C, BP-
Cu, and Pb nuclei, no significant target dependence ca
observed forZbound7,70. For largerZbound7values a signifi-
cant target dependence can be observed especially at
GeV/nucleon, which is caused by contributions of the el
tromagnetic dissociation process. Only the spectra for th
target differ significantly from those for the heavier targe
In these spectra only a few events can be found for the sm
estZbound7 values. Again one has to state that these may
artificial. For 14<Zbound7<70 a smooth increase of the yie
with growing Zbound7 is observed. For largerZbound7 values
the spectra show a steeper increase of the yields. The
probability of observing events with smallZbound7values in-
dicates that in the analyzed projectile energy range the
posited excitation energy for all reactions with H is not s
ficient for almost complete disintegration of197Au and208Pb
projectiles.

Of particular interest are projectile energy dependen
for the same target. A significant projectile energy dep
dence can be observed for reactions with H and C for p
jectile energies at 1.0 and 10.6 GeV/nucleon. For these r
tions one can expect that at a higher projectile energy for
same impact parameter a somewhat smaller projectile
due will be formed due to increased evaporation of nucleo
Thus a larger excitation energy is deposited and the yield
small values ofZbound7 is enhanced.

For the Cu and Pb targets, however, no significant pro
tile energy dependences can be found, neglecting the fis
and spallation reactions caused by the electromagnetic d
ciation. This is a hint that for reactions with Cu and P
targets in the energy range explored the fragmentatio
governed only by the collision geometry. That means that
overlapping parts of the nuclei are abraded and form a fi
ball. The other part of the projectile is comparatively le
excited and possesses almost the velocity of the incom
projectile. The spectra for the reactions with H and C for
experiments at 10.6 and 158 GeV/nucleon are almost ide
cal. So one can infer that reactions of197Au and 208Pb pro-
jectiles with H and C are controlled by the collision geom
etry of the processes for projectile energies above 10 G
nucleon. These observations indicate that it is not possibl
disintegrate197Au and 208Pb ions completely in reaction
with H at projectile energies below 158 GeV/nucleon. O
can expect furthermore that this conclusion will hold ev
for considerably higher projectile energies.

To study more details of the multifragmentation proce
we have used the quantityM IMF and five variables describin
charge correlations.M IMF is the number of intermediat
mass fragments produced in the same interaction. As in
lier experiments with Au projectiles, we define intermedia
mass fragments as fragments with charges 3<Z<30. But
one has to keep in mind that only fragments withZ>6 can
be detected with CR-39 foils.
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For investigation of the charge number of the heavi
fragmentZmax ~also calledZ1) produced in the individual
interactions, the quantityZbound72Zmax is used. The differ-
ences between the sizes of the heaviest, second heavies
third heaviest fragmentsZmax, Z2 , andZ3 produced in the
same interaction event are explored with the charge as
metriesa12, a23, anda123. a12 is defined as

a125
Z12Z2

Z11Z2
. ~1!

The charge correlationa23 is defined analogously toa12 but
with Z2 andZ3 . a123 is defined as

a1235
AA1

21A2
21A3

2

A6^Z&
, ~2!

with

A15Z12^Z&,

A25Z22^Z&,

A35Z32^Z&

^Z&5
Z11Z21Z3

3
.

Furthermore, we use the conditional momentg2 for investi-
gation of the variance of the fragment size distribution p
duced in an event. The method of conditional moments
been suggested by Campi to investigate special aspec
fragmentation processes@24,25#. g2 is defined as

g25
M2M0

M1
2 . ~3!

The momentsMi are defined as

Mi5 (
j 51

n21

Zj
i , ~4!

where the sum is extended over all fragments produced
the same interaction except the largest one, which is con
ered as the percolating cluster. This quantity can be in
preted as the variance of the charge distribution for all fr
ments produced in the same interaction.

Results concerning the charge correlations for reaction
208Pb projectiles at 1.0 and 158 GeV/nucleon and of197Au
projectiles at 10.6 GeV/nucleon with targets from CH2 to Pb
are presented in Figs. 9–11, whereM IMF and the five quan-
tities defined above are shown in dependence onZbound7. In
Fig. 9 the charge correlations for reactions of208Pb projec-
tiles at 1.0 GeV/nucleon for the targets CH2 ~squares!, C
~circles!, Cu ~triangles!, and Pb~diamonds! are shown. The
data for the mean multiplicitŷM IMF& of intermediate mass
fragments are presented in the upper left part of Fig. 9. F
no significant target dependences can be observed. F
<Zbound7<13 the values are equal tôM IMF&51.0, due to
3-6



ag-
1

0 is

be
the

h

e
yzed

ts

gest
the
. So
viest

ts
are
en-

e-

V/

of

8

INVESTIGATION OF CHARGE YIELDS, CHARGE . . . PHYSICAL REVIEW C 61 034903
FIG. 9. The charge correlations^M IMF&, Zbound72^Zmax&, ^a12&,
^a23&, ^a123&, and^g2& plotted versusZbound7for reactions of208Pb
projectiles with C, CH2, Cu, and Pb at a beam energy of 1.0 Ge
nucleon.

FIG. 10. The charge correlationŝM IMF&, Zbound72^Zmax&,
^a12&, ^a23&, ^a123&, and^g2& plotted versusZbound7for reactions of
197Au projectiles with C, CH2, BP-1, and Pb at a beam energy
10.6 GeV/nucleon.
03490
the detection threshold. For 14<Zbound7<30 an increase of
the data with increasingZbound7 can be found. AtZbound7
530 a rapid decrease of^M IMF& is observed, which is a
result of the definition of intermediate mass fragments. Fr
ments withZ<30 are counted with a multiplicity number
but fragments withZ.30 are excluded. For largerZbound7
values a monotonic decrease down to values of almost
found.

The quantityZbound72^Z1& is plotted in the upper right
part of Fig. 9. Again no significant target dependence can
observed. In the case of only one detected fragment in
reaction is the quantityZbound72^Z1& equal to 0 for 7
<Zbound7<13. For 14<Zbound7,40 a steep increase wit
growing Zbound7 can be seen. For largerZbound7 values the
data show a rapid decrease.

In the middle left part of Fig. 9 the charge differenc
between the largest and second largest fragment is anal
using the mean charge asymmetry^a12&. The plot shows a
monotonic increase of the data withZbound7 for 14<Zbound7
<55. For largerZbound7 values the shape of the data poin
shows a rapid decrease. Small values for^a12& indicate that
the largest fragment has a similar size to the second lar
fragment. Large values around 1, however, reveal that
largest fragment is much larger than the second largest
one has to conclude from the data that the size of the hea
fragment in particular increases with growingZbound7. The
decrease of̂a12& for Zbound7.55 is caused by fission even
where two large fragments with almost the same size
produced. If one excludes the fission events from the pres
tation ^a12& rises forZbound7.55 also.

In the middle right part of Fig. 9 events with three d

FIG. 11. The charge correlationŝM IMF&, Zbound72^Zmax&,
^a12&, ^a23&, ^a123&, and^g2& plotted versusZbound7for reactions of
208Pb projectiles with C, CH2, Cu, and Pb at a beam energy of 15
GeV/nucleon.
3-7
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tected fragments are explored. The charge asymmetry^a23&,
analogous tôa12&, is used to investigate the size differen
between the second and third largest fragments. As for^a12&,
one observes an increase of^a23& with increasingZbound7for
Zbound7>21. Again one has to conclude that the size of
second heaviest fragment grows faster withZbound7than that
of the third heaviest. Furthermore, the comparison betw
^a12& and ^a23& exhibits a steeper increase for^a12&, which
shows that the size difference between the largest and se
largest fragments grows faster withZbound7than does the size
difference between the second and third largest fragmen

The three-body asymmetrŷa123& shown in the lower left
part of Fig. 9 investigates the size differences between
three largest fragments produced in the same interac
Small values near 0 signal that the three fragments ha
similar size. Values of about^a123&50.3 atZbound7560 rep-
resent events with two equal sized and one small fragmen
value of about̂ a123&50.6 atZbound7560 indicates one large
and two small fragments produced in the reaction. There
one can conclude from the data that typically one large,
somewhat smaller, and one small fragment are produced
largeZbound7.

As for ^M IMF& andZbound72^Z1&, the charge asymmetrie
^a12&, ^a23&, and ^a123& show no significant target depen
dence. This target independence is confirmed within the
perimental errors for the investigation of the mean con
tional moment̂ g2&. As for Zbound72^Z1&, the data for the
smallerZbound7 values show an increase of^g2& and then a
decrease with growingZbound7. For this charge correlation
the maximum is located atZbound7545. That means that th
variance of the charge distribution for the measured fr
ments produced in the same event is largest atZbound7545.

