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Investigation of transverse momentum distributions for fragments produced in reactions of197Au
and 208Pb projectiles with different targets in the energy range from 1.0 to 158 GeVÕnucleon

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

~Received 28 December 1999; revised manuscript received 30 July 2001; published 3 December 2001!

We have analyzed fragmentation processes of197Au and 208Pb projectiles in reactions with targets ranging
from CH2 to Pb at projectile energies between 1.0 and 158 GeV/nucleon. For these experiments we used stacks
consisting of foils of the plastic nuclear track detector material CR-39~C12H18O7!. This detector material allows
us to measure the charges and trajectories of relativistic particles with charges above a detection thresholdZt .
In this paper we analyze target and projectile energy dependences of transverse momentum distributions for
projectile fragments produced in different fragmentation processes such as spallation, fission, and multifrag-
mentation. Furthermore, for multifragmentation processes multiplicity dependences of the transverse momenta
were studied. We found that besides the statistically distributed Fermi momenta of the nucleons, Coulomb
repulsion may significantly contribute to the transverse momenta of the fragment nuclei. For heavy target
nuclei, contributions caused by the repulsion of the incoming projectile nucleus and also by the outgoing
fragment nucleus have been observed. For fission-type reactions and for multifragmentation reactions, in which
more than one heavy fragment is produced in an interaction, the mutual repulsion between the fragments
contributes to the measured transverse momenta.

DOI: 10.1103/PhysRevC.65.014605 PACS number~s!: 25.75.2q, 25.70.Pq, 25.70.De, 25.85.2w
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I. INTRODUCTION

A simple model developed by Goldhaber@1#, which con-
siders the statistically distributed Fermi momenta of
nucleons in the projectile, can, based on momentum con
vation, quite well reproduce transverse momentum distri
tions of fragment nuclei measured in experiments with lig
projectiles @2,3#. Experiments performed with heavier pro
jectiles, however, have shown that in these interactions
statistical contribution due to momentum conservation
counts only for part of the observed transverse momentum
the produced fragments@4–7#. Additional contributions may
be due to Coulomb repulsion and ‘‘bounce-off’’@8# between
projectile and target nucleus.

In this paper we present measured transverse momen
distributions of projectile fragments produced in differe
fragmentation processes, such as spallation, fission, and
tifragmentation reactions. We have performed experime
with 208Pb projectiles at 1.0 and 158 GeV/nucleon and197Au
projectiles at 10.6 GeV/nucleon using targets ranging fr
CH2 to Pb. This set of data permits us to investigate tar
and projectile energy dependences of transverse mome
distributions in a wide range of projectile energies. The
investigations may allow us to disentangle the contributio
of different processes to the measured transverse mom
For our experiments we used stacks of thin nuclear tr
detector sheets consisting of CR-39~C12H18O7! and BP-1
~composition is given in Ref.@9#!. With these detectors we
measure the charges and trajectories of all relativistic fr
ments with charges above the detection thresholdZt of the
detector material. For CR-39 the detection threshold isZt
56 or Zt57, depending on the batch of material and f
BP-1 the detection threshold in our experiments isZt574.

The results are compared to the Goldhaber model@1#.
Furthermore the contribution of the Coulomb repulsion b
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tween the projectile and target nucleus is estimated base
a simple model that should be a good approximation
peripheral reactions.

II. EXPERIMENTAL METHOD

We have used experimental setups~shown schematically
in Fig. 1! containing stacks of foils of plastic nuclear trac
detectors CR-39~0.6 mm thickness! and BP-1~2 mm thick-
ness!. The heavy ions penetrating the detector foils gener
latent tracks along their path, which can be developed
etching in NaOH solution. A few foils arranged upstrea
from a target in the projectile detector are used to meas
charges and trajectories of incoming beam particles. Do
stream from the target, the foils of the fragment detector
used to measure charges and trajectories of outgoing pro
tile fragments that have been produced inside the target

Gaps between the detector foils allow the separation
projectile fragments that are produced in the same inte
tion. These gaps were adapted to the projectile energy.
lengths of the stacks were 0.1, 0.3, and 1.2 m for the exp
ments with energy beams of 1.0, 10.6, and 158 GeV/nucle
respectively. Table I summarizes some details of the differ

FIG. 1. Experimental setup for the experiments performed
1.0, 10.6, and 158 GeV/nucleon.
©2001 The American Physical Society05-1
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TABLE I. Summary of the analyzed experiments.

Projectile
Energy

~GeV/nucleon! Target
Target thickness

~cm!
Meas. fragments

Ntot

208Pb 1.0 CH2 0.9260.02 18125
208Pb 1.0 C 1.0060.02 21220
208Pb 1.0 Cu 0.2060.01 8118
208Pb 1.0 Pb 0.13560.01 4756
197Au 10.6 CH2 0.9260.02 73082
197Au 10.6 C 1.4560.02 102491
197Au 10.6 Pb 0.5460.02 32592
208Pb 158 CH2 0.9260.02 63349
208Pb 158 C 1.4560.02 51309
208Pb 158 Cu 0.4060.01 21061
208Pb 158 Pb 0.5460.02 20282
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experiments.Ntot indicates the total number of fragments o
served.

The position and the size of all etch cones can be m
sured with an optical microscope system that is comple
automated using the image analysis technique. For the re
struction of the particle trajectories a precise alignment of
foils in the stack is necessary. This can be determined ba
on the track pattern of penetrating beam particles. After
alignment the position of an etch cone with respect to
fitted trajectory has a standard deviation of typically 1 to
mm. That means that, for example, for the 158 GeV/nucle
Pb experiment exposed at the CERN SPS in which a s
with a length of 1.2 m was used, the deflection of a fragm
from the projectile direction can be measured with an ac
racy of about 1mm/1 m51026. In the worst case, i.e., for a
fragment with mass numberA5203, this implies an uncer
tainty of the measured transverse momentum of 0.03 GeVc.
More details of the experimental setups are given in a se
rate paper@10#.

For the determination of the transverse momenta
masses of the fragments are needed. However, the use
perimental technique allows us only to measure the cha
of the produced fragments. Furthermore, the velocity of
projectile fragments cannot be measured. Thus the fragm
velocities and masses have to be estimated. We assume
the projectile fragments have~almost! the velocity of the
incoming projectiles as has been observed in earlier exp
ments@2,11#. For the mass to charge assignment we use
EPAX code@12#, which was determined in experiments wi
protons impinging on Au and Th targets at 2.6 GeV. Sin
this code does not consider the mass and charge numbe
the fragmenting nucleus, it may overestimate the m
change for projectile fragments with a charge number cl
to the charge number of the projectile, i.e., for fragme
produced in extremely peripheral reactions. Therefore,
reactions with the197Au projectiles, we arbitrarily took the
following charge and mass numbers:~Z578,A5192 instead
of A5183, which is the value predicted byEPAX!; ~Z577,
A5187 instead ofA5181!; ~Z576, A5182 instead ofA
5178!; ~Z575, A5177 instead ofA5176!. For reactions
with the 208Pb projectiles we used:~Z581, A5203 instead
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of A5191!; ~Z580, A5198 instead ofA5189!; ~Z579,
A5193 instead ofA5186!; ~Z578, A5188 instead ofA
5183!. These mass numbers are integer values that are
pected to be close to the mean mass value of all fragm
produced with the charge numberZ.

With these assumptions the transverse momentapF of the
projectile fragments can be determined using the follow
relation:

pF5AFA@~2mnc2!1Ep#Ep tan~u!/c, ~1!

where AF is the mass number of the projectile fragme
mn5931.5 MeV is the mass of a bound nucleon,Ep is the
kinetic energy per nucleon of the projectile, andu is the
deflection angle between the path of the incoming projec
and the outgoing fragment track.

For the low energy experiments at 1 GeV/nucleon it
possible to reconstruct for each individual fragmentation
interaction point inside the target in the coordinate direct
along the stack axis with a precision better than 1 mm. T
means that the energy of the projectile at the interaction p
can be calculated based on the energy loss inside the
etrated detectors and target material. For the experimen
10.6 GeV/nucleon and 158 GeV/nucleon the depths of
individual interaction points inside the target are known w
much lower accuracy, however at this high energy
changes ofEp inside the target caused by the energy loss
be neglected. Thus uncertainties ofEp are not a significant
source of errors forpF . Main uncertainties arise from th
estimation ofAF . One should keep in mind that our assum
tions of specific fragment mass numbers may lead to syst
atic errors for the determined transverse momenta, wh
may be in the order of 203/191, i.e., about 6% for the e
treme case ofDZ51 reactions of the208Pb projectile.

III. TRANSVERSE MOMENTUM DISTRIBUTIONS

It has been observed already in the first experime
studying nuclear fragmentation with accelerated ions that
distribution of the transverse momentum components
fragments produced in reactions of light projectiles at re
5-2
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tivistic projectile energies can be described by Gauss
functions@2,3#.

These Gaussians are in good agreement with predict
of the statistical model of Goldhaber@1#. This model as-
sumes that the Fermi momenta of the nucleons in a fragm
are statistically distributed as those in the original projec
nucleus. Based on this assumption the Goldhaber model
dicts that the variancessG

2 (AF) for the distributions of the
transverse momentum components for fragments with m
AF are given by

sG
2 ~AF!5s0

2 AF~AP2AF!

~AP21!
, ~2!

where AP is the mass number of the projectile, ands0
2

5pFermi/5. pFermi is the Fermi momentum of the nucleon
For experiments with heavy projectile nuclei@4–7# also

Gaussian functions were observed, but for fragments p
duced in collisions with target nuclei heavier than hydrog
the experimentally determined variancess2(AF) are en-
larged in comparison to the valuessG

2 (AF) predicted by the
Goldhaber model@1#. This indicates that the Coulomb repu
sion by the heavy target nucleus may contribute significan
Furthermore a deviation from Gaussian functions has b
observed in Ref.@7# for fragments produced in fission rea
tions of heavy projectile nuclei. We have investigated t
subject in more detail with respect to the dependence
different types of fragmentation reactions, such as spallat
multifragmentation, and fission.

In our experiments we detect all fragments withZF above
the thresholdZt , which are emitted in an interaction. Fra
mentation processes with only one large detected fragm
can be interpreted as spallation reactions. In the case of
one small detected fragment probably a multifragmenta
reaction has happened, in which due to the detection thr
old of the detector material, only one single fragment w
measured. Fragmentation processes with two detected
ments produced in the same interaction can be interpr
either as fission or as multifragmentation reactions with o
two detected fragments. For the separation between t
two processes we use the relation defined by@13#

Z1Z2>
ZP

2

9
~3!

for candidates of fission events.Z1 andZ2 are the charges o
the largest and the second largest fragment, andZP is the
charge of the projectile. Furthermore we have analy
events with three detected fragments produced in the s
interaction. These events can be attributed to multifragm
tation reactions.

A. Shape of the transverse momentum distributions

In Fig. 2 some typical transverse momentum compon
distributions are presented that were measured for fragm
of 10 GeV/nucleon Au projectiles produced in collisio
with C target nuclei. The experimental distributions are giv
by the histograms. Figure 2~a! shows the distribution for in-
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teractions where only one heavy fragment with a cha
numberZF577 ~i.e., mean mass numberA5187! was ob-
served (M51), i.e., for fragments that are produced in sp
lation interactions. In Fig. 2~b! the distribution is shown for
fragments withZF57 ~i.e., A514! produced in interactions
where two fragments were observed (M52). By this crite-
rion light fragments produced in multifragmentation rea
tions are selected. The same condition holds for the distr
tion shown in Fig. 2~c!, where events withZF57 (A514)
andM53 were considered. Figure 2~d! shows the distribu-
tion for fragments that were produced in fission processe
the Au projectile. In these interactions two heavy fragme
with charges 30<ZF<38 ~i.e., mean massA573! were ob-
served.

For all measured distributions we determined the va
ancessM

2 (AF). The curves drawn by lines in Fig. 2 ar
Gaussian functions with the experimentally determined v
ance. They have been normalized with respect to the t
number of events. It is evident from Fig. 2~d! that for fission
events the transverse momentum component distribution
viates significantly from a Gaussian function, whereas
other three distributions can be represented more or less
curately by Gaussian curves. This can be numerically inv
tigated based onx2 values determined by a comparison
the experimental data and the curves. We get values ox2

512, 52, 30, and 186 for the curves and data shown in F
2~a!–2~d!. Our distributions have 14 degrees of freedo
thus we expectx2523.7 for a confidence level of 95%.

Our experimentally determined variancessM
2 (AF) have to

be corrected for the influences of multiple scattering of
particles in the target and detector materials and for exp
mental errors of the measured transverse momenta. T

FIG. 2. Some examples for measured distributions of transv
momentum components for 10 GeV/nucleon Au projectiles in c
lision with C target nuclei:~a! for heavy fragments produced i
spallation reactions,~b! and ~c! for light fragments produced in
multifragmentation reactions, and~d! for fragments produced in
fission reactions.
5-3
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TABLE II. Parameters of the transverse momentum component distributions for some projectile
ments produced by 158 GeV/nucleon208Pb projectiles in collisions with CH2 target.~For details see text.!

Proj. Targ. ZF M AF

sM

~GeV/c!
s

~GeV/c! x2
sG

~GeV/c! s/sG Ntot

208Pb CH2 6 1 12 0.483 0.483 15 0.392 1.233 1492
208Pb CH2 7 1 14 0.530 0.530 11 0.421 1.258 1032
208Pb CH2 10–8 1 19 0.587 0.586 18 0.484 1.210 190
208Pb CH2 20–15 1 37 0.770 0.768 16 0.643 1.195 183
208Pb CH2 40–35 1 83 0.903 0.897 17 0.823 1.089 245
208Pb CH2 60–58 1 134 0.850 0.832 9 0.805 1.033 245
208Pb CH2 77 1 182 0.583 0.529 13 0.556 0.977 1962
208Pb CH2 78 1 188 0.593 0.543 8 0.496 1.067 2072
208Pb CH2 79 1 193 0.533 0.470 23 0.435 1.080 2392
208Pb CH2 80 1 198 0.520 0.451 9 0.360 1.253 2400
208Pb CH2 6 2 12 0.547 0.546 119 0.392 1.394 4836
208Pb CH2 7 2 14 0.597 0.596 85 0.421 1.416 3174
208Pb CH2 10–8 2 19 0.690 0.690 189 0.484 1.424 588
208Pb CH2 20–15 2 37 0.980 0.979 61 0.643 1.523 454
208Pb CH2 6 3 12 0.553 0.553 73 0.392 1.411 3008
208Pb CH2 7 3 14 0.603 0.603 79 0.421 1.432 1846
208Pb CH2 10–8 3 37 0.683 0.682 96 0.643 1.060 338
208Pb CH2 40–30 f 77 1.843 1.841 250 0.812 2.268 1760
208Pb CH2 50–41 f 102 1.810 1.805 131 0.840 2.148 1300
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corrections can be estimated based on the distribution
scattering anglesuS between incoming and outgoing proje
tiles for which no interaction, neither in the target nor in t
detector material, was detected. For all experiments the
rors of uS are smaller than 1% due to the large number
noninteracting beam particles. Furthermore we assume
this distribution of scattering angles is the same for all fra
ments due to the fact thatuS;ZT ~ZT is the charge of the
target nucleus!. So we can determine the variancessS

2(AP)
andsS

2(AF) of the contributions for the projectiles and pr
jectile fragments caused by multiple scattering. With the
values the measured variancessM

2 (AF) can be corrected

s2~AF!5sM
2 ~AF!2sS

2~AF!. ~4!

The results for a set of distributions including fragmen
produced in different types of interactions are given in Tab
II–VI. Data sets with a high statistical significance were s
lected for this purpose, which can be used to investigate
shape of the transverse momentum component distributi
Results for our 1 GeV/nucleon experiments, which hav
lower statistical significance, were excluded. For the exp
ments performed for different projectile and target combi
tions at a higher energy, the values of the variancesM

2 (AF)
and the valuess2(AF) corrected for multiple scattering an
experimental errors are given in columns 6 and 7. As can
seen from the data presented in Tables II–VI the correcti
for multiple scattering are small and negligible for sm
fragments, whereas they are significant for heavy fragme
with small charge changesDZ between projectile and frag
ment. To get statistically significant results for thex2 values
in some cases fragments with different charge number w
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grouped together. The value ofx2 is given in column 8.
Column 5 gives the mean mass number of the fragme
The last column gives the total numberNtot of measured
tranverse momenta for the two components. For each in
action we measured thex and they components. The differ-
ent types of interactions are characterized by the multiplic
numberM of observed fragments, which is given in colum
4. Fission interactions are labeled by the letterf in this col-
umn. For a comparison with the Goldhaber model in colu
9 calculated values ofsG

2 are also given. For our experi
ments with197Au and 208Pb projectiles we took a value o
pFermi5265 MeV/c as measured by Monizet al. @14#. The
ratio of s/sG is given in column 10.

Figure 3 shows a scatterplot of the normalized varian
s/sG againstx2 for the data of Tables II–VI. Different types
of interactions are represented by different symbols.M51
events, which for larger values ofZF are spallation events
are represented in Fig. 3 by circles. They typically havex2

values below about 25, i.e., their measured transverse
mentum distributions can be well described by Gauss
functions. However, the variances of these distributions
some cases significantly exceed the values predicted by
Goldhaber model. As can be seen from the data presente
Tables II–VI this situation is typical for heavy spallatio
fragments produced in interactions with heavy target nu
~Pb!. Details of a comparison of the standard deviations
transverse momentum distributions with the predictions
the Goldhaber model will be discussed in the following se
tion.

For fragments produced in fission reactions, which
shown by squares in Fig. 3, almost constant values ofs/sG
between 2 and 2.5 are observed. For these events, as
5-4
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TABLE III. Parameters of the transverse momentum component distributions for some projectile
ments produced by 158 GeV/nucleon208Pb projectiles in collisions with C target.~For details see text.!

