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projectiles at beam energies between 1.0 and 158 GaNcleon
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We have studied fragmentation processeg%#®b projectiles at 1.0 and 158 GeV/nucleon andBAu
projectiles at 10.6 GeV/nucleon in collisions with targets ranging from, @HPb. 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 numbe®&=6 or Z=7 depending on the detection threshold. Yield spectra for the
fragment charg& 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 numbd(s): 25.75~q, 25.70.Mn, 25.70.Pq, 05.70a

[. INTRODUCTION We have performed experiments using the plastic nuclear
track detector CR-39 at energiEg=1.0 GeV/nucleon. This

In the last few years the multifragmentation process hagexperimental method allows measurement of the trajectories
been intensively investigated in collisions of heavy projec-and charges of all relativistic particles above a charge thresh-
tiles with different targets in a wide spectrum of projectile old Z;. Thus all particles with charge numbezs=6 (or Z
energies. This decay process is of special interest due to the7, depending on the sensitivity of the batch of detegtors
suggestion that multifragmentation is connected to a liquid<an be analyzefl4,15. In one of these experiments a target
gas phase transition in nuclear mafig+4]. The process of dependence has been obser{&8], which is in contradic-
multifragmentation of excited projectile spectators producedion to the results of experiments using electronic detector
in collisions of heavy ions with different targets has beendevices[9].
studied at relativistic energy using different experimental We have extended our investigations to higher projectile
techniques like electronic detector systems, emulsions, anehergies with an improved computerized reconstruction pro-
plastic nuclear track detectors. cedure for the interactions. Furthermore, a new experiment at

With electronic detector systems it is possible to measurd.0 GeV/nucleon was performed to compare these results
all charged particles. These experiments can be performedslith older ones of our own group and with those of other
with high statistical significance. Until now experiments us-groups using different experimental techniques as described
ing electronic detector systems have been carried out at pr@bove. Thus for the first time the target and energy depen-
jectile energie€€,<1.0 GeV/nucleon. Target and projectile dences of fragmentation processes of heavy projectiles were
energy dependences of the fragmentation processes of espevestigated in reactions with different targets in a projectile
cially heavy projectiles have been examined. It has beeenergy range from 1.0 to 158 GeV/nucleon with the same
shown that charge correlations of fragments produced in thexperimental technique and high statistical significance. The
interactions are independent of the targets and of the projeconditions of the different experiments are summarized in
tile energy for energies between 0.4 and 1.0 GeV/nucleorable I.
[5-9].

Experiments using emulsion detectors have been per-
formed at all available projectile energies. With this experi-
mental technique it is also possible to measure all charged For our experiments we used foils of the plastic nuclear
particles. However, these experiments suffer from low statistrack detector CR-39 with a thickness of 0.6 mm and an area
tical significance because the analysis is very time consunmbetween 8 crx8cm and 15cnx15cm. Our experimental
ing. Furthermore, one has to consider that emulsions are setup consists of single CR-39 foils upstream from a thick
mixture of light and heavy elements. Therefore an investigatarget, which is called the projectile deteci{®iig. 1). This
tion of target dependences is difficult. On the other handallows us to identify the charges and trajectories of the in-
until now the emulsion experiments are the only ones thatoming projectiles. Downstream from the target the fragment
have examined the multifragmentation process at projectileletector is used to measure the charges and trajectories of the
energiesE,>1.0 GeV/nucleon. The results reveal a weakprojectile fragments produced in the target. The fragment
projectile energy dependence for some charge correlatiorgetector consists of a few modules containing some CR-39
[10-13. foils. Gaps between adjacent modules allow separation of

II. EXPERIMENTAL METHOD
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TABLE I. Summary of the analyzed experiments.

Energy Target thickness Number of  Particle density

Projectile  (GeV/nucleon  Target (g/cmz) projectiles (number/crf) Accelerator
208pp 1.0 CH 0.881+0.004 116 050 2500 GSI/SIS
208pp 1.0 C 1.716:0.009 114 200 2500 GSI/SIS
208pp 1.0 Cu 1.786:0.009 119 050 2500 GSI/SIS
20%pp 1.0 Pb 1.5390.008 119150 2500 GSI/SIS
/! 10.6 CH 0.881+0.004 397 350 3000 BNL/AGS
197ay 10.6 C 2.565:0.013 421200 3000 BNL/AGS
197ay 10.6 Pb 6.1780.031 396 300 3000 BNL/AGS
208pp 158 CH 0.881+0.004 303 650 1000-6000 CERN/SPS
208pp 158 C 2.56%0.013 160 950 1000-6000 CERN/SPS
208pp 158 Cu 3.5720.018 155 400 1000-6000 CERN/SPS
208pp 158 Pb 6.1780.031 162 950 1000-6000 CERN/SPS

