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The quantum molecular dynamic method is used to study multifragmentation and fragment flow
and their dependence on in-medium cross sections, momentum dependent interactions, and the nu-
clear equation of state, for collisions of '’Au + *’Au and **Nb + *>Nb in the bombarding energy
regime from 100 to 8004 MeV. Time and impact parameter dependence of the fragment formation
and their implications for the conjectured liquid-vapor phase transition are investigated. We find
that the inclusive fragment mass distribution is independent of the equation of state and exhibits a
power-law behavior Y(A4)~ 4 ~7 with an exponent 7=~ —2.3. True multifragmentation events are
found in central collisions for energies E},, ~30-200 MeV/nucleon. The associated light fragment
(d,t,a) to proton ratios increase with the multiplicity of charged particles and decrease with energy,
in agreement with recent experiments. The calculated absolute charged particle multiplicities, the
multiplicities of intermediate mass ( 4 > 4) fragments, and their respective rapidity distributions do
compare well with recent 47 data, but are quite insensitive to the equation of state.. On the other
hand, these quantities depend sensitively on the nucleon-nucleon scattering cross section, and can be
used to determine o experimentally. The transverse momentum flow of the complex fragments in-
creases with the stiffness of the equation of state. Reduced (in-medium) n-n scattering cross sections
reduce the fragment flow. Momentum dependent interactions increase the fragment flow. It is
shown that the measured fragment flow at 200 4 MeV can be reproduced in the model. We find that
also the increase of the p, / 4 values with the fragment mass is in agreement with experiments. The
calculated fragment flow is too small as compared to the plastic ball data, if a soft equation of state
with in-medium corrections (momentum dependent interactions plus reduced cross sections) is em-
ployed. An alternative, most intriguing resolution of the puzzle about the stiffness of the equation
of state could be an increase of the scattering cross sections due to precritical scattering in the vicin-
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ity of a phase transition.

I. INTRODUCTION

It has recently been argued!? that powerful prompt su-
pernova explosions can only occur if the nuclear equation
of state (EOS) is substantially softer at high densities than
anticipated. This is in striking contrast to the analysis of
the high-energy heavy-ion collision data.

Exclusive 47 measurements®~° established the collec-
tive flow, predicted by the nuclear fluid dynamics mod-
el.1~13 The absolute magnitude of the measured flow is
surprisingly large, providing evidence for a stiff nuclear
equation of state.!*>~!7 In one of the last plastic ball ex-
periments it has been shown that intermediate mass frag-
ments up to Z =10 are abundantly produced in Au
(2004 MeV) + Au reactions and that they exhibit even
stronger flow effects.!®1°

Here we study the fragment formation in heavy sym-
metric systems within the microscopic quantum molecu-
lar dynamic (QMD) theory.?’~2" We investigate how the
fragments are formed in such reactions. We study their
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energy and target mass dependence as well as their
dependence on in-medium effects like a reduced hard
core scattering cross section, momentum dependent in-
teractions, and the nuclear EOS.

We demonstrate that the QMD model predicts the ob-
served power law dependence of the inclusive fragment
yields and that the predicted multifragmentation into
~10 complex ( 4 >4) fragments as well as the observed
multiplicity and bombarding energy dependence of light
(A =1-4) fragment formation agrees with the data. The
fragment multiplicities do not depend sensitively on the
EOS.

The study of the fragment flow yields evidence for a
stiff EOS. This apparent discrepancy between the “soft”
EOS claimed to be necessary to yield supernovae explo-
sions and the stiff EOS which reproduces the flow data
could have various origins as follows.

(1) The iron core of the progenitor star could be small-
er?® than estimated previously.?’ Then prompt superno-
vae explosions would occur even with a stiff EOS.%
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(2) The supernovae explosions could be due to mecha-
nisms others than the prompt bounce, e.g., by late shock
revival due to neutrino heating.3!

(3) The time scales involved in the two processes are
quite different (10~3 sec versus 1072? sec), so that a
softening of the neutron matter equation of state due to
processes in 8 equilibrium could play a role.*

(4) The angular momentum of the progenitor, which
should play an important role in the prompt collapse, has
been ignored in most calculations.!?