Proj. Targ. ZF M AF

sM

~GeV/c!
s

~GeV/c! x2
sG

~GeV/c! s/sG Ntot

208Pb C 6 1 12 0.490 0.489 13 0.392 1.249 225
208Pb C 7 1 14 0.520 0.519 15 0.421 1.233 146
208Pb C 10–8 1 19 0.587 0.586 16 0.484 1.209 276
208Pb C 20–15 1 37 0.770 0.767 15 0.643 1.193 233
208Pb C 40–35 1 83 0.927 0.913 15 0.823 1.109 202
208Pb C 60–58 1 134 0.843 0.803 27 0.805 0.998 169
208Pb C 77 1 181 0.653 0.553 15 0.565 0.979 119
208Pb C 78 1 188 0.581 0.460 17 0.496 0.967 125
208Pb C 79 1 193 0.577 0.442 17 0.435 1.016 153
208Pb C 80 1 198 0.597 0.460 7 0.360 1.279 146
208Pb C 6 2 12 0.543 0.543 72 0.392 1.385 478
208Pb C 7 2 14 0.597 0.596 76 0.421 1.415 339
208Pb C 10–8 2 19 0.670 0.669 86 0.484 1.381 529
208Pb C 20–15 2 41 0.930 0.927 53 0.669 1.386 392
208Pb C 6 3 12 0.540 0.540 57 0.392 1.377 262
208Pb C 7 3 14 0.587 0.586 42 0.421 1.391 164
208Pb C 10–8 3 19 0.683 0.682 76 0.484 1.409 271
208Pb C 50–30 f 89 1.803 1.795 200 0.832 2.158 1692
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served already above for the example in Fig. 2~d!, the trans-
verse momentum component distributions significantly de
ate from Gaussian functions. As a result largex2 values are
found. For fission reactions, where two large fragments
produced, it is expected that the transverse momenta of t
fragments are dominated by the mutual Coulomb repuls
These fragments should, therefore, move into directions
tributed isotropically and have constant values of transve
momenta in the center-of-mass system. That means that
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distribution of the total momentum is in this idealized pictu
a d function. As a result the distributions of the transver
momentum components should be uniform distributions h
ing a width that is defined by the total momentum of t
fragments. However, it has to be considered that the t
momentum, which a fission fragment gets by repulsion,
pends on the charges of the two fission particles and on
original geometry, i.e., the distance of the emitted fiss
products. Experimentally a superposition of uniform dist
frag-
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TABLE IV. Parameters of the transverse momentum component distributions for some projectile
ments produced by 158 GeV/nucleon208Pb projectiles in collisions with Pb target.~For details see text.!

Proj. Targ. ZF M AF

sM

~GeV/c!
s

~GeV/c! x2
sG

~GeV/c! s/sG Ntot

208Pb Pb 6 1 12 0.460 0.455 27 0.392 1.162 100
208Pb Pb 8–7 1 15 0.543 0.537 13 0.435 1.236 110
208Pb Pb 12–9 1 22 0.637 0.626 17 0.517 1.210 114
208Pb Pb 22–15 1 40 0.837 0.809 13 0.663 1.221 107
208Pb Pb 64–58 1 140 1.410 1.193 24 0.789 1.513 121
208Pb Pb 77–76 1 179 1.333 0.924 13 0.582 1.587 156
208Pb Pb 78 1 188 1.243 0.725 25 0.496 1.510 129
208Pb Pb 79 1 193 1.273 0.740 13 0.435 1.688 168
208Pb Pb 80 1 198 1.278 0.710 20 0.360 1.756 183
208Pb Pb 6 2 12 0.553 0.550 28 0.392 1.402 159
208Pb Pb 7 2 14 0.617 0.612 38 0.421 1.453 100
208Pb Pb 10–8 2 19 0.670 0.662 20 0.484 1.367 173
208Pb Pb 20–15 2 37 0.993 0.973 29 0.643 1.514 119
208Pb Pb 7–6 3 13 0.583 0.579 47 0.407 1.423 129
208Pb Pb 12–8 3 21 0.747 0.738 28 0.506 1.457 117
208Pb Pb 50–30 f 91 1.940 1.877 223 0.834 2.251 2294
5-5
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TABLE V. Parameters of the transverse momentum component distributions for some projectile
ments produced by 10.6 GeV/nucleon197Au projectiles in collisions with C target.~For details see text.!

Proj. Targ. ZF M AF

sM

~GeV/c!
s

~GeV/c! x2
sG

~GeV/c! s/sG Ntot

197Au C 7 1 14 0.563 0.563 15 0.420 1.340 3382
197Au C 8 1 16 0.593 0.593 25 0.447 1.327 3466
197Au C 10–9 1 20 0.650 0.650 16 0.494 1.315 489
197Au C 20–15 1 37 0.817 0.816 14 0.639 1.277 683
197Au C 40–35 1 83 0.987 0.984 18 0.808 1.217 436
197Au C 60–58 1 134 0.843 0.834 14 0.763 1.093 308
197Au C 76 1 182 0.507 0.477 9 0.434 1.099 3100
197Au C 77 1 187 0.460 0.425 12 0.359 1.184 412
197Au C 78 1 192 0.370 0.323 22 0.257 1.255 456
197Au C 7 2 14 0.623 0.623 52 0.420 1.482 5022
197Au C 8 2 16 0.670 0.670 86 0.447 1.499 4752
197Au C 10–9 2 20 0.740 0.740 146 0.494 1.497 695
197Au C 20–15 2 37 0.980 0.979 106 0.639 1.533 769
197Au C 50–40 2 100 1.113 1.109 8 0.818 1.356 186
197Au C 7 3 14 0.627 0.627 30 0.420 1.490 1662
197Au C 8 3 16 0.663 0.663 49 0.447 1.484 1470
197Au C 10–9 3 20 0.740 0.740 62 0.494 1.497 205
197Au C 38–30 f 73 1.680 1.679 186 0.790 2.124 1814
197Au C 50–39 f 99 1.707 1.704 124 0.818 2.083 1326
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the observed distributions should be affected by the Coulo
repulsion of the incoming projectile from the target nucle
before the interaction and by the repulsion of the fiss
products from the target nucleus. The distribution shown
Fig. 2~d! is in agreement with the ideas discussed above