It should be stated that in general the data for the cha
correlations are strongly influenced by autocorrelations,
pecially for the smallerZbound7values due to the small num
ber of possible charge combinations. For example, the th
body asymmetrŷa123& has to be equal to 0 forZbound7521
because only events with three fragments withZ57 can con-
tribute there. For the largerZbound7 values, however, many
charge combinations can contribute to the differentZbound7
channels. But one has to consider, for example, that the
cation of the measured maxima of the correlations may
influenced by strong autocorrelations. Thus one has to
careful with the interpretation of these results.

It is remarkable that the data show no significant tar
dependence for all analyzed charge correlations. Similar
sults were also found in experiments with electronic detec
systems at energies from 0.4 to 1 GeV/nucleon conside
only fragments with chargesZ>6 @9#. On the other hand, the
new results are in contradiction to the results of an ear
experiment performed in our group@15#, where a target de
pendence for̂ M IMF& as a function ofZbound6was observed.
This dependence was artificially produced by systematic
fects. The results for the H target were affected by uncert
ties of the subtraction method and for the C and Pb target
results were affected by problems of the vertex reconst
tion.

In Fig. 10 the charge correlations are investigated for
actions of 197Au projectiles with targets of CH2, C, BP-1,
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and Pb at 10.6 GeV/nucleon. One can observe that the s
of the data for all six charge correlations investigated
sembles the measurements for the experiments at 1.0 G
nucleon. Significant target dependences can be obse
only when comparing the data for the C target with the d
for the other targets for the observables^M IMF& andZbound7
2^Z1&. This target dependence is caused by the somew
higher detection threshold for this special experiment w
the C target. Therefore not all fragments withZ57 could be
measured. This can also be seen in Fig. 4. There the r
between the yield for chargeZ57 and the yields for the
larger chargesZ58, 9, and 10 is significantly smaller in th
spectrum for the C target than in the spectra for the ot
targets. One can estimate that only about 75% of the parti
produced with chargeZ57 could be measured in the exper
ment with the C target. Considering this fact, no significa
target dependence can be found for the experiments
formed at 10.6 GeV/nucleon with197Au projectiles. This tar-
get independence was also observed in an experiment
197Au projectiles at 10.6 GeV/nucleon using emulsions
target and detector material, but with much larger statist
uncertainties@10#.

In Fig. 11 the results are plotted for the charge corre
tions for reactions with208Pb projectiles with the target
CH2, C, Cu, and Pb at 158 GeV/nucleon. Again the shape
the data points forM IMF and the five analyzed charge corr
lations is similar to that observed for the experiments at
other beam energies. Again no significant target depende
can be found.

In general, one can state that for all explored beam en
gies and projectile-target combinations investigated, no
nificant influence on the breakup mechanism of the produ
projectile spectators was observed, considering only fr
ments with charge numbersZ>7. This indicates that at al
analyzed projectile energies the memory in the special
trance channel is lost before the breakup of the excited p
jectile residues occurs. Furthermore, the similarity of t
shape of the data points shows that the excitation ener
deposited in the projectile residues depend only weakly
the projectile energy.

For a more detailed investigation of the projectile ener
dependences we concentrate on two target materials.
results for reactions of208Pb projectiles with CR-39 at 1.0
GeV/nucleon, for reactions of197Au projectiles with CH2 at
10.6 GeV/nucleon, and for reactions of208Pb projectiles with
CR-39 at 158 GeV/nucleon are presented in Fig. 12.
choose these projectile-target combinations due to the c
paratively small probability of reinteractions of the project
fragments produced in the detector material and the sm
statistical and systematic errors. One can see that the
points for the charge correlationŝM IMF&, Zbound72^Z1&,
andg2 show significant energy dependences. For the cha
asymmetriesa12, a23, anda123, however, no significant en
ergy dependences can be found. In the plot for the m
number of intermediate mass fragments^M IMF&, one can ob-
serve that the values for the experiments at 1.0 GeV/nucl
are larger for almost allZbound7 values than for the experi
ments performed at higher beam energies. For the exp
ments at 1.0 GeV/nucleon the maximum reaches a valu
3-8
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about ^M IMF&51.8 at Zbound7530. For the experiments a
10.6 and 158 GeV/nucleon one gets a maximum value
about ^M IMF&51.6. Analogous to^M IMF& the quantity
Zbound72^Z1& exhibits a similar projectile energy depe
dence. Again the values for the experiments at 1.0 G
nucleon are above the values for the other beam ener
One finds maximum values ofZbound72^Z1&58.5 for the
experiments at 1.0 GeV/nucleon and maximum values
Zbound72^Z1&56.5 for the experiments at 10.6 and 158 Ge
nucleon atZbound7540. For^g2& also a significant projectile
energy dependence can be observed. As observed for^M IMF&
andZbound72^Z1&, the data points for the experiments at 1
GeV/nucleon are above those for the experiments at hig
projectile energy for allZbound7values. One observes a max
mum value of about̂g2&51.016 for the experiments at 1.
GeV/nucleon and a maximum value of about^g2&51.013
for the other projectile energies atZbound7550.