projectile fragments that are produced in the same interaanore, the projectile trajectories are almost parallel to each
tion. These gaps have to be adapted to the projectile energgther and perpendicular to the detector surfaces. So one can
For the experiments at 10.6 GeV/nucleon the experimentalorrelate a local pattern of projectile etch cones on the first
setup differs somewhat from the other experiments. Here weletector side with the pattern on successive detector sides.
used in addition one BP-1 glass detector in front of andrhis method allows reconstruction of the projectile trajecto-
behind the target. This detector material has an excellerfes of the projectiles with a spatial resolution of aboytr@.
charge resolution above the charge thresfild 74 for the  The trajectories of the projectile fragments can then easily be
analyzed experiments. This allows us to distinguSfAu  found in the stack coordinate system. For these tracks a pre-
projectiles from heavy fragments using a single detector sid&;ision between 2 and 1am can be achieved depending on
The irradiation of the detector material causes latent,q angle between the beam axis and the direction of the

tracks along the path of the penetrating particles. These Iéffagment trajectory. This reduced position resolution for the
tent tracks can be developed by etching. For the experimen

at 1.0, 10.6, and 158 GeV/nucleon the CR-39 foils wereﬁrole?g'c‘?s‘zggg‘fe[‘gz 'jertgéggfscii“fﬁ: f;&he;;g:te?hg'%‘g;n
etched in &NNaOH for 24 h at 60 °C, for 40 h at 70 °C, and gp P 9

for 40 h at 70°C, respectively. The BP-1 glass detector&XiS- After the reconstruction of the particle tracks one has to
were etched for 1"1 h in éNaOH .at 70°C. During the etch- correlate the track of a projectile fragment with the corre-

ing process etch pits of conical shape are formed along th%pondmg track of an incident prOJ_ectlle. i _
particle tracks on the surface of the detectors. The size of |N€ reconstruction of the particle tracks and vertices is

these etch pits along the tracks increases with the ionizatioﬂerform,ed_ !Js"‘g a.computerized reconstruction procgdure.
energy loss, e.g., for relativistic particles with their charge.'ne refiability of this method can be checked by a visual

The position and size of the mouth of all etch cones on alf€construction of the measured etch cofigd]. Problems

foil sides can be measured with an optical microscope sys1'ay arise only if the distance between two fragmenting pro-

tem. For this purpose we use the Siegen automatic measuridgetilés becomes very small. To exclude ambiguities we have
system[16,17]. considered only fragmentation events where the distance to

For the reconstruction of the particle trajectories in thethe neighboring projectile tracks on the last detector side in

stacks a precise alignment of the detector foils in the setup&Ont of the target is larger than 56m. _
is necessary. This can be determined based on the tracks of Charge calibration of the measured particle tracks can be
projectile ions. At relativistic beam energies the heavy proPerformed with the measured area of the etch cones. The

jectiles penetrate each stack in almost straight lines. Furthefonization of the detector material is described by the Bethe-
Bloch formula. According to this the ionization is propor-

tional to Z2/82. For the experiments at 10.6 and 158 GeV/
nucleon,3 is almost constant for all projectiles and projectile
fragments on all detector sides. Thus the measured area of
the etch cones can be related directly to the charge of the
corresponding particle. For the experiments at 1.0 GeV/
nucleon, however, due to the significantly different energy
e 1O {he Stack where  fagment wab produced. So ft may happen
projectile fragment and charge : :
detector target detector that etch cones of fragments with the same measured area on
the same foil side correspond to particles with a different
FIG. 1. Experimental setup for the experiments performed acharge and different energy. These effects were estimated
1.0, 10.6, and 158 GeV/nucleon. using the restricted energy loss (Rfgd) of particles in the
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FIG. 2. Spectrum of measured mean track areas for the experi
ment of2°%b projectiles wi a C target at 158 GeV/nucleon.
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detector material18]. This is a quantity describing the de- 300 | 1

tector damage along the particle tracks in dependencg on 20 1

and 8. ol 1
Furthermore, for the CR-39 detectors systematic errors 100 t

may have a strong influence on the charge resolution for %0

particles with large charge numbers. For example, it was ® 0 20 30 40 50 80 70 10 20 30 40 50 60 70
observed that the mean measured area of the etch pits diffel charge number 2
from foil side to foil side. This is caused by somewhat dif- FIG. 3. Yield spectra for the charges of fragments measured for

ferent conditions during the measuring procedure. FortUzeactions of%Ph projectiles with H, Ch C, CR-39, Cu, and Pb at
nately, these systematic deviations can be corrected8r 5 peam energy of 1.0 GeV/nucleon.

The spectrum of the determined mean track areas for the
experiment with the C target at 158 GeV/nucleon after all[20]). The probability of a reinteraction of the projectile frag-
corrections is shown in Fig. 2. One can see that for all fragments produced is comparatively small for these materials
ments with charges €Z=<82, corresponding charge peaks because the detectors are thin in comparison to the targets
can be found. Charge identification can be performed bynounted in stacks.
counting charge numbers downward beginning with the The spectra show significant target and energy depen-
beam peak. We finally achieve a charge resolution ofdé).15 dences. The results for reactions of the projectiles with H can
0.5e, and 1.@ for a single etch cone of charge=6, 26, and be extracted from the data for the C and {#rgets based
82 for the experiments at 10.6 and 158 GeV/nucleon. For then a statistical subtraction method. The spectrum of frag-
experiment at 1.0 GeV/nucleon, however, individual chargenents produced in collisions 8P%Pb projectiles with H tar-
peaks can only be resolved f@r<60. For charges witlz get nuclei at 1.0 GeV/nucleoftupper left part of Fig. B
>60 we use the area difference between successive charghows a peak around charge-40. This peak is caused by
peaks measured for the experiments at the higher projectilisssion events. In addition to this peak only a few events can
energies to estimate the calibration. Therefore systematic ebe found in the charge range<iZ<65. These few events
rors for the charge calibration of 2®annot be excluded for may be generated by fragmentation of larger projectile frag-
the experiments at 1.0 GeV/nucleon for charges with ments in the thick C and CHtargets or may be artifacts
>60. caused by the statistical subtraction method. For charges
>65 a steep increase of the yield with increasihgs ob-
IIl. INCLUSIVE CHARGE YIELDS served. One can conclude that at 1.0 GeV/nucleon the exci-
tation energy of the projectile residues produced is not large
In Figs. 3-5 the measured inclusive charge yields for theenough to generate multifragmentation events for reactions
experiments with different targets for each beam energy aref 2°%b projectiles with H.
shown. These results are not corrected for the fragmentation The spectra for reactions d®Pb projectiles with the
of projectile fragments produced in the targets. So the resultseavier targets C, Cu, and Pb at 1.0 GeV/nucleon, however,
at large and small charge numbers in particular may havehow a comparable shape. In these reactions fragments with
systematic errors of up to 10%. For the experiments with thell possible charges are produced. Here one observes an in-
20%h projectiles the yields for charges with<Z<79 and  crease of the charge yields with decreasing charge number
for the experiments with th&’’Au projectiles the yields for for Z<20. On the other hand, comparatively fewer fission
charges with Z=<76 are presented. Furthermore, we haveand spallation events can be found. Therefore one can con-
analyzed reactions of projectiles with the detector materialglude that a wider excitation energy spectrum of the projec-
CR-39C;,H.g0;) and BP-1(the composition is given in tile residues produced can be explored in reactions with the
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heavier targets. At higher excitation energies the prefrag-
ments break up in multifragmentation. The spectra for inter-
actions of the?®®b projectiles with CH and CR-39 are a
superposition of the spectra for reactions with the H, C, and
O components.

The spectra for the reactions at the higher projectile ener-
gies show only a weak target dependence. Here the spectra
for reactions with the H component differ less significantly
from the spectra for the heavier targets than at 1.0 GeV/
nucleon. One has to conclude that at the higher projectile
energy the maximum possible excitation energy of the pro-
jectile residues is significantly enlarged for reaction$%®b
or ¥’Au projectiles with H target nuclei. For the heavier
targets significant energy dependences can be observed only
for spallation and fission reactions. One finds especially for
reactions of?%®Pb projectiles with a Pb target an increasing
proportion of spallation and fission reactions at 158 GeV/
nucleon. This energy dependence is caused by the electro-
magnetic dissociation process as described by Hirzebruch
et al.[21]. Apart from this special fragmentation process, no
significant target and energy dependences can be found for
reactions of?%Pb and'®’Au projectiles with a C, Cu, or Pb
target. The observed independence of the shape for the el-
emental yields of the projectile energy is in agreement with
the results of other experimenitd2,23.

FIG. 4. Yield spectra for the charges of fragments measured for Furthermore, in Fig. 4 the spectra for reactions'Su

reactions oft®”Au projectiles with H, CH, C, BP-1(up- and down-

projectiles with the BP-1 detectors up- and downstream from

stream of the targetsand Pb at a beam energy of 10.6 GeV/ the targets are plotted. For both cases the fragments were,

nucleon.
Py + X , 158 GeV/nucleon
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identified only with the detectors downstream of the targets.
Therefore the comparison of these spectra allows us to esti-
mate the experimental bias caused by reinteractions of pro-
jectile fragments in the thick targets. These spectra show
only small differences for the largest and smallest charge
numbers.

IV. CHARGE CORRELATIONS

It is possible to study characteristics of fragmentation pro-
cesses like fission or spallation based on inclusive charge
yields of fragments. For the multifragmentation process,
however, where several fragments are produced in the same
interaction, these yield spectra give only limited information.
Details about the reaction conditions like the size of the
original projectile spectator are needed. For this purpose one
uses the quantitoung[7]- Zpoungis defined as the sum of
the charges of all fragments wite=2 produced in the same
interaction.Zy,,,qiS closely related to the impact parameter
and to the size of the original projectile spectator, as can be
concluded from a simple geometric picture of the reaction
process. Furthermore, it has been shown #Hgt,,q has a
relation to the excitation energy per nucleon of the decaying
prefragment4].