The fact that mutual repulsion of the two fission fra
ments dominates their transverse momenta implies that
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these fragments the variances of the transverse momen
components should be almost independent on the target
and on the projectile energy. This is observed in the exp
ments. For fission processes of208Pb projectiles in CH2 and
C targets for fragments with 79<AF<98 (36<Z<44) at 1.0
GeV/nucleon a mean value ofs2(AF)51.8360.03 GeV/c
was observed. At 158 GeV/nucleon one gets for the sa
projectile and target combinations in the same mass
frag-

2
8
6
4
8
2
8
0
8
2

4
2
0
4
0
2

TABLE VI. Parameters of the transverse momentum component distributions for some projectile
ments produced by 10.6 GeV/nucleon197Au projectiles in collisions with Pb target.~For details see text.!

Proj. Targ. ZF M AF

sM

~GeV/c!
s

~GeV/c! x2
sG

~GeV/c! s/sG Ntot

197Au Pb 7 1 14 0.577 0.572 11 0.420 1.360 174
197Au Pb 8 1 16 0.637 0.631 20 0.447 1.411 134
197Au Pb 10–9 1 20 0.683 0.675 24 0.494 1.365 168
197Au Pb 20–15 1 37 0.947 0.925 16 0.639 1.448 195
197Au Pb 40–35 1 82 1.320 1.243 15 0.807 1.541 110
197Au Pb 76–75 1 177 1.503 1.156 9 0.494 2.339 146
197Au Pb 77 1 187 1.470 1.063 15 0.359 2.960 116
197Au Pb 78 1 192 1.337 0.837 12 0.257 3.251 319
197Au Pb 62–58 1 137 1.530 1.337 13 0.753 1.776 129
197Au Pb 78–73 1 177 1.523 1.182 14 0.494 2.392 667
197Au Pb 7 2 14 0.660 0.656 38 0.420 1.560 206
197Au Pb 8 2 16 0.707 0.701 32 0.447 1.569 146
197Au Pb 10–9 2 20 0.773 0.766 39 0.494 1.549 188
197Au Pb 20–15 2 37 1.057 1.037 29 0.639 1.623 203
197Au Pb 8–7 3 14 0.693 0.689 25 0.420 1.639 114
197Au Pb 12–9 3 22 0.817 0.808 25 0.515 1.568 117
197Au Pb 50–30 f 91 1.847 1.779 49 0.816 2.181 836
5-6
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charge range a mean value ofs2(AF)51.7760.03 GeV/c.
For the experiments with the197Au projectiles we found for
reactions with the CH2 and C target for fragments with 7
<AF<94 (34<Z<42) a value of s2(AF)51.70
60.03 GeV/c.

For multifragmentation events~events with M52 and
M53! that are represented by two different types of cros
in Fig. 3 the ratios/sG is about 1.5. For some reaction
small x2 values can be found, which indicates that the m
mentum distributions can be represented by Gaussians
other reactions thex2 value indicates significant deviation
from Gaussian functions. As can be derived from the d
presented in Tables II–VI large values ofx2 are found espe-
cially for fragments with small masses produced inM52
interactions with light targets CH2 and C. Studies of correla
tions between the charges of fragments produced in the s
interaction have shown@5,7,10# that M52 events for the
collision with light target nuclei contain a high contributio
of so called associated spallation events, in which a li
fragment is produced simultaneously with a heavy fragme
The transverse momenta of these two fragments, espec
that one of the lighter partner, should also be significan
affected by the mutual Coulomb repulsion of the fragme
and as a result the momentum component distributi
should resemble to some extent the distributions of the
sion fragments. On the other hand, in situations where
tual repulsion between the fragments should have a so
what smaller effect also smaller values ofx2 can be found in
Tables II–VI, such as for the production of three light fra
ments~M53 events! or for the M52 events produced in
collisions with heavy target nuclei, where associated spa
tion is a rare process.

B. Comparison of the variances of transverse momentum
distributions to model predictions

In this section we will compare the measured variance
transverse momentum component distributions for spalla

FIG. 3. Variance of the measured transverse momentum com
nent distributions for the data presented in Table II is plotted aga
the x2 value of the distribution, which was determined by a co
parison to a Gaussian distribution.
01460
s

-
for

ta

me

t
t.
lly
y
s
s

s-
u-
e-

a-

f
n

and multifragmentation interactions with predictions of t
Goldhaber model. In Fig. 4 the results fors(AF) for reac-
tions of 208Pb projectiles with the targets CH2, C, Cu, and Pb
at 1.0 GeV/nucleon are presented. Fission events define
the condition of Eq.~4! were excluded. Due to somewha
different detection thresholdsZt for the different experiments
using the CR-39 detectors for this analysis only fragme
with charge numbersZ>7 are considered in this compariso
for all experiments. Therefore, the results can be compa
directly. The variances predicted by the statistical mode
Goldhaber are shown as curves. For spallation reactions~M
51 andAF>150! of 208Pb projectiles with the CH2 target
the data points agree quite well with the curves. Howev
for the other events with only one detected fragment~M
51 andAF,150! the data points deviate significantly from
the prediction. For the other heavier targets one finds,
also for the spallation reactions withAF>150 andM51 the
values ofs(AF) are enhanced in comparison to the mod
prediction. Furthermore an increase of this deviation w
increasing target mass can be observed. This increase ca
caused by the Coulomb repulsion between projectile and
get nucleus and possibly by an additional contribution
‘‘bounce-off.’’ For the multifragmentation reactions with tw

o-
st
-

FIG. 4. Standard deviationss(AF) are shown, which were de
termined from the measured distributions of the transverse mom
tum components for projectile fragments with massAF produced in
reactions of208Pb projectiles with targets of CH2, C, Cu, and Pb at
a projectile energy of 1.0 GeV/nucleon. The results for interacti
with only one detected fragment are shown by the open circ
(M51), results for events with two detected fragments~excluding
fission events! are represented by the squares (M52), and results
for events with three detected fragments are shown as the fi
circles (M53).
5-7
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(M52) or three (M53) detected fragments the values
s(AF) are considerably enhanced for all projectile targ
combinations compared to the predictions of the Goldha
model. No statistically significant target size dependen
can be observed for these interaction processes. Further
it should be stated that the results for events with one, t
or three detected fragments are identical within the e
bars.