The data points for the experiments at 10.6 and 158 G
nucleon, however, are almost identical for all six analyz
observables. Significant deviations can be observed only
Zbound72^Z1& and for^g2& for Zbound7>55. These deviations
can be attributed to different contributions by fission even
Apart from these deviations the agreement of the data po
for both beam energies is remarkable. But one has to c
sider that the197Au projectiles used at 10.6 GeV/nucleon a
about 5% smaller than the208Pb projectiles used for the ex
periments at 158 GeV/nucleon. So one can expect that
values for^M IMF&, Zbound72^Z1&, and ^g2& will be some-
what larger for the experiments at 10.6 GeV/nucleon if o

FIG. 12. The charge correlationŝM IMF&, Zbound72^Zmax&,
^a12&, ^a23&, ^a123&, and^g2& plotted versusZbound7for reactions of
208Pb projectiles with CR-39 at 1.0 GeV/nucleon, for reactions
197Au projectiles with CH2 at 10.6 GeV/nucleon, and for reaction
of 208Pb projectiles with CR-39 at 158 GeV/nucleon.
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uses208Pb instead of197Au projectiles. Altogether, one ca
conclude that a weak but significant projectile energy dep
dence can be observed for the charge correlations^M IMF&,
Zbound72^Z1&, and^g2& for heavy projectiles like197Au and
208Pb in the energy range from 1 to 158 GeV/nucleon. T
observation of a weak projectile energy dependence, e
cially of ^M IMF& versusZbound7, is in qualitative agreemen
with the results of experiments performed with emulsio
and electronic detector systems@10,11,13,12#.

The observed projectile energy dependence can be un
stood if the excitation energy of the prefragments is som
what smaller at the higher projectile energy. A reduced pr
ability for the breakup of the prefragments into more th
one detectable fragment would originate from smaller ex
tation energies. This is indicated by the fact that the me
size of the heaviest fragment is somewhat larger at the hig
beam energy than for the smaller ones. The multiplicity d
tribution ^M IMF& of intermediate mass fragments confirm
this interpretation. This quantity shows that at the high
beam energy fewer intermediate mass fragments are
duced than at the lower energy, indicating also a redu
probability for the breakup of the prefragments into seve
smaller particles.

For the charge asymmetrieŝa12&, ^a23&, and ^a123&,
however, where only some special fragmentation proces
with two or three detected fragments are investigated,
significant projectile energy dependence can be found. F
this independence one can infer that the breakup of the
fragment is a statistical process: depending on the excita
energy of the prefragment it decays statistically into more
fewer intermediate mass fragments.

The conclusion that the deposited excitation energy
somewhat smaller at the higher projectile energy can be
derstood based on the different kinematics. At 1.0 Ge
nucleon particles of the fireball can be scattered and ba
scattered in the projectile residues, because these ha
velocity of b<0.85 which is significantly smaller than th
speed of light. At 158 GeV/nucleon, however, the velocity
the projectile spectators is comparable to the speed of l
(b50.999 98). So the probability for scattering and bac
scattering of particles emerging from the fireball is ve
small. This consideration reveals that the assumption
smaller excitation energies of the projectile residues at
higher beam energies is quite reasonable. On the other h
this weak projectile energy dependence shows that the
tribution to the excitation energy of the projectile spectat
by scattered and backscattered particles emerging from
fireball is also rather small at 1.0 GeV/nucleon.