Due to the detection threshold of the CR-39 foils we can-
not determin€Z,,nqfor the individual fragmentation events.
Instead of this we USBpoundsOr Zpound7- 1hESE quantities are
defined as the sums of the charges of all particles &ith

FIG. 5. Yield spectra for the charges of fragments measured fo~6 or Z=7 produced in the same interaction. The depen-
reactions of°%b projectiles with H, CH C, CR-39, Cu, and Pb at dence of the characteristics of multifragmentationZyg,nq
a beam energy of 158 GeV/nucleon.

and oNnZyounds OF Zpoundz CANNOL be compared directly. It is
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FIG. 6. Yield spectra for the charge Su,q; measured for FIG. 7. \g;?'d spectra for the charge sufgoung; measured for
reactions of°%Pb projectiles with H, C} C, CR-39, Cu, and Pb at reactions of*’Au projectiles with H, CH, C, BP-1(up- and down-
a beam energy of 1.0 GeV/nucleon. stream of the targetsand Pb at a beam energy of 10.6 GeV/
nucleon.

evident that due to the loss of the information provided by
the lighter fragments estimation of the impact parameter
based orZy,,nq6iS l€SS accurate than usig,,,,q. However,

208
the observed distributions for thg,,,,47values are strongly Pb+ X, 158 Ge\//nucleon

related to the distribution of the sizes of projectile spectators 1000
produced. SmalZ,,,47values correspond to small projectile § 600 800 §
spectators and small impact parameters whereas Iargg;; g 00 4
values correspond to large projectile spectators and large img ** [ 600 _
pact parameters. £ 3 w00 3
In Figs. 6—8 the measured yield spectra &y, 4 are & 2 o0 >
plotted for experiments witif°Pb projectiles at 1.0 GeVv/  '®
nucleon, with®’Au projectiles at 10.6 GeV/nucleon, and 0 °
with 2°%b projectiles at 158 GeV/nucleon in reactions with ~ ° x1®
targets ranging from Chito Pb. As for the inclusive charge % 2
yield spectra, significant target and energy dependences ca ooy ::
be found. At 1.0 GeV/nucleon a strong target dependence fo Zzz 0:8
reactions with H, C, Cu, and Pb can be observed. For reac 100 04
tions with the H component only a few events wiZl,,nq7 o e R I
=65 can be found. As for the charge yield spectra, one has sso } ¥ = Cu - % = Fb 700
to state that these events are probably caused by the reinte 300 ¢ 600
action of projectile fragments in the thick targets, or are ar- 250 | 500
tificially generated by the statistical subtraction method ap- 2% | 400
plied for the H target. FOiZ,,,,q>>65, however, a steep :Zg zgg
increase of the yields with increasirf,,,,q7 Values can be 0 100
recognized. One must conclude that the deposited excitation o L. . . ., . . N o
energy for reactions of°®b projectiles with H is not suffi- 1020 30 40 50 60 70 10 20 30 40 50 60 70
cient at 1.0 GeV/nucleon to generate projectile residues with B
small charge numbers. FIG. 8. Yield spectra for the charge sufj,,q; measured for

For reaction with the heavier targets C, Cu, and Pb, howreactions 0fPb projectiles with H, Ch C, CR-39, Cu, and Pb at
ever, events are observed for 2),,,q7values. Nevertheless, a beam energy of 158 GeV/nucleon.
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comparison of the spectra for the C target with the spectra For investigation of the charge number of the heaviest
for the heavier targets shows a significant target dependendegmentZ,,,, (also calledZ,) produced in the individual
for the smalleiZ,,,,q7values. For the C target comparatively interactions, the quantity,,,ng7— Zmax IS Used. The differ-
few events with smallz,,,4; values can be observed, in ences between the sizes of the heaviest, second heaviest, and
comparison to those for the Cu and Pb targets. third heaviest fragment&,,,.,, Z,, andZ5 produced in the

In the spectra for reactions éf’Au and 2°%Pb projectiles  same interaction event are explored with the charge asym-
at 10.6 and 158 GeV/nucleon for collisions with C, BP-1, metriesa;,, a,3, andaj,s. aj, is defined as
Cu, and Pb nuclei, no significant target dependence can be
observed forZy,,,q7< 70. For largerZy,,nq7values a signifi- a :Zl_zz 1)
cant target dependence can be observed especially at 158 277,42,
GeV/nucleon, which is caused by contributions of the elec-
tromagnetic dissociation process. Only the spectra for the Hhe charge correlatioa,s is defined analogously ta;, but
target differ significantly from those for the heavier targets.With Z, andZ;. a;,3is defined as
In these spectra only a few events can be found for the small-

2 2 2
estZp.ung7 values. Again one has to state that these may be I VATT A+ A3 @
artificial. For 14<Z,,,,q~= 70 a smooth increase of the yield 123 J6(z)

with growing Zyunq7iS observed. For largefy .47 values
the spectra show a steeper increase of the yields. The lowith
probability of observing events with smal,,,q7Vvalues in-

dicates that in the analyzed projectile energy range the de- A1=2,—(Z),
posited excitation energy for all reactions with H is not suf-
ficient for almost complete disintegration 5¥Au and 2°%Pb Ay=2,—(Z),
projectiles.

Of particular interest are projectile energy dependences As=Z3—(2)
for the same target. A significant projectile energy depen-
dence can be observed for reactions with H and C for pro- (z)= Zl+22+23_

jectile energies at 1.0 and 10.6 GeV/nucleon. For these reac- 3

tions one can expect that at a higher projectile energy for the N ) )

same impact parameter a somewhat smaller projectile resfzurthermore, we use the conditional momestfor investi-

due will be formed due to increased evaporation of nucleonsgation of the variance of the fragment size distribution pro-

Thus a larger excitation energy is deposited and the yield fofluced in an event. The method of conditional moments has

small values 0Z,,,,,q7is enhanced. been sugg_ested by Campi to investigate special aspects of
For the Cu and Pb targets, however, no significant projecfragmentation process¢g4,29. y, is defined as

tile energy dependences can be found, neglecting the fission

and spallation reactions caused by the electromagnetic disso- yp= MZ'\ZAO_ 3)

ciation. This is a hint that for reactions with Cu and Pb M1

targets in the energy range explored the fragmentation is i

governed only by the collision geometry. That means that thd e moments\l; are defined as

overlapping parts of the nuclei are abraded and form a fire- n—1
ball. The other part of the projectile is comparatively less M = E Zi )
excited and possesses almost the velocity of the incoming e

projectile. The spectra for the reactions with H and C for the
experiments at 10.6 and 158 GeV/nucleon are almost identivhere the sum is extended over all fragments produced in
cal. So one can infer that reactions ‘8fAu and 2°®b pro-  the same interaction except the largest one, which is consid-
jectiles with H and C are controlled by the collision geom-ered as the percolating cluster. This quantity can be inter-
etry of the processes for projectile energies above 10 GeMffreted as the variance of the charge distribution for all frag-
nucleon. These observations indicate that it is not possible tments produced in the same interaction.
disintegrate®’Au and 2°%Pb ions completely in reactions Results concerning the charge correlations for reactions of
with H at projectile energies below 158 GeV/nucleon. One?*®Pb projectiles at 1.0 and 158 GeV/nucleon and"BAu
can expect furthermore that this conclusion will hold evenprojectiles at 10.6 GeV/nucleon with targets from .Q# Pb
for considerably higher projectile energies. are presented in Figs. 9—11, whevky- and the five quan-

To study more details of the multifragmentation procesdities defined above are shown in dependenc&@p.q7- In
we have used the quantib - and five variables describing Fig. 9 the charge correlations for reactions?®#Pb projec-
charge correlationsM ;= is the number of intermediate tiles at 1.0 GeV/nucleon for the targets Ckbquarey C
mass fragments produced in the same interaction. As in eafeircles, Cu (triangles, and Pb(diamond$ are shown. The
lier experiments with Au projectiles, we define intermediatedata for the mean multiplicityM ) of intermediate mass
mass fragments as fragments with chargesz3<30. But  fragments are presented in the upper left part of Fig. 9. First,
one has to keep in mind that only fragments witt6 can  no significant target dependences can be observed. For 7
be detected with CR-39 foils. <Zpoung7=13 the values are equal {My)=1.0, due to
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GeV/nucleon.

the detection threshold. For &4,,,q=~30 an increase of
the data with increasin@,,nq7 can be found. AtZ,,,nq7
=30 a rapid decrease dM ) is observed, which is a
result of the definition of intermediate mass fragments. Frag-
ments withZ<30 are counted with a multiplicity number 1
but fragments withZ>30 are excluded. For largef, o nq7
values a monotonic decrease down to values of almost O is
found.

The quantityZ,,,nq7—(Z1) is plotted in the upper right
part of Fig. 9. Again no significant target dependence can be
observed. In the case of only one detected fragment in the
reaction is the quantityZpoung7—(Z1) equal to 0 for 7
<Zpound=13. For 147Z,,,,q/<40 a steep increase with
growing Zyoung7 Can be seen. For large,,,nqg7 Values the
data show a rapid decrease.

In the middle left part of Fig. 9 the charge difference
between the largest and second largest fragment is analyzed
using the mean charge asymmetsy,). The plot shows a
monotonic increase of the data wilty,,,q7for 14<Zyouna7
<55. For largerZy,,,q7 Values the shape of the data points
shows a rapid decrease. Small values{fay,) indicate that
the largest fragment has a similar size to the second largest
fragment. Large values around 1, however, reveal that the
largest fragment is much larger than the second largest. So
one has to conclude from the data that the size of the heaviest
fragment in particular increases with growidgg,,q7- The
decrease ofa;,) for Z,,,nq7>55 is caused by fission events
where two large fragments with almost the same size are
produced. If one excludes the fission events from the presen-

19%Au projectiles with C, CH, BP-1, and Pb at a beam energy of tation(a) rises forZ,,,,q7>55 also.

10.6 GeV/nucleon.

In the middle right part of Fig. 9 events with three de-
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tected fragments are explored. The charge asymniatsy, and Pb at 10.6 GeV/nucleon. One can observe that the shape
analogous tda,»), is used to investigate the size difference of the data for all six charge correlations investigated re-
between the second and third largest fragments. A&gl, sembles the measurements for the experiments at 1.0 GeV/
one observes an increase(ahs with increasingZy,,ng;for  nucleon. Significant target dependences can be observed
Zpound=21. Again one has to conclude that the size of theonly when comparing the data for the C target with the data
second heaviest fragment grows faster vty ,q;than that  for the other targets for the observabléd ye) andZ,qng7

of the third heaviest. Furthermore, the comparison between-(Z,). This target dependence is caused by the somewhat
(a1 and(a,3) exhibits a steeper increase f@,,), which  higher detection threshold for this special experiment with
shows that the size difference between the largest and secotfie C target. Therefore not all fragments witk- 7 could be
largest fragments grows faster wifly,,q7than does the size measured. This can also be seen in Fig. 4. There the ratio
difference between the second and third largest fragments.between the yield for chargé=7 and the yields for the