(5) The momentum dependent interactions could pro-
vide an additional repulsion in heavy-ion collisions,
which could help in producing the large observed trans-
verse momentum transfer.33—3°

(6) The in-medium scattering cross sections could be
larger than the Uehling-Uhlenbeck (UU) cross section®
(possibly due to precritical scattering in the vicinity of a
phase transition).’” This would be a most fascinating
resolution of the puzzle about the stiffness of the EOS.
However, recent calculations of the medium corrected
scattering cross sections yield reduced values of
o_efsz. 70.UU.65,66

Several microscopic models have been developed to de-
scribe heavy-ion collisions. The Vlasov-Uehling Uhlen-
beck (VUU) model'>~17:38 % describes successfully single
particle observables by evolving the semiclassical Wigner
function in phase space (Pauli blocking and stochastic
scattering are incorporated into this approach).

This model is intrinsically unable to describe cluster
formation, which requires- 4 body correlations. Hence,
up to now, only schematic or phenomenological models
have been available. However, there has been consider-
able recent interest in the production of intermediate
mass fragments (A4 >4) in high energy proton-
nucleus*~*® and heavy-ion collisions.** =3¢ The mass dis-
tributions of inclusive measurements exhibit a power-law
form which has been interpreted as indication for a
liquid-vapor phase transition.*>—4°

Other microscopic models are the molecular dynam-
ics357:5814 approach, which can be useful to describe
fragmentation in a classical way,>® %! the time dependent
Hartree-Fock equations®® and other semiclassical mod-
els. 6364

Recently we advanced an extension to the classical
molecular dynamics model, dubbed quantum molecular
dynamics (QMD). This model simulates heavy ion reac-
tions on an event-by-event basis and, as a consequence,
preserves N-body correlations and fluctuations. A brief
description of this model is given in Sec. II. A detailed
description of our model is contained in Ref. 26, where
the fragmentation of cold target spectator matter in
asymmetric Ne (1050 4 MeV) + Au collisions is investi-
gated. The interplay between the in-medium effects and
the EOS on nuclear stopping and flow is studied in Refs.
24 and 27. A short account of the present work can be
found in Ref. 23.

The inclusion of some important nonequilibrium as-
pects, e.g., the momentum dependent interactions
(MDI),?? and in-medium effects via reduced nucleon-
nucleon scattering cross sections,?*~27 are also given in
Sec. II.
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In Sec. III we present the results of the QMD calcula-
tions. The formation of complex fragments and their
time evolution in configuration space in the reactions
Au + Au and Nb + Nb in the energy interval from 30 to
800 4 MeV are discussed.

Then we study the impact parameter and bombarding
energy dependence of the light (A =1-4) and intermedi-
ate mass (4 > 4) fragment multiplicities. Because of the
numerical expenditure of the gold on gold collisions we
study the behavior of the light fragments in the lighter
system Nb + Nb at 100, 250, 400, and 8004 MeV bom-
barding energy.

In Sec. IV we switch back to the Au + Au system to
compare the predictions for the flow of the fragments
with the data. The dependence of the flow on the EOS
and the in-medium effects is discussed. The conclusions
are given in Sec. V.

II. THE MODEL

Neglecting all quantum features, the QMD model
reduces to the classical molecular dynamics meth-
0d!%3357=6! corresponding to the numerical solution of
the A+ Ap Liouville equation. However, there are im-
portant quantum features which have to be respected:
The nucleons have a finite width in configuration and
momentum space. Collisions among nucleons are
suppressed when they bring nucleons in already occupied
or partially occupied phase space regions. Furthermore,
the scattering amplitude does not relate the scattering an-
gle with the impact parameter in a unique way. Rather,
the square of the scattering amplitude can be identified
with a probability distribution. The scattering angle as
well as the Pauli blocking of collisions are treated statisti-
cally. The nucleons are represented by Wigner densities
of Gaussian wave packets of the form

h

3
fir,p, )= 1 ] e——[p—po,-(t)]le/ﬁze—[r—rol-(t)]z/Lz
; .

(1

Those wave packets obey the uncertainty relation
Ax-Ap, =*%/2. 1y and py; are the centroids of the wave
packet i in phase space, which evolve in time, whereas
the widths L of the wave packets are kept fixed.

Our model will be extended to include the time depen-
dence of this width parameter. This can, e.g., be done by
representing each wave packet as an assembly of test par-
ticles. However, the additional numerical expenditure
precludes such an application at the present time.
Reasonably stable nuclei and smooth phase space densi-
ties have been achieved with L values of 1.5 and 2.1 fm.
The dependence of the results on L is studied below.

The propagation of those wave packets takes place via
two- and three-body local Skyrme interactions, plus a
long-range Coulomb potential. The Skyrme interaction
can be written as

VS =1,8(r; —1;)+138(r; —r1;)8(r; —1;) . 2)

With the finite width Gaussian density distribution of
the nucleons, this local interaction is effectively
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TABLE I. Parameters of Eq. (5) for the hard (H) and the soft
(S) EOS.

K a B Y EOS
200 MeV —356 MeV 303 MeV 1 N
380 MeV —124 MeV 70.5 MeV 2 H

equivalent to a finite range interaction between point par-
ticles with range parameters of the order of L. The total
interaction is given by

V= VSk+ VCoul . (3)

The microscopic Skyrmetype two- and three-body in-
teraction of Eq. (2) can be identified with the density
dependent potential determining the nuclear EOS in the
case of infinite nuclear matter:

Utoey=a(p/po)+B(p/po)* - )

Since we want to employ equations of state which are
characterized by different compressibilities we generalize
the three-body potential to

Ugoey=alp/po)+Bp/py)Y

which gives us the freedom to adjust the compressibility
constant K.

The parameters of Eq. (5) are adjusted to reproduce the
ground-state properties of nuclear matter. Two parame-
ters can be fixed if we determine the potential depth at
the ground-state density p, with E/A(p=py)=—16
MeV. The third parameter can be fixed by the choice of
the compressibility constant K. The values used are
K =200 MeV and K =380 MeV, which simulate a soft or
a hard EOS, respectively. The parameters for these in-
teractions are given in Table I.

It has recently been emphasize that nonequilibri-
um effects can play an important role in a realistic treat-
ment of heavy-ion collisions. First there is the momen-
tum dependence of the nuclear interactions, which leads
to an additional repulsion between the nucleons in
heavy-ion collisions. It has been shown?? that the in-
clusion of such momentum dependent interactions (MDI)
reduces the yield of pions and kaons substantially, while
the transverse momentum transfer for E >4004 MeV
(Refs. 22 and 42) increases.

For the computation of the MDI we parametrized the
real part of the optical potential in the following way:?

UMP =1,In*[t5(p; —p,)*+118(1; —13,) (6)

with the parameters (t,=1.57 MeV, t5=5-10"*
MeV~2). The present expression for the MDI repro-
duces the experimental data up to energies E~14 GeV.
The parametrization of the real part of the optical poten-

(5)
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FIG. 1. Parametrization of the real part of the optical
proton-nucleus potential: The solid circles indicate the data
points, while the solid line is the fit to the data for the parame-
trization as indicated.

tial together with the data is shown in Fig. 1. It substi-
tutes the term proportional Ap? in the Skyrme interac-
tion, which is in striking contrast with the data at
E,, >1504 MeV.

In order to reproduce the ground-state properties of
nuclear matter with MDI one has to add this term into
Eq. (5), which now reads for nuclear matter at rest

U =alp/py)+Bp/py)? +8In? |€

2/3
_B— ] +1 p/p() )
Po

@)

where the average relative momenta are determined using
the Thomas-Fermi approximation. The parameters have
to be readjusted in order to obtain the same compressibil-
ities in the ground state (see Table II). From now on we
refer to the soft (hard) EOS plus MDI as SM (HM), re-
spectively.

The resulting compressional energy is shown in Fig. 2
for the soft (S) and the hard (H) equation of state and for
the soft and hard equation of state with MDI, (SM,HM).
Note that all equations of state give the same ground
state binding (E/A4 =—16 MeV at p=p,), but they
differ drastically for higher densities. Here the hard EOS
leads to much more compression energy than the soft
EOS at the same density. The inclusion of the momen-
tum dependent interactions leads for infinite nuclear
matter at rest to almost no difference between the cases
S,SM and H,HM, respectively. This changes drastically
if one considers heavy-ion collisions: The additional
repulsion due to the separation of projectile and target in
momentum space shifts the curve for the SM, (HM) in-
teractions to higher energies. This can also be seen in the
density, where we observe a decrease of the local density

TABLE II. Parameters of Eq. (7) for a hard and a soft local potential plus MDI.

K a B Y ) € EOS
200 MeV —390 MeV 320 MeV 1.14 1.57 MeV 21.54 MeV—2 SM
380 MeV —130 MeV 59 MeV 2.09 1.57 MeV 21.54 MeV—2 HM
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in the central region of the reaction of half a unit when
the MDI are added to the local potential.?*

For the propagation of the centroids of the wave pack-
ets Hamilton’s equations

. _3H
‘_api ’
_ oH (8)
pl— ari

are integrated numerically using a second order integra-
tion routine with a fixed time step At.

Another in-medium effect with a large influence on the
observables is the reduction of the nucleon-nucleon
scattering cross section in the nuclear medium, due to the
Pauli blocking of intermediate scattering states.>%6:43

It is well known that the n-n cross section in infinite
nuclear matter is lowered as compared to the free case.
One part of this reduction results from the Pauli blocking
of the final states. This reduction leads to a reduced cross
section oYy, which is included in the collision term tak-
en from the Uehling-Uhlenbeck transport equation which
includes the Pauli blocking of the final states.!5— 173844
In a Dirac-Brueckner theory the n-n scattering also in-
cludes the Pauli blocking of intermediate states. This
leads to an additional reduction of the n-n cross section
which can be approximated®® by a simple reduction fac-
tor

oty =~0.7-0%y . 9)

The EOS itself is, of course, not influenced by the re-
duced cross sections. QMD calculations, which employ
both the in-medium corrected cross sections and the
MDI are denoted by the abbreviations SIM (HIM) de-
pending on whether a soft or a hard local potential has
been used.

150
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FIG. 2. The density dependence of the equation of state
(compression energy per particle) for infinite cold nuclear
matter is displayed for the different interactions. The solid line
corresponds to the hard EOS (H), the dashed line to the soft
EOS (S), while the dotted lines result from the soft (SM) and
hard (HM) local potential with additional momentum depen-
dent interactions.

Two nucleons collide if their distance in configuration
space is less than r =V'o /7. The scattering angle of a
single nucleon-nucleon collision is chosen randomly in a
way that the integral over the scattering angle agrees
with the measured angular and energy distribution for
elastic p-p scattering.>®

In order to test, whether initialization of the projectile
and target nucleus yields nuclei which exhibit the proper
stability, ground state density and energy, we studied the
stability of a single nucleus in a time interval which is
characteristic for a heavy-ion collision. Randomly
chosen coordinates of the wave packets do not create the
real ground state, but excited states, which are unstable
and evaporate particles within ¢ <50 fm/c. We take into
account the Pauli principle in the initial state by deter-
mining the positions of the nucleons randomly in a
sphere in coordinate space with a radius R =1.144 ~1/3,
but requiring in addition a minimum distance R ;,=1.5
fm between any two nucleons. This yields a smooth den-
sity distribution in configuration space. The momenta of
the nucleons are then randomly chosen in the interval
0< |p| <pr, where the local Fermi momentum pj is
determined from the local density via the Fermi gas ap-
proximation. A minimum distance Ap =180 MeV/c in
momentum space is also required to fulfill the Pauli prin-
ciple.

We are presently implementing an explicit Pauli poten-
tial,’” which ensures that also the equations of motion (8)
respect the Pauli principle. Then the Hamiltonian has a
true ground state with Fermi motion, which allows for a
meaningful determination of the excitation energy of the
produced complex fragments. ‘

Figure 3 shows the time evolution of the root mean
square (rms) radii of Au, Ag, Ca, and Ne nuclei, averaged
over 10 events, respectively. We have tested the stability
with different time steps At in the integration routine.
The rms radii of the heavy nuclei exhibit oscillations
about the mean values (AR /R =10%) for all timesteps
considered. That means that the nuclei are reasonably
stable for time scales t <200 fm/c. The oscillations are
due to the fact that our initial conditions do not corre-
spond to the true quantum ground state, in which the
fragmentation is expected to take place, since there is still
some excitation energy in the system.

The same results are found for the neon nucleus for
time steps At <0.4 fm/c. For At=0.5 fm/c we observe
that the nuclei become instable after ¢z > 100 fm/c. It
should be noted that this instability of light nuclei is due
to the initialization and is not observed in the light frag-
ments after the collision, since the relative momenta of
the constituents of a fragment are much smaller because
otherwise the fragment would break up in the course of
the fragmentation stage of a reaction. For the subsequent
collision studies we choose At =0.4 fm/c at E,, <2004
MeV and 0.2 fm/c at E,, > 2004 MeV.

III. THE MECHANISM OF FRAGMENT FORMATION
AND MULTIFRAGMENTATION

A. Time evolution of the fragmentation process

Let us first consider the reaction “’Au + ’Au at an
energy of 2004 MeV. 200 simulations have been carried
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FIG. 3. Stability of the nuclei: The time evolution of the
root mean square radii for the nuclei Au, Ag, Ca, and Ne are
depicted for different time steps At in the integration routine.

out for impact parameters 1, 3, 5, and 7 fm and for a hard
(H) and a soft (S) EOS. We follow the evolution of the
reaction for 200 fm/c. This time is long enough to study
the final fragment distribution, since as we will see later,
the mass yields reach their asymptotic values after ap-
proximately 150 fm/c reaction time. In order to study
fragment formation we recorded the position and mo-
menta of each nucleon every 10 fm/c. Then we deter-
mined the cluster distribution, using a common minimum
spanning tree procedure.*®

Two nucleons are considered to be bound in a fragment
if the centroids of their wave packets have a spatial dis-
tance dy <3 fm. We checked that the results do not de-
pend sensitively on the correlation length d,, since nu-
cleons which belong to different clusters are widely
spread in configuration space after 200 fm/c. Doubling
of d leads to a =20% shift of the yields of the complex
fragments. Because of the strong correlation between po-
sition and momentum of the nucleons forming a frag-
ment, it is not necessary to consider the relative momenta
of the nucleons forming a cluster at late times.

We have grouped the fragments into seven mass inter-
vals. The first interval contains all free nucleons (4 =1),
the second light fragments with 4 =2-4, then follow the
mass ranges with 4 =5-15, 16-30, 31-50, 51-70, and
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FIG. 4. Time evolution of the particle distribution in
configuration space for the reaction Au (2004 MeV) + Au for
impact parameters of b =1, 3, and 7 fm. The projection of all
particles in the reaction plane (x-z) is displayed for four
different times as indicated.

A >170.

The spatial evolution of a Au + Au collision at 200 4
MeV energy can be followed in Fig. 4 for impact parame-
ters 1, 3, and 7 fm. The beam axis coincides with the z
direction. Observe the formation of one blob of matter
for all impact parameters (¢ <40 fm/c), which then disin-
tegrates and yields the fragments. For half overlap col-
lisions (b =7 fm) two massive projectile and target rem-
nants survive the reaction. In this case one observes al-
most no intermediate mass fragments. When going to
more central collisions the projectile and targetlike frag-
ments become smaller (b =3 fm) and are absent in the
most central collisions, where we observe a complete
disintegration of the incident nuclei. On the other hand
the intermediate mass fragments are abundantly pro-
duced in central collisions and disappear for peripheral
ones.

In Fig. 5 we show the typical time structure of a single
half overlap collision for Au (2004 MeV, b =7 fm) + Au
in more detail. Only fragments with 4 >10 are con-
sidered from t =0 (bottom) to ¢t =200 fm/c (top) in steps
of 10 fm/c. Up to 50 fm/c one observes one blob of
matter in configuration space which— for this large im-
pact parameter—is still separated in momentum space
into a projectile and a targetlike residue [for central col-
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FIG. 5. Time evolution of the fragmentation process in a sin-
gle event for the reaction Au (2004 MeV, b =7 fm) 4 Au.
Shown are all massive fragments ( 4 > 10) from ¢t =0 fm/c (bot-
tom) to ¢ =200 fm/c (top). Two nucleons are considered to be
members of a fragment if their spatial distance is less than
do=3fm.

lisions (b <3 fm), this is not the case; we then observe
complete stopping of projectile and target in the cm
frame]. After 50 fm/c the system breaks up into these
two residues. Between 30 and 80 fm/c most of the single
nucleons and light fragments ( 4 < 10) are emitted. Then
a rather stable fragment with 4 =~ 105 remains in the pro-
jectile rapidity regime. In the target regime a second
breakup is observed, which yields two stable fragments
with 4 =80 and 15, respectively. At large impact pa-
rameters (b =7 fm) the intermediate mