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With the ALADIN forward spectrometer the fragmentation of gold nuclei at 600 MeV per nucleon
after interaction with carbon, aluminum, copper, and lead targets has been investigated. The results are
compared to quantum-molecular-dynamics iQMD) calculations using soft and hard equations of state as
well as a soft equation of state with momentum-dependent forces. Whereas the QMD has been success-
fully applied to heavy ion collisions at lower energies, it is not possible to reproduce the fragment distri-
butions and the light-particle multiplicities observed in this experiment at relativistic energies. To study
the reasons for the discrepancy between the experimental data and the simulations we investigated the
time evolution of the nuclear system after a collision and the disintegration pattern of excited nuclei in
the QMD approach.

PACS number(s): 25.70.Pq

I. INTRODUCTION

The decay mechanism of a nucleus with an excitation
energy comparable to its total binding energy is one of
the open questions in nuclear physics. It has been shown
by previous experiments [1—4] that in this energy regime
between the region of particle evaporation and that of to-
tal disassembly the production of several intermediate
mass fragments is the dominant decay channel. Many
theoretical scenarios have been proposed to describe this
decay channel of a nucleus at intermediate excitation en-
ergies. They range from a nearly simultaneous breakup
due to large fluctuations in regions of mechanical insta-
bility [5,6] to statistical multifragmentation models which
calculate the available phase space for the simultaneous
decay of an expanded nuclear system [7,8], and sequential
decay processes where equilibrium is reestablished after
each binary decay [9—12]. A comparison of our data
with these nonmicroscopic descriptions has been pub-
lished elsewhere [13,14]. Both statistical fragmentation
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models and the rapid massive cluster formation model
[12] can reproduce our measured multiplicity distribu-
tions. However, this is unsatisfactory because all of these
calculations are based on hybrid models which require
coupling to a dynamical model and assume the existence
of equilibrium prior to the fragmentation process. There-
fore the dynamical properties of the primary stage of a
reaction are neglected and Auctuations are not taken into
account.

Here we compare our experimental data with the re-
sults of the quantum-molecular-dynamics (QMD) model
developed by Stocker and Aichelin [15] in the version by
Aichelin and co-workers [16]. The QMD model is a
dynamical model which was developed to follow the reac-
tion process on a microscopical basis. It describes the re-
action dynamics of heavy ion collisions from the initially
separated projectile and target nuclei up to the final for-
mation of fragments. The combined target-projectile sys-
tem is propagated microscopically using as input the ex-
perimental free scattering cross sections as well as a
variety of representations for the forces between nucleons
resulting in different nuclear equations of state. An
agreement of experiment and theory only means that a
set of parameters exists that can reproduce the data.
More interesting are, however, any discrepancies because
they may imply that the description of the reaction dy-
namics is incorrect or alternatively that the input param-
eters of the model are wrong. This offers the possibility
to explore new physics like —for example —the
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modification of the free cross section in medium. To in-
vestigate discrepancies in detail and to discuss possible
reasons is the aim of this paper.

II. EXPERIMENTAL SETUP

The experiment was performed with the ALADIN
spectrometer at SIS, using a gold beam of 600
MeV/nucleon and carbon, aluminum, copper, and lead
targets. A detailed description of the apparatus was
given in Ref. [1]. The charge and the velocity of frag-
ments with Z ~ 2 were determined with a time-of-flight
wall positioned 6 m downstream of the target. The time-
of-fiight (TOF) wall covered an area of 1 m X 1.1 m with
two layers of 40 scintillators each. For fragments with
beam velocity and an N/Z ratio of 1 this corresponds to
an angular acceptance of +4.7' in the horizontal and
+4.5 in the vertical direction. This is sufFicient to detect
all fragments with Z &6 originating from the decay of
the gold projectile, since in inverse kinematics these par-
ticles are strongly forward focused. For Z =3, 4, and 5
the acceptance is still above 95% except for fragments in
central collisions [1]. Unit charge resolution was ob-
tained for Z & 8 and a resolution of two charge units for
the heavier elements.