The three-body asymmetfya,,9 shown in the lower left larger chargeZ=38, 9, and 10 is significantly smaller in the
part of Fig. 9 investigates the size differences between thepectrum for the C target than in the spectra for the other
three largest fragments produced in the same interactiontargets. One can estimate that only about 75% of the particles
Small values near 0 signal that the three fragments have produced with charg&=7 could be measured in the experi-
similar size. Values of aboyf,3=0.3 atZ,,,,q7=60 rep- ment with the C target. Considering this fact, no significant
resent events with two equal sized and one small fragment. garget dependence can be found for the experiments per-
value of abouta;,s =0.6 atZ,,,~ 60 indicates one large formed at 10.6 GeV/nucleon wittf’Au projectiles. This tar-
and two small fragments produced in the reaction. Thereforget independence was also observed in an experiment with
one can conclude from the data that typically one large, oné®’Au projectiles at 10.6 GeV/nucleon using emulsions as
somewhat smaller, and one small fragment are produced fdarget and detector material, but with much larger statistical
large Zpound7- uncertaintieg 10].

As for {Mye) andZpouna7(Z1), the charge asymmetries  In Fig. 11 the results are plotted for the charge correla-
(a15), (ay3), and{a,s show no significant target depen- tions for reactions with®**®Pb projectiles with the targets
dence. This target independence is confirmed within the ex€H,, C, Cu, and Pb at 158 GeV/nucleon. Again the shape of
perimental errors for the investigation of the mean condithe data points foM = and the five analyzed charge corre-
tional moment(y,). As for Zy,,ng7—(Z1), the data for the lations is similar to that observed for the experiments at the
smallerZ,,,,q7 values show an increase 6f,) and then a other beam energies. Again no significant target dependence
decrease with growing,,,.q7- For this charge correlation can be found.
the maximum is located &y,,,q7—=45. That means that the In general, one can state that for all explored beam ener-
variance of the charge distribution for the measured fraggies and projectile-target combinations investigated, no sig-
ments produced in the same event is large&t gf.q7= 45. nificant influence on the breakup mechanism of the produced

It should be stated that in general the data for the chargprojectile spectators was observed, considering only frag-
correlations are strongly influenced by autocorrelations, esments with charge numbe&=7. This indicates that at all
pecially for the smalleZ,,,,4;values due to the small num- analyzed projectile energies the memory in the special en-
ber of possible charge combinations. For example, the thredrance channel is lost before the breakup of the excited pro-
body asymmetrya;,3 has to be equal to 0 fdf,.,,q7=21 jectile residues occurs. Furthermore, the similarity of the
because only events with three fragments \@ith7 can con-  shape of the data points shows that the excitation energies
tribute there. For the large,, 47 values, however, many deposited in the projectile residues depend only weakly on
charge combinations can contribute to the differgp,; the projectile energy.
channels. But one has to consider, for example, that the lo- For a more detailed investigation of the projectile energy
cation of the measured maxima of the correlations may béependences we concentrate on two target materials. The
influenced by strong autocorrelations. Thus one has to beesults for reactions of°®Pb projectiles with CR-39 at 1.0
careful with the interpretation of these results. GeV/nucleon, for reactions df’Au projectiles with CH at

It is remarkable that the data show no significant targefl0.6 GeV/nucleon, and for reactions®3fPb projectiles with
dependence for all analyzed charge correlations. Similar re€R-39 at 158 GeV/nucleon are presented in Fig. 12. We
sults were also found in experiments with electronic detectochoose these projectile-target combinations due to the com-
systems at energies from 0.4 to 1 GeV/nucleon consideringaratively small probability of reinteractions of the projectile
only fragments with chargeg=6 [9]. On the other hand, the fragments produced in the detector material and the small
new results are in contradiction to the results of an earliestatistical and systematic errors. One can see that the data
experiment performed in our groufi5], where a target de- points for the charge correlationdr), Zpouna7—(Z1),
pendence fofM,y) as a function ofZ,,,,gsWas observed. andvy, show significant energy dependences. For the charge
This dependence was artificially produced by systematic efasymmetries,,, a,3, anda,,3, however, no significant en-
fects. The results for the H target were affected by uncertainergy dependences can be found. In the plot for the mean
ties of the subtraction method and for the C and Pb target theumber of intermediate mass fragme(i¥4,=), one can ob-
results were affected by problems of the vertex reconstrucserve that the values for the experiments at 1.0 GeV/nucleon
tion. are larger for almost alf 47 values than for the experi-