In Fig. 13 the projectile energy dependence observed
the mean number of intermediate mass fragments^M IMF& is
analyzed in more detail. In this figure the mean multiplic
^NZn

1¯1NZm
& of fragments with charges 7<Z<8, 9<Z

<12, 13<Z<16, 17<Z<20, 21<Z<24, and 25<Z<28 is
presented. For all explored charge ranges a significant
jectile energy dependence can be observed almost ove
whole Zbound7 range. As for^M IMF&, the values for the ex-
periments at 1.0 GeV/nucleon are larger than those for
experiments at the higher projectile energies. The results

f
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the experiments at 10.6 and 158 GeV/nucleon are iden
within the error bars. As stated before, this is due to the
that the experiments at 10.6 GeV/nucleon were perform
with 197Au projectiles. Again one can assume that the val
would be somewhat larger if one used208Pb instead of197Au
projectiles for the experiments at 10.6 GeV/nucleon. Furth
more, one can observe that the projectile energy depend
is rather pronounced for fragments with small charge nu
bers at smallZbound7values. Thus one can conclude that t
observed projectile energy dependence holds for all inter
diate mass fragments in almost the wholeZbound7-range.

It should be mentioned that the observed weak projec
energy dependence is in qualitative agreement with the
taken with emulsions at projectile energies of 10.6 and 1
GeV/nucleon for heavy projectiles@10,11,13,12#. However,
in these studies the number of analyzed fragmentation ev
is too small to detect small differences in the breakup p
cesses, especially for the heavier intermediate mass f
ments. Nonetheless, the data reveal significant projectile
ergy dependences, especially for the multiplic
distributions of light intermediate mass fragments, if o
compares these data with those, for example, of the
ADIN collaboration taken for reactions of197Au projectiles
with different targets at around 1.0 GeV/nucleon@9#.

V. CONCLUSION

In this paper we have studied target and energy dep
dences for the fragmentation processes of208Pb and197Au

FIG. 13. The mean multiplicitieŝ NZn
1...1NZm

& for the
charge ranges 7<Z<8, 9<Z<12, 13<Z<16, 17<Z<20, 21<Z
<24, and 25<Z<28 plotted versusZbound7 for reactions of208Pb
projectiles with CR-39 at 1.0 GeV/nucleon, for reactions of197Au
projectiles with CH2 at 10.6 GeV/nucleon, and for reactions
208Pb projectiles with CR-39 at 158 GeV/nucleon.
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projectiles in reactions with targets from CH2 to Pb in the
projectile energy range from 1 to 158 GeV/nucleon using
nuclear track detectors CR-39 and BP-1. Fragments w
chargesZ>7 were measured with high efficiency. The e
periments were performed with high statistical significanc

For the yield spectra of the fragment chargeZ and the
charge sumZbound7, it was shown that significant target de
pendences can be observed at all three projectile ener
The shape of the data points for reactions with H especi
deviates significantly from those for the other projecti
target combinations. This indicates that the accessible e
tation energy of the projectile residues produced is mu
lower than for reactions with the heavier targets.

Furthermore, one can conclude from the results for
yield spectra that the reaction process is mainly governed
the collision geometry of the interaction for projectile ene
giesEp>10 GeV/nucleon. This means that almost no proje
tile energy dependences can be observed in the yield sp
for projectile energiesEp>10 GeV/nucleon.

Some aspects of multifragmentation processes of he
projectiles were investigated based on charge correlation
can be stated that for all of these six charge observable
significant target dependences can be found at 1.0, 10.6,
158 GeV/nucleon. One can conclude that the memory in
special entrance channel of the reaction is lost before
excited prefragments break up into smaller particles, po
bly from an equilibrated state.

The analysis of the projectile energy dependence rev
that for charge correlations where all interactions are con
ered a weak but significant projectile energy dependenc
observed. However, for the charge asymmetries where o
reactions with two and more detected fragments are
plored, no significant projectile energy dependence can
found. From this observation one can infer that a prefr
ment with a certain excitation energy will always break up
the same manner. This is a further hint for a breakup from
equilibrated state. Thus one can conclude that the obse
projectile energy dependence is caused by a rarer breaku
the prefragments into smaller pieces at the higher projec
energies, which may be a hint for somewhat smaller m
excitation energies of the projectile residues at the hig
projectile energies. The assumption of somewhat smaller
citation energies at the higher projectile energies seems t
reasonable, if one considers the kinematics of the reacti
At smaller projectile energies the probability for the scatt
ing of fireball particles into the projectile residues is larg
than at the higher projectile energies. Furthermore, one
conclude that the contribution of backscattered partic
emerging from the fireball is rather small for all projecti
energies.
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