In Fig. 5 s(AF) of the transverse momentum compone
for reactions of197Au projectiles with the targets CH2, C,
and Pb and the detector material BP-1 at 10.6 GeV/nucl
are presented. Again results for spallation and multifragm
tation events with one, two, and three detected fragments
shown separately in this figure. One can observe that
general dependence onAF is quite similar to that found for
the experiments at 1.0 GeV/nucleon. As for the experime
at 1.0 GeV/nucleon for208Pb projectiles a significant targe
size dependence can be observed for the spallation react
However, the values for the experiment with the C target
at 10.6 GeV/nucleon significantly closer to the predictions
the Goldhaber model than at 1 GeV/nucleon.

The values ofs(AF) for the multifragmentation reaction
for the experiments at 10.6 GeV/nucleon are somew
smaller than for the results at 1.0 GeV/nucleon. This is m
significant for the events with only one detected fragm
and values ofAF,125, which, as mentioned above, ve
likely are multifragmentation events with one or more fra
ments having a chargeZF,Zt . At 1.0 GeV/nucleon for re-
actions with the light targets CH2 and C the maximum value

FIG. 5. s(AF) as in Fig. 4 for projectile fragments produced
interactions of197Au projectiles with targets of CH2, C, and Pb and
the detector material BP-1 at a projectile energy of 10.6 G
nucleon. For the definition of the symbols see Fig. 4.
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of s(AF) for M51 events can be found aroundAF575 and
have a value of abouts(AF575)51.2 GeV/c. At 10.6 GeV/
nucleon we find maximum values of abouts(AF575)
51.0 GeV/c for reactions with the light targets. For the oth
multifragmentation reactions with two or three detected fra
ments a weaker projectile energy dependence is observe

Additionally at 10.6 GeV/nucleon a weak but significa
target size dependence can be found for the multifragme
tion reactions. This is most significant for the events w
fragments having mass numbersAF>100, which were ob-
served forM52 interactions. Furthermore, similar as for th
experiments at 1.0 GeV/nucleon, the results for the eve
with two and three detected fragments produced in the s
interaction are identical within the error bars.

The results for the experiments with208Pb projectiles at
158 GeV/nucleon and the targets CH2, C, Cu, and Pb are
presented in Fig. 6. Agains(AF) is shown separately fo
spallation and multifragmentation reactions. The results
in general similar to those observed for the experiments
the smaller projectile energies. But it is found that the valu
for s(AF) at 158 GeV/nucleon are in general smaller than
1.0 and 10.6 GeV/nucleon.

Again a significant target size dependence can be fo
for the spallation events. Furthermore, a comparison with
results at 1.0 GeV/nucleon reveals significant projectile
ergy dependences for the targets C, Cu, and Pb. At 158 G
nucleons(AF) of the transverse momentum distributions f
the spallation processes for reactions, with the C target
be described almost perfectly by the Goldhaber model. A

/

FIG. 6. s(AF) as in Fig. 4 for projectile fragments produced
interactions of208Pb projectiles with targets of CH2, C, Cu, and Pb
at a projectile energy of 158 GeV/nucleon. For the definition of
symbols see Fig. 4.
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the values for reactions with the heavier targets Cu and
are significantly smaller at 158 GeV/nucleon than at
GeV/nucleon. For example, atAF5150 one getss(AF

5150)51.3 GeV/c for the experiment with the Pb target
1.0 GeV/nucleon. But for the same projectile target com
nation one observes a value ofs(AF5150)51.15 GeV/c for
the experiment at 158 GeV/nucleon. This strong projec
energy dependence can also be observed for the other
mentation events with only one detected fragment w
massesAF<150 that may be interpreted as multifragmen
tion events. But for these fragmentation processes a pro
tile energy dependence can be observed for all projectile
get combinations. For reactions of208Pb projectiles with CH2
we find for events withM51 at AF575 values of about
s(AF575)51.2 GeV/c at 1.0 GeV/nucleon. For the sam
projectile target combination one gets at 158 GeV/nucle
values of abouts(AF575)50.9 GeV/c.

As for the other projectile energies also at 158 Ge
nucleons(AF) is within the error bars identical for the mu
tifragmentation reactions with two or three detected fra
ments. Furthermore, a weak projectile energy depende
can be recognized for these multifragmentation reacti
with two or three detected fragments. One observes that
s(AF) at 158 GeV/nucleon are about 10% smaller than
1.0 GeV/nucleon.

Altogether for all analyzed reaction processes target
projectile energy dependences of the variations are obser
especially for the reactions with only one detected fragm
produced in the interaction. Furthermore, it should be no
thats(AF) depends on the multiplicityM for almost all frag-
ment massesAF , at least for the experiments at 10.6 and 1
GeV/nucleon. The values fors(AF) for M51 reactions are
in general smaller than those forM52 andM53 reactions.
This may be a hint thatM51 reactions at 10.6 and 15
GeV/nucleon with one small fragment can only partly
interpreted as multifragmentation reactions. There may
contributions by deep spallation reactions.

IV. INFLUENCE OF COULOMB REPULSION FOR
SPALLATION REACTIONS

As can be inferred from the observed target size dep
dences of the variances of the transverse momentum com
nent distributions for the spallation reactions, the Coulo
force between the projectile and target nuclei contributes
nificantly. We have tried to estimate this contribution by
simplified model calculation. For this purpose the repuls
of the incoming projectile nucleus and the outgoing fragm
by the target nucleus was considered in a relativistically
variant calculation. A projectile nucleus impinges with
impact parameterb from infinity onto a target nucleus that i
at the beginning at rest. The Coulomb force between
nuclei is determined for short time steps and the chang
the momenta of the nuclei is calculated with the assump
that the Coulomb force is constant during these steps. In
calculation we consider the charge change of the projec
and the target nuclei in the collision by an approximatio
The nuclei are described in a simple model as spheres w
radius of 1.35AP

1/3 fm and a homogenous nucleon densi
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During the interaction phase of the nuclei the overlapp
parts of the two spheres are assumed to be abraded. T
parts can be interpreted as the fireball particles. For the e
mation of a lower limit of the Coulomb contribution only th
Coulomb force between the nonabraded parts of the nucl
calculated, which can be interpreted as the projectile
target spectators. The Coulomb force of the fireball partic
on the spectators is not considered in this calculation. Ho
ever, for the peripheral reaction processes due to the s
number of participating nucleons in the interaction th
simple model may be a reasonable estimate of the magni
of the effect of Coulomb repulsion by the target nucleus.

After the interaction of the nuclei the target and project
spectators are propagated in the Coulomb field of the o
spectator, neglecting again the contribution of the fireb
particles. Then the deflection angle between the incom
projectile and outgoing projectile spectator is determin
With this angle the transverse momenta caused by the C
lomb repulsion can be calculated using formula~1!. By this
calculation each impact parameter is associated with exa
one scattering angle, i.e., the momentum transfer.

The transverse momentum caused by Coulomb repul
and also the size of the abraded projectile, which forms
prefragment, depends on the impact parameter of the c
sion. The prefragment is highly excited and emits nucleo
or decays. Finally it ends in the ground state of one or s
eral stable fragments with lower charge and mass numbe
a result a stable fragment may originate from interactio
within an interval of impact parameters. As a consequen
an interval of angles due to the Coulomb repulsion has to
expected. We avoid the problem of unknown distribution
impact parameters for an observed fragment by the res
tion of our calculations to peripheral interactions where
mass difference between the excited prefragment and
stable fragment is small. We identify the mass of the prefr
ment with that one of the stable fragment and thus can c
relate constant impact parameters with the fragment mas
By this procedure we, in principle, slightly overestimate
the calculation the masses and charges of the fragments
duced in peripheral interactions.

In Fig. 7 we compare results for the reduced val
s red(AF) of the distributions for the transverse momentu
components with the results of the estimations for the C
lomb contribution.s red(AF) is defined as

s red~AF!5As2~AF!2sG
2 ~AF!, ~5!

with sG
2 (AF) giving the expected value based on the Go

haber model as defined above in Eq.~2!. In this figure the
results fors red(AF) for reactions of208Pb projectiles at 1.0
and 158 GeV/nucleon and of197Au projectiles at 10.6 GeV/
nucleon with a Pb target are presented. The results for
estimation of the Coulomb contribution are shown by t
dotted curves.

Considering the comparatively large statistical errors, o
can state that at 1.0 GeV/nucleon the experimental results
fragment mass numbersAF>150 @10# are in agreement with
the model predictions. For values ofAF,150 our simple
model, which does not include effects caused by the fire
5-9
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nucleons and does not consider a distribution of impact
rameters, evidently fails. However, as discussed above
expect that our model is valid only for spallation reactio
with small values ofDA and DZ. For larger values ofDA
andDZ our model gives only a lower limit of the contribu
tion of Coulomb repulsion to the transverse momenta
spallation fragments.

For the other experiments at 10.6 and 158 GeV/nucl
the statistical errors are rather small. Systematic uncertain
for s(AF) are caused by the uncertainties ofpF as discussed
above in connection with Eq.~1!. These uncertainties ar
expected to be at maximum in the order of 5% for inter
tions with a charge change ofDZ51. One observes, how
ever, that at 10.6 GeV/nucleon one data point and at
GeV/nucleon at least four data points are significantly be
the model predictions for large fragment massesAF . If the
reaction scenario used in our model calculation is correct,
experimental result fors red(AF) should be equal or large
than the results for the model calculations. The small val
of s red(AF) can be understood as a hint for a differe
breakup process for the spallation reactions at the large
jectile energies especially at 158 GeV/nucleon. We have
ported a steep increase of the yields of fragments with cha
for reactions of208Pb projectiles with a Pb target at 15
GeV/nucleon forZF>70 ~see Fig. 3 of@10#!. This steep
increase of the yield of spallation fragments with small v
ues ofDZ is caused by the electromagnetic dissociation p

FIG. 7. Reduced standard deviations red(AF), i.e., the part of
s(AF) exceeding the predictions of the Goldhaber model, for
distribution of the transverse momentum components measure
reactions of208Pb projectiles at 1.0 and 158 GeV/nucleon and
197Au projectiles at 10.6 GeV/nucleon with a Pb target for eve
with M51. The model calculations for the Coulomb contribution
the transverse momenta are represented by the dotted curves.
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cess. In this reaction process the projectile nucleus is exc
by the electromagnetic field of the target nucleus, wh
leads to the emission of nucleons. These reactions occu
impact parameters, which are larger than the sum of the r
of the two reacting nuclei. This different reaction proce
accounts for the observed small transverse momenta e
cially at 158 GeV/nucleon.

The reduced values red(AF) for reaction processes lead
ing, for example, to a charge change of two charge units
208Pb projectiles at 158 GeV/nucleon can be reproduced
our model if we choose a mean impact parameter of ab
b522 fm. This value of the impact parameter is significan
larger than the sum of the radii of two lead ionsr T1r P
'16 fm. The comparison of the values fors red(AF) with the
model predictions shows that for reactions of208Pb projec-
tiles with a Pb target at 158 GeV/nucleon fragments w
charge changes by at least up to five units in compariso
the projectile are significantly influenced by the electroma
netic dissociation process. For reactions of197Au projectiles
with a Pb target at 10.6 GeV/nucleon one finds, howev
that only interactions with a charge change of one unit
significantly influenced by the electromagnetic dissociat
process. These measurements confirm the conclusion
large projectile energy dependence for the contribution of
electromagnetic dissociation process that was already
ferred by the examination of the charge yields@10#.

As discussed above for the spallation reactions with li
targets the measured values ofs(AF) agree quite well with
the predictions of the Goldhaber model. This can be see
Figs. 4, 5, and 6 for the CH2 target at all energies and for th
C target for energies above 1 GeV/nucleon. For target nu
with small charge numbers the Coulomb contributions
negligible, so thats red(AF) is almost identical tos(AF). The
agreement ofs(AF) to the predictions of the Goldhabe
model allows us to conclude that for these reactions the c
tribution of the electromagnetic dissociation is also rath
small. However, this is expected due to the dependenc
electromagnetic dissociation on the square of the cha
number of the target nucleus.

V. TRANSVERSE MOMENTUM SUMS

In Figs. 4, 5, and 6 one can observe that the stand
deviationss(AF) of the distribution for the transverse mo
mentum components for fragments withM>2 ~more than
two fragments withZ>7 produced in the same interaction!
are for all projectile target combinations at all projectile e
ergies considerably enhanced in comparison to the pre
tions of the statistical model of Goldhaber. Since this obs
vation holds also for reactions with light targets, such as C2
and C, this deviation cannot be attributed to a Coulomb
pulsion between target and projectile nucleus. Furtherm
one finds that the values fors(AF) for fragments withM
>2 are at least at 10.6 and 158 GeV/nucleon significan
larger than for fragments withM51. This may be caused b
mutual Coulomb repulsion between the fragments produ
in multifragmentation reactions.

To investigate this in more detail we determined the v
tor sum of the transverse momenta of the two fragments w
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INVESTIGATION OF TRANSVERSE MOMENTUM . . . PHYSICAL REVIEW C65 014605
Z>7 produced in the same interaction for events withM
52. The mass of all fragments withZ>7 produced in the
same interaction is calledABOUND7 . In Fig. 8 we compare
the results for the widthss(ABOUND7) for the distribution of
the components for the transverse momentum sum with
results fors(AF) for fragments withM51 plotted as a func-
tion of the sum of the fragment massesABOUND7 . We ana-
lyzed the results for reactions of208Pb projectiles with the
detector material CR-39 at 1.0 GeV/nucleon, of197Au pro-
jectiles with CH2 at 10.6 GeV/nucleon, and of208Pb projec-
tiles with CR-39 at 158 GeV/nucleon. We have chosen
sults for these projectile target combinations for this analy
because these combinations have the smallest statistica
systematic errors. One can observe that within the statis
and systematic errors the results for the transverse mom
tum sum for fragments withM52 are identical to the result
for fragments withM51. This observation can be inte
preted as a breakup process for reactions with more than
heavy fragment produced in the interactions, which proce
in more than one step: In the first step an excited projec
spectator is produced having almost the same transverse
mentum as a projectile spectator, which does not break
into smaller fragments. In the second step the excited pro
tile spectator disintegrates into several fragments. This p
cess gives an additional contribution to the transverse
menta of the finally detectable fragments. This seco
contribution consists probably of a contribution due to t
mutual Coulomb repulsion between the produced fragme

FIG. 8. Widthss(ABOUND7) for the distribution for the trans-
verse momentum components measured for reactions of208Pb pro-
jectiles with the detector material CR-39 at 1.0 and 158 Ge
nucleon and for reactions of197Au projectiles with CH2 at 10.6
GeV/nucleon as a function of the bound massABOUND7 for events
with M52 ~open circles!. These results are compared to the valu
determined for events withM51 ~filled circles!.
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and an additional contribution due to the statistical break
procedure itself.~This contribution could be described po
sibly by the Goldhaber model.!

VI. CONCLUSION

In this paper we have analyzed target and projectile
ergy dependences of transverse momentum distribution
fragments produced in reactions of208Pb and197Au projec-
tiles with targets ranging from CH2 to Pb at projectile ener-
gies of 1.0, 10.6, and 158 GeV/nucleon. This study was p
formed separately for different fragmentation processes.
distinguish between spallation, fission, and multifragmen
tion processes with one, two, or three detected fragme
produced in the same interaction.

The investigation of the spallation reactions shows a s
nificant projectile energy and target size dependence of
transverse momenta. Spallation reactions with the CH2 target
can be well described by the statistical model of Goldha
at all projectile energies. For spallation reactions with t
heavier targets, the measured transverse momentum dist
tions show contributions by different processes. Beside
statistical contribution, described by the model of Goldhab
an additional contribution caused by the Coulomb repuls
between the projectile and target nucleus is observed.
dependence on the projectile energy, especially for the re
tions with the Pb target, can be qualitatively explained by
additional contribution to projectile fragmentation by th
process of electromagnetic dissociation. This dominates
reactions of208Pb projectiles with a Pb target at 158 GeV
nucleon. Since electromagnetic dissociation can happen
nuclear interactions at distances larger than the sum of
nuclear radii, the contribution by the Coulomb repulsion
reduced under these conditions.

The analyzed fission processes show, however, no sig
cant projectile energy and target size dependences. The
served comparatively large values for the transverse
menta can be explained by the mutual Coulomb repuls
between the two produced heavy fragments of almost sim
size.

The investigation of the multifragmentation reactions
more complicated. We have distinguished between multifr
mentation reactions with one, two, or three detected fr
ments produced in the interactions. We found no differen
between the results for the transverse momentum distr
tions for events with two or three detected fragments. B
multifragmentation events with one detected fragment dif
at least at 10.6 and 158 GeV/nucleon significantly from
results with more than one detected fragment. Furtherm
for these fragments, a significant projectile energy dep
dence can be observed. For multifragmentation events w
two or three detected fragments only a weak projectile
ergy dependence can be found. Significant target size de
dences for fragments produced in multifragmentation re
tions can only be observed for the heavier fragments.

The comparison of the results for the distributions
transverse momenta for events withM51 and the results for
the transverse momentum sum of fragments withM52 re-
veals that the breakup process for multifragmentation re
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tions can be described if one assumes a breakup that
ceeds in more than one step: In the first step an exc
projectile spectator is generated disintegrating somew
later into smaller fragments for which the mutual Coulom
repulsion contributes significantly to the measured transv
momentum.
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