In Fig. 10 the charge correlations are investigated for rements performed at higher beam energies. For the experi-
actions of *’Au projectiles with targets of Cj C, BP-1, ments at 1.0 GeV/nucleon the maximum reaches a value of
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uses?%Pb instead of-*’/Au projectiles. Altogether, one can
conclude that a weak but significant projectile energy depen-
dence can be observed for the charge correlat{dhg),
Zoouna7{Z1), and(y,) for heavy projectiles lik¢*’Au and
208pp in the energy range from 1 to 158 GeV/nucleon. The
observation of a weak projectile energy dependence, espe-
cially of (M) versusZ,o,ng7 IS in qualitative agreement
with the results of experiments performed with emulsions
and electronic detector systenfi0,11,13,12

The observed projectile energy dependence can be under-
stood if the excitation energy of the prefragments is some-
what smaller at the higher projectile energy. A reduced prob-
ability for the breakup of the prefragments into more than
one detectable fragment would originate from smaller exci-
tation energies. This is indicated by the fact that the mean
size of the heaviest fragment is somewhat larger at the higher
beam energy than for the smaller ones. The multiplicity dis-
tribution (M ye) of intermediate mass fragments confirms
this interpretation. This quantity shows that at the higher
beam energy fewer intermediate mass fragments are pro-
duced than at the lower energy, indicating also a reduced
probability for the breakup of the prefragments into several

0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70
Zgouor

smaller particles.

FIG. 12. The charge correlationéM e}, Zpouna7 {Zmaws For the charge asymmetrig®yy), (az9), and (aix),
(1), (83, (159, and(y,) plotted Versug,mqfor reactions of hqwever, where only some special fragmeqtatlon_ processes
208 projectiles with CR-39 at 1.0 GeV/nucleon, for reactions ofWith two or three detected fragments are investigated, no
197Au projectiles with CH at 10.6 GeV/nucleon, and for reactions Significant projectile energy dependence can be found. From
of 2%8pp projectiles with CR-39 at 158 GeV/nucleon. this independence one can infer that the breakup of the pre-

fragment is a statistical process: depending on the excitation

about (M ye)=1.8 at Z,,ng=30. For the experiments at energy of the prefragment it decays statistically into more or
10.6 and 158 GeV/nucleon one gets a maximum value ofewer intermediate mass fragments.
about (M e)=1.6. Analogous to(Mye) the quantity The conclusion that the deposited excitation energy is
Zypouna7—(Z1) exhibits a similar projectile energy depen- somewhat smaller at the higher projectile energy can be un-
dence. Again the values for the experiments at 1.0 Gevdlerstood based on the different kinematics. At 1.0 GeV/
nucleon are above the values for the other beam energieBucleon particles of the fireball can be scattered and back-
One finds maximum values @pynq7—(Z1)=8.5 for the scattered in the projectile residues, because these have a
experiments at 1.0 GeV/nucleon and maximum values o¥elocity of 3<0.85 which is significantly smaller than the
Zyouna7— (Z1)=6.5 for the experiments at 10.6 and 158 GeV/speed of light. At 158 GeV/nucleon, however, the velocity of
nucleon atZ,.,nq7=40. For(y,) also a significant projectile the projectile spectators is com_parable to thg speed of light
energy dependence can be observed. As observétitigr)  (8=0.99998). So the probability for scattering and back-
andZpouna7— (Z1), the data points for the experiments at 1_oscatter|ng_ of part_lcles .emerging from the fireball is very
GeV/nucleon are above those for the experiments at high&gmall. This consideration reveals that the assumption of
projectile energy for alZp,q-values. One observes a maxi- smaller excitation gnergies. of the projectile residues at the
mum value of abouy,)=1.016 for the experiments at 1.0 higher beam energies is quite reasonable. On the other hand,
GeV/nucleon and a maximum value of abdyt,)=1.013  this weak projectile energy dependence shows that the con-
for the other projectile energies 2f,q= 50. tribution to the excitation energy of the prOJectlle_spectators

The data points for the experiments at 10.6 and 158 Ge\/li_’y scatj[ered and backscattered particles emerging from the
nucleon, however, are almost identical for all six analyzedfireball is also rather small at 1.0 GeV/nucleon.
observables. Significant deviations can be observed only for In Fig. 13 the projectile energy dependence observed for
Zoound7 (Z1) and for(y,) for Zp,ung=55. These deviations the mean_number of m_termeo!lat_e mass fragm(eldtm;)_ is
can be attributed to different contributions by fission eventsanalyzed in more detail. In this figure the mean multiplicity
Apart from these deviations the agreement of the data pointdNz,+ - +Nz ) of fragments with charges<¥Z<8, 9<Z
for both beam energies is remarkable. But one has to con=12, 13<Z<16, 1 &<7<20, 2l=Z<24, and 257=<28 is
sider that the'®’Au projectiles used at 10.6 GeV/nucleon are presented. For all explored charge ranges a significant pro-
about 5% smaller than th%Pb projectiles used for the ex- jectile energy dependence can be observed almost over the
periments at 158 GeV/nucleon. So one can expect that thehole Zy,,,q7range. As fo(Mye), the values for the ex-
values for(Me), Zpouna7(Z1), and{y,) will be some- periments at 1.0 GeV/nucleon are larger than those for the
what larger for the experiments at 10.6 GeV/nucleon if oneexperiments at the higher projectile energies. The results for
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o ™Pb+CR-39, , '"Au+CH, ®pp, + CR-39, projectiles in reactions with targets from kb Pb in the
1 GeV/nue. 106 GeV/nuc. = 158 GeV/nuc. projectile energy range from 1 to 158 GeV/nucleon using the

A 06 & v A nuclear track detectors CR-39 and BP-1. Fragments with
Zost ao? 08 S chargesZz=7 were measured with high efficiency. The ex-
é os [#0° o as%: 04 ; periments were performed with high statistical significance.