The multiplicity of light charged particles, predom-
inantly protons emitted from the midrapidity source, was
determined by the 64 elements of a Si-CsI(T1) forward
hodoscope. The detectors were placed at angles between
7' and 40' with a solid angle coverage of approximately
30%. Due to the thickness of the Si detectors the energy
threshold for particle identification in the hodoscope was
10 MeV/nucleon, which is far below the average energy
of midrapidity particles. The energy of these particles,
however, was not determined because midrapidity pro-
tons and a particles were not stopped in the detectors.

III. QMD CALCULATIONS

A. Details of the code

The quantum-molecular-dynamics model and the
quasiparticle dynamics (QPD) model by Boal and Glosli
[17] are presently the only models that describe the frag-
ment formation in a dynamic microscopical framework.
Here, we compare the observed fragment distributions
with the prediction of the QMD code. We want to sum-
marize only briefly the relevant properties of the code.
For more details the reader is referred to [16].

Each single nucleon of the two colliding nuclei is de-
scribed by a Gaussian in momentum and coordinate
space. At the beginning, the nuclei move along Coulomb
trajectories. As soon as the distance between the surfaces
of the two nuclei is below 2 fm and hence the nuclear in-
teraction sets in, the centroids of the Gaussians are pro-
pagated under the influence of mutual two- and three-
body interactions.

The interaction is chosen as a local Skyrme-type in-
teraction which was used frequently in time-dependent
Hartree-Fock (TDHF) calculations and has been proven
to reproduce the static properties of nuclei. Two
parametrizations —labeled "hard" and "soft"—are used

which yield a different compressibility of nuclear matter,
supplemented by a long-range Yukawa interaction and an
effective Coulomb interaction. To take into account the
momentum dependence of the nuclear interaction, a
momentum-dependent contribution can be added as an
option, which is adjusted to the experimentally deter-
mined momentum dependence of the optical potential.

For the scattering of nucleons in nuclear matter at
high energies, the influence of the Pauli blocking is small
and the Bruckner G matrix becomes identical to the tran-
sition matrix which describes the scattering between free
nucleons. Therefore, the Pauli blocking of the intermedi-
ate states is neglected and only that of the final states is
included. As the in-medium corrections to the nucleon-
nucleon cross sections are not known, the calculations are
done with the measured free elastic and inelastic
nucleon-nucleon cross sections which were parametrized
by Cugnon [18]. The Pauli blocking of the final states is
determined by the overlap of the two nucleons in phase
space with all other nucleons. The collision is then al-
lowed with a probability P=(1 P, )(1 —P2), w—here P,
and P2 are the fractions of the final phase space which
are already blocked by other nucleons. If a collision is
blocked, the momenta of the scattering partners prior to
the scattering are restored.

B. Details of the calculations

For a systematic study, we generated several thousand
events for the reaction of gold projectiles with the four
targets of carbon, aluminum, copper, and gold. (The cal-
culations were performed using gold instead of lead to
reduce the CPU time needed by a factor of 2: If a sym-
metric system is studied each simulated event can be used
twice by exchanging the role of the target and the projec-
tile nucleus. ) The impact parameter was varied with a
flat distribution between 0 and an upper limit between 10
and 14 fm depending on the size of the target nucleus.
Three difFerent equations of state (EOS) were used: a soft
EOS with a nuclear compressibility K of 200 MeV, a hard
EOS with %=380 MeV, and a soft EOS with K=200
MeV and momentum-dependent interactions (MDI). For
24 time steps (starting at 0.2 up to 300 fm/c after the be-
ginning of the collision) the momenta and the positions of
all nucleons were stored and for each of these time steps
the spatial distribution of the nucleons was investigated
to examine the formation of clusters. In our definition,
two nucleons are members of the same cluster if the dis-
tance of their centroids in coordinate space is smaller
than the cluster parameter dp ~ To check the influence of
the exact value of dp on the final cluster distributions, dp
was varied between 1.0 and 4.0 fm. It turned out that for
all values above 2.5 fm the distributions at the end of the
time evolution were the same, therefore a value of 3.0 fm
was used. After 300 fm/c, the calculations were stopped
assuming that the cluster formation was finished by that
time.

Since the QMD simulation does not distinguish be-
tween neutrons and protons, a charge had to be assigned
to each cluster. Complex fragments with mass 2 and
above and a rapidity above midrapidity were assumed to
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stem from the projectile and their charge was calculated
using the X/Z ratio of the projectile, whereas for com-
plex fragments with a rapidity below midrapidity the
X/Z ratio of the target nucleus was used. The remaining
charge was distributed randomly among the nucleons
with mass 1. The resulting charged clusters were sent
through a software experiment filter to simulate the ac-
ceptance and the granularity of our apparatus as well as
the deflection by the ALADIN magnet. This is most im-
portant for the investigation of midrapidity particles
since the geometrical acceptance of our apparatus for
those particles is significantly smaller than 100%%uo.

IV. COMPARISON %KITH EXPERIMENTAL DATA

A. The projectile spectator
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The process of multifragmentation is known to be the
dominant decay channel in the excitation energy regime
between the region of particle evaporation and that of to-
tal disassembly [1—4]. Any quantitative study of the
conditions that lead to the emission of several intermedi-
ate mass fragments requires therefore the knowledge of
the violence of the collision, i.e., of the impact parameter.
In the participant-spectator model the size of the projec-
tile spectator —measured via the total charge of all nu-
clear fragments with velocities near the projectile
velocity —would be a possible measure of the centrality
of a collision. In our experiment protons originating
from the projectile spectator were not detected, therefore
the similar quantity Z»„„d, the sum of all charges of pro-
jectilelike fragments with Z +2, was constructed. It was
shown [1) that Zb, „„d allows a very good determination
of the impact parameter. Zb, „„d is thus a measure of the
violence of the collision and of the energy deposited in
the excited spectator.

In the following we want to discuss the correlation be-
tween three observables and Zb, „„d.. Z „is the charge of
the largest projectile fragment, M,M„ is the multiplicity
of intermediate mass fragments (IMF) with 3~Z~30,
and M& is the multiplicity of light charged particles
detected in the Si-CsI hodoscope. M,M„signals the onset
of multifragment emission from the projectile spectator
whereas Z „gives some insight how the projectile spec-
tator breaks apart. M&, on the other hand, contains in-
formation about the participant zone of the nuclear reac-
tion, though for asymmetric nuclear reactions and central
collisions —where target and projectile overlap
completely —M& is rather insensitive to the impact pa-
rameter [19,1].

Figure 1 shows the correlation between Z,„and
Zb, „„d for the experimental data (left) and the @MD
simulations (right). By definition Zb, „„d is always larger
than or equal to Z,„, therefore all events are located
below the diagonal. Events with a value of Zb«„d near
Zp j t ] i.e., very peripheral collisions, which have at
the same time a Z „ofapproximately half of the projec-
tile charge are binary fission events. Points on the diago-
nal correspond to events where only one fragment has
been detected; points in the vicinity of the diagonal
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FIG. 1. Left: Correlation between the largest projectile frag-
ment Z,„and Zb, „„d for Au+ C, Au+ Al, Au+ Cu, and
Au+Pb reactions at E/A =600 MeV. Right: Correlation be-
tween Z „and Zb, „„d for Au+C, Au+Al, Au+Cu, and
Au+Au calculations using a soft EOS without MDI. Whereas
the data show a broad distribution of Z,„ for values of Zb, „„d
around 50, the simulations predominantly predict one large
fragment for all values of Zb, „„d.

represent typical evaporation events where at least two
fragments have been observed but most of the charge is
concentrated in one of them. For values of Zb, „„d around
50, a rapid decrease of Z,„ is observed, indicating a
transition to events where the charge is distributed more
equally over two or more fragments. For the heavier tar-
gets a sizable part of the cross section is still found in a
region where both Z „and Zb, „„d are small. These are
processes where so much excitation energy is deposited in
the spectator matter that the total disassembly into most-
ly nucleons and a few light fragments will occur [1,20].

The events from the QMD calculations with a soft
EOS show a different behavior. For all values of Zb, „„d,
Z „is fairly close to Zb, „„d. This means that one heavy
fragment survives and that the number of intermediate
mass fragments is small. Especially, the simulation fails
to predict the rapid decrease of Z „for Zb, „„d values of
approximately 50.

In Fig. 2, the mean multiplicity of IMF s is plotted
versus Zb, „„d for the experimental data as well as QMD
simulations using a soft EOS. The mean multiplicity ob-
served within the acceptance of the ALADIN spectrome-
ter is first increasing with decreasing Zb, „„d up to a max-
imum value of 3.5 to 4 at Zb, „„d=40. For smaller values
of Zb, „„d, corresponding to more central collisions, the
IMF multiplicity is again decreasing. Except for a weak
systematic decrease of the maximum multiplicity with in-
creasing mass of the target nucleus, a remarkable target
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FIG. 2. Correlation between the mean IMF multiplicity
(MqMF ) and Z&,„„d. Symbols: experimental data for the sys-
tems Au+C, Au+Al, Au+Cu, and Au+Pb at E/A =600
MeV. Lines: QMD calculations for the systems Au+ C,
Au+Al, Au+Cu, and Au+Au using a soft EOS. The simula-
tions significantly underestimate the IMF production.

independence is found. The corresponding distributions
for the simulated events reproduce the target indepen-
dence, they, however, significantly underestimate the pro-
duction of intermediate mass fragments, as was already
seen in Fig. 1. Moreover, the maximum is shifted to
much smaller values of Z&,„„d. This indicates that for the
QMD events the maximum of the IMF production is
reached at more central collisions.

To investigate this, we plotted the mean IMF multipli-
city as well as the mean Z „versus the impact parame-
ter b of the collisions. For the experimental data the
geometrical cross-section method was applied to the
Z&,„„d distributions in order to reconstruct the impact
parameter [I]. For the simulations the impact parameter
is known. The left side of Fig. 3 shows the mean IMF
multiplicity for the experimental data (open symbols) and
the QMD calculations (solid symbols). Indeed, in the
simulations the maximum of the IMF multiplicity is
reached for significantly smaller values of b than in the
experimental data. At the same time the biggest frag-
ment emerging at a given impact parameter is much
larger as can be seen in the right part of Fig. 3. The
discrepancy for the mean IMF multiplicity is getting less
pronounced with increasing mass of the target nucleus.
This is partly due to the definition of IMF's: As soon as
Z „falls below 30 the multiplicity of IMF's increases by
one unit. While in the case of the carbon target the mean
Z,„ is above 30 for all impact parameters, Z,„de-
creases to smaller values than 30 for the heavier targets
and small impact parameters. The figure illustrates once
more the fact that in the QMD simulations the spectator
matter does not break into several IMF's but stays to-
gether as one big cluster in contradiction to the experi-
ment.

Since the IMF multiplicity distribution as a function of
Z&,„„d is independent of the target for both the experi-
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FIG. 3. Mean IMF multiplicity (left) and mean Z,„(right)

vs the impact parameter b, for both the experimental data (open
circles) and the QMD calculations (solid circles). For the simu-
lations the maximum of the IMF multiplicity is reached for
significantly smaller values of b. At the same time the biggest
fragment for a given impact parameter is much larger than for
the experimental data. Top, Au+C; middle, Au+Al; bottom,
Au+Cu at 600 MeV/nucleon. The lines were drawn to guide
the eye.

mental data and the calculations using a soft EOS, the
different EOS's were only studied for the system Au on
Cu. Figure 4 shows the data together with the two
choices for the EOS. The difference between the soft and
the hard EOS without MDI is only marginal.

We also investigated the soft EOS with a momentum-
dependent interaction. It turned out that the disintegra-
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0
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FIG. 4. Correlation between the mean IMF multiplicity
(M,M„) and Z~,„„d for Au+Cu reactions at E/A =600 MeV.
Symbols, experimental data; solid line, soft EOS; dashed line,
hard EOS. The difference of the results obtained with the two
EOS's is only marginal.
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tion pattern of nuclei with and without MDI is very
different: For the soft EOS without MDI, target and pro-
jectile remain stable with respect to the emission of
IMF's and evaporate at most a few nucleons or e parti-
cles down to impact parameters of approximately 9 fm.
This contrasts sharply with the results for the soft EOS
with MDI, where the clusters have a high probability to
decay via the emission of IMF's even for the largest im-
pact parameters. The lighter target spectator especially
completely disintegrates into small fragments. The rela-
tively high IMF multiplicities found for the EOS with
MDI are in better agreement with the experimental
findings than the results obtained with the EOS's without
MDI. This effect is not unexpected because it is known
that momentum-dependent interactions yield a larger
momentum transfer. However, a word of caution has to
be added: The additional momentum dependence in-
creases the numerical error of the integration routines
from O(ht ) to O(b, t), where b, t is the time step chosen
for the integration [16]. Momentum-dependent interac-
tions therefore produce nuclei which are numerically less
stable from the beginning, and an unknown part of the
fragment production produced is hence artificial. So to
use a par ametrization of the nuclear EOS with a
momentum-dependent contribution may be a promising
approach, but any comparison with experimental results
has to wait until the attempts to obtain numerically
stable solutions for this description of nuclei will be suc-
cessfully completed.

c
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FIG. 5. Top: Correlation between the mean multiplicity of
light charged particles (MI~) and Zb, „„d for Au+C, Au+Al,
and Au+Cu reactions at E/A =600 MeV. Symbols, experi-
mental data; lines, QMD calculations using a soft EOS. Bot-
tom: Correlation between the mean multiplicity of light
charged particles (MI~) and Zb, „„d for Au+Cu reactions.
Symbols, experimental data; solid line, soft EOS; dashed line,
hard EOS. The simulations predict multiplicities of light
charged particles which are approximately 20% below the ex-
perimental values.

V. BEHAVIOR OF QMD NUCLEI

B. The participant zone

So far, only the decay of the projectile spectator was
examined. The QMD model is also able to describe the
participant zone of the reaction. Consequently, the mean
multiplicity of light charged particles M&, predominantly
protons and a particles, detected in the forward hodo-
scope was also studied as a function of Zb, „„d. Figure 5
(top) shows the experimental data for all targets together
with the calculations for a soft EOS. In Fig. 5 (bottom),
the Cu data are compared to the results of both QMD
calculations. Again the differences between the hard and
the soft EOS are only small. All simulations predict mul-
tiplicities which are about 20% below the experimental
values.

Due to our incomplete angular coverage for midrapidi-
ty particles, small differences in the angular distributions
of light charged particles for the experimental data on the
one hand and the simulated events on the other hand
could easily lead to discrepancies in the number of detect-
ed charged particles even if the total cross sections were
in good agreement. We therefore studied the differential
cross sections do. /d 0 for both the experimental data and
the calculations using the soft EOS. The results are
shown in Fig. 6: The shapes of the experimental and
theoretical distributions are very similar for all systems
studied. The differences seen in the light-particle yields
at midrapidity must therefore be attributed to a smaller
total production cross section.

In Sec. IV, we presented some evidence that heavy ion
collisions at relativistic energies are not described proper-
ly by the QMD version used. The discrepancies between
the experimental results and the simulations may be due
to three reasons: (i) the intermediate mass fragment for-
mation is not finished by the time the calculations are
stopped, (ii) the emission of several intermediate mass
fragments is not a dominant decay channel for excitation
energies comparable to the total binding energy of the
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FIG. 6. Differential cross sections of light charged particles
for Au+ C, Au+ Al, Au+ Cu, and Au+ Pb reactions at
E/A =600 MeV. Large open symbols, data; small solid sym-
bols, QMD calculations using a soft EOS. For all systems, the
shapes of the experimental and theoretical angular distributions
are very similar.



QUANTUM MOLECULAR DYNAMICS SIMULATION OF. . . 615

spectator, and (iii) the collision process is not described
properly and the energy transfer from the participants to
the spectators is not sufficient. In this section we want to
investigate these possibilities in more detail.

A. Time evolution of the QMD system after a collision

In order to check whether the deexcitation of the reac-
tion products is completed after 300 fm/c, we studied the
time evolution of the system Au on Cu for a soft EOS
after a collision. The following procedure was used: In
the last step of the calculation a cluster of a specific size
was selected. The history of its constituent nucleons was
followed backwards in time and for each time step the
preceding cluster was determined which contained the
majority of these nucleons. This procedure is only mean-
ingful if the exchange of nucleons between separated clus-
ters is small. But it turned out that the preceding clusters
contain between 80 and 100% of the nucleons of the final
cluster. For the nucleons of each precluster, their bind-
ing energy was calculated as the sum of their potential
energy and their kinetic energy with respect to the center
of mass of the precluster was calculated. At the same
time the size of each precluster was determined. This in-
vestigation was done for final clusters of all sizes which
contained predominantly projectile nucleons —for light
fragments with masses between 10 and 20 up to heavy
residues in the vicinity of the projectile nucleus. The re-
sults are shown in Fig. 7 for the mass intervals 10—20,
40—50, 70—80, and 120—130. The top panel shows the
development of the average binding energy in time. After
approximately 100 fm/c the preclusters are practically
cold, they have a binding energy of the order of 8
MeV/nucleon. At the same time the cluster formation
has almost finished. This is illustrated in Fig. 7 (bottom)
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FIG. 7. Time development of the system Au on Cu for soft
EOS. Top: Average binding energy per nucleon for fragments
from the projectile spectator which, in the last time step, have a
mass number between 10 and 20 (solid line), 40 and SO (long-
dashed line), 70 and 80 (dash-dotted line), 120 and 130 (short-
dashed line). The horizontal dashed line indicates a binding en-

ergy of 8 MeV/nucleon. Bottom: Mean number of nucleons for
clusters which have in the last time step a mass between 10 and
20, 40 and 50, 70 and 80, 120 and 130. After a time interval of
100 fm/c all fragments, independent of their size, are practically
cold and the fragment formation process is completed.

where the mean size of the preceding clusters is plotted
for the same mass bins. The breakup of the excited pro-
jectile spectator into smaller fragments is over after 100
fm/c and from there on only a few nucleons are evaporat-
ed. This means that, in the framework of this code, the
deexcitation of the heated nuclear matter via the emission
of fragments is finished after 100 fm/c, the remaining
clusters are practically cold and the eventual further
deexcitation will therefore proceed dominantly via y
emission.

B. Single excited QMD nuclei

In a next step we performed studies of the decay of an
excited QMD nucleus. Instead of exciting the nucleus via
a (dynamic) collision process, a certain amount of kinetic
energy was given to all its nucleons directly after the ini-
tialization. It is a simplification to study the disintegra-
tion pattern of only spherical nuclei since heavy ion col-
lisions may produce far more complicated shapes. How-
ever, the QMD decay modes can be compared to those of
statistical models which retain this symmetry. Since
those models include in more detail nuclear properties,
like level densities, etc., a comparison may be useful and
it may be especially possible to evaluate whether the
thermal properties of the QMD approach are correct.

1. Generation of excited QMD nuclei

The total kinetic energy of a cold QMD nucleus direct-
ly after its initialization was calculated. A fixed amount
of excitation energy was added to this value by increasing
the momenta of all nucleons by a constant scaling factor,
i.e., an instantaneous energy deposition, that changes the
momenta of all nucleons at the same time and by the
same factor is assumed. This is a very simple method to
simulate an excited nucleus. However, in this way one
does not create a heated nucleus in thermal equilibrium:
In the latter case the nuclear density would be reduced,
moreover, the occupation probability for the states with
the lowest momenta would not be modified significantly
while, on the other hand, much higher maximal momenta
would occur due to the softening of the Fermi surface.
This means, in particular, that it is not possible to assign
a temperature to this nuclear cluster. But real collisions
in nature will also not initially produce heated clusters in
thermal equilibrium. During the time evolution of the
nucleus, the system will develop towards thermal equilib-
rium. Nucleon-nucleon collisions were completely
suppressed for this study because the few collisions which
are not forbidden by the Pauli principle do not inhuence
the results significantly.

For each of the three EOS's discussed earlier, 2000
gold nuclei with excitation energies between 0 and 20
MeV/nucleon were produced and their evolution in time
was followed. Additionally, the same amount of xenon
and zirconium nuclei was created for a soft EOS only to
allow for comparisons between diFerent system sizes.
The calculations were performed using the same time
steps as before. Again the cluster algorithm together
with the charge assignment was applied for each of these
time steps.
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2. Decay of the excited nuclei

The deexcitation of the nuclei which were excited as
described above was then investigated. First, we studied
the production of IMF's as a function of the excitation
energy given to a gold nucleus at rest. Figure 8 (top)
shows the correlation between the mean IMF multiplicity
and the excitation energy per nucleon for gold nuclei.
Depending on the EOS used, maximum mean multiplici-
ties as high as 5 or 8 are found. The corresponding exci-
tation energies vary from 12.S MeV/nucleon for the hard
EOS to 10.0 MeV/nucleon for the soft EOS.

For the soft EOS, nuclear systems with different sizes
were compared. In Fig. 8 (bottom), the mean IMF multi-
plicity per nucleon versus the excitation energy per nu-
cleon is plotted for gold, xenon, and zirconium nuclei.
Within the statistical errors, the mean number of IMF's
normalized to the size of the nucleus for a given excita-
tion energy per nucleon is independent of the size of the
system.

In Fig. 9, we compare the relation between excitation
energy and IMF production found for QMD using a soft
EOS with the results of the standard statistical multifrag-
mentation calculations by Gross [21]. (For details of this
calculation see Hubele et al. [13].) Although the ap-
proaches are very difFerent, the QMD calculations are in
qualitative agreement with the results of the statistical
model. A more detailed comparison to other statistical
models and the rapid massive cluster formation (RMCF)
model by Friedman [11,12) has been published elsewhere
[22].

The results of this section cannot be directly compared
to the experimental data because in a real collision the
size of the decaying projectile spectator as we11 as the en-

ergy deposited during the collision process is changing
with the centrality of the reaction, while in the calcula-
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FIG. 9. Correlation between the mean IMF multiplicity and
the excitation energy of a gold nucleus. The QMD results with
soft EOS {solid line) are compared to those of the statistical
model by Ciross (dashed line).