03t 2%g° @ 193% For the yield spectra of the fragment chargeand the

0.2 mgo R “A;O 1 02 charge sun¥yq,ng7 it was shown that significant target de-

o1 ¢ Py ®q 1 0. pendences can be observed at all three projectile energies.

0 , ‘?3-- —t =§0-‘ o A The shape of the data points for reactions with H especially
2ot ¢ ¢ 1024 Z deviates significantly from those for the other projectile-
y 03 ‘?;g ¢ %4 s 102 7 target combinations. This indicates that the accessible exci-
. 0% bg? b0 018 2 tation energy of the projectile residues produced is much
2 0.2 & a0 dgo | Z )% € proje es p
$ o1s B0 @ 0125, lower than for reactions with the heavier targets.

04 ¢, 6o 008 Furthermore, one can conclude from the results for the

0.05 =2 opd *3 8l 0.04 yield spectra that the reaction process is mainly governed by
A° ’ — ’ Tonrs 2 the collision geometry of the interaction for projectile ener-
z 02 by $ {o1s & giesE,= 10 GeV/nucleon. This means that almost no projec-
o %4 o 'Fg s {0125 ¢ tile energy dependences can be observed in the yield spectra
F oy 4 ¢ 1% &  for projectile energie€,>10 GeV/nucleon.
VY o.08} :o g4 JoosY Some aspects of multifragmentation processes of heavy

0.04} &3 “aeo loos projectiles were investigated based on charge correlations. It

0 28q 28], can be stated that for all of these six charge observables no

20 30 40 50 60 70

significant target dependences can be found at 1.0, 10.6, and

ZBOUW7
FIG. 13. The mean multiplicitieSNz +...+Nz ) for the
charge ranges27<8, 9<7<12, 13<7<16, 1=7<20, 2i<Z
<24, and 25:7Z=<28 plotted versug,q-for reactions of?’%Pb
projectiles with CR-39 at 1.0 GeV/nucleon, for reactions‘JAu
projectiles with CH at 10.6 GeV/nucleon, and for reactions of
20%p projectiles with CR-39 at 158 GeV/nucleon.

158 GeV/nucleon. One can conclude that the memory in the
special entrance channel of the reaction is lost before the
excited prefragments break up into smaller particles, possi-
bly from an equilibrated state.

The analysis of the projectile energy dependence reveals
that for charge correlations where all interactions are consid-
ered a weak but significant projectile energy dependence is

D o . H for the ch i h |
within the error bars. As stated before, this is due to the fac‘;?bserved owever, for the charge asymmetries where only

that the experiments at 10.6 GeV/nucleon were performed£2ctions with two and more detected fragments are ex-
with *¥’Au projectiles. Again one can assume that the value lored, no significant projectile energy dependence can be
would be somewhat larger if one us&Pb instead of%Au  1ound. From this observation one can infer that a prefrag-
projectiles for the experiments at 10.6 GeV/nucleon. FurtherM€Nt With a certain excitation energy will always break up in

more, one can observe that the projectile energy dependenfé® Same manner. This is a further hint for a breakup from an
is rather pronounced for fragments with small charge num_eqwllbrated state. Thus one can conclude that the observed

bers at smally,,nq;values. Thus one can conclude that theProiectile energy dependence is caused by a rarer breakup of
observed projectile energy dependence holds for all interme€ Préfragments into smaller pieces at the higher projectile
diate mass fragments in almost the whalg,,,q-range. energies, which may be a hint for somewhat smaller mean
It should be mentioned that the observed weak projectiIéjxc.'t""t',On energies of the prOJeqtlle residues at the higher
energy dependence is in qualitative agreement with the da%ropctlle energies. The assumption Qf somevv_hat smaller ex-
taken with emulsions at projectile energies of 10.6 and 15&!tation energies at the higher projectile energies seems to be
GeV/nucleon for heavy projectildg0,11,13,12 However, reasonable, if one considers the kinematics of the reactions.

in these studies the number of analyzed fragmentation evenfd Smaller projectile energies the probability for the scatter-

is too small to detect small differences in the breakup pro_|ng of firebaII. particles_ intp the pro_jectile residues is larger
an at the higher projectile energies. Furthermore, one can

cesses, especially for the heavier intermediate mass frag:‘ i -
ments. Nonetheless, the data reveal significant projectile efrPnclude that the contribution of backscattered particles
ergy dependences, especially for the multiplicity emerging from the fireball is rather small for all projectile
distributions of light intermediate mass fragments, if one®Nerg'es.

compares these data with those, for example, of the AL-

ADIN collaboration taken for reactions df’Au projectiles

with different targets at around 1.0 GeV/nucld®j. ACKNOWLEDGMENTS
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