tions the size of the decaying system was Axed. Nonethe-
less, we tried to get at least an estimate for the correlation
between the mean IMF multiplicity and Zb, „„~.. In the
framework of the participant-spectator model it is possi-
ble to calculate the size of the spectator for a given nu-
clear system at known impact parameter using only very
simple geometrical assumptions [23]. The relation be-
tween the excitation energy and the impact parameter, on
the other hand, is strongly dependent on the model used.
Here, we adopted the same approach as for the hybrid
calculations of Hubele et al. [13],i.e., the excitation ener-

gy was varied between 2S and 0 MeV/nucleon for an im-
pact parameter interval of 0—10 fm according to the re-
sults of Boltzmann-Uehling-Uhlenbeck (BUU) calcula-
tions [20,24]. These two pieces of information together
with the mean IMF multiplicity for a given excitation en-
ergy shown in Fig. 8 (bottom) lead to a correlation be-
tween the mean IMF multiplicity and Zb, „„zwith a max-
imum of 5.5 IMF's for Z»„„z=35. Although this is only
a rough approximation, it shows that both the soft and
the hard EOS do produce a number of IMF's which is
comparable to the experimental findings if excitation en-

ergy is deposited into the QMD system. In line with the
findings of Peilert and co-workers [2S] we conclude that
the discrepancies between the experiment and the QMD
model cannot be attributed to an inability of the model in
describing the fragment formation.

u 0.05

~ 0.025
V

0 l0 20
E,„, (Mev/~ ucl)

FIG. 8. Top: Correlation between the mean IMF multiplici-
ty and the excitation energy per nucleon for a gold nucleus cal-
culated using difTerent EOS's: solid line, soft EOS; dashed line,
hard EOS. Bottom: Correlation between the mean IMF multi-
plicity per nucleon and the excitation energy per nucleon for
nuclei of difFerent sizes calculated with a soft EOS: gold (solid
line), xenon (dashed line), and zirconium (dotted line) nuclei.
Within the errors the distributions are identical.

C. Energy transfer during the collision

All the investigations discussed in Sec. VB indicate
that in QMD events too little energy is transferred to the
spectator matter. This energy transfer is governed by the
elementary nucleon-nucleon cross section, which was as-
sumed to be the same in the nuclear environment as in
free space. In-medium modifications of the cross section
are presently highly debated but so far no final conclusion
has been reached whether they will increase or decrease
the cross section. Therefore, our experimental findings
may be a hint that the average momentum transfer in a
single nucleon-nucleon collision is larger than expected
from the free cross section. To settle this question, pre-
cise measurements of rapidity distributions of the parti-
cles from the participant zone are required.
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VI. SUMMARY AND CONCLUSIONS

The fragmentation of gold nuclei on carbon, alumi-
num, copper, and lead targets at 600 MeV/nucleon was
investigated with the ALADIN spectrometer. The multi-
plicity of IMF's produced in the decay of the projectile
spectator as well as the multiplicity of light charged par-
ticles originating from the participant zone was com-
pared to QMD calculations using both a soft and a hard
EOS. The angular distributions of light charged particles
from the reaction zone for all targets are very well repro-
duced by QMD calculations, the mean multiplicities are
underestimated by about 20%%uo. The production of IMF's,
however, is significantly underestimated and a too large
residual nucleus survives. Calculations with hard and
soft EOS's result in a maximum mean IMF multiplicity
of about 2 as compared to a measured value of 3.5.

To investigate whether this disagreement is caused by a
deficiency in the description of the early collision phase

of a heavy ion collision or of the subsequent fragment for-
mation process, the time evolution of the system after a
collision was studied within the QMD model. It was
found that the fragment formation is completed within a
time scale of about 100 fm/c and the remaining clusters
are practically cold. In addition to the investigation of
the collision process, the time evolution of an excited nu-
cleus with a fixed excitation energy was studied. If equal
amounts of excitation energies are assumed then QMD
and statistical multifragmentation models yield compara-
ble multiplicities for intermediate mass fragments which
are compatible with the experimental findings. This is an
indication that the underestimation of IMP production in
a collision process is due to a lack of energy deposition in
the spectator matter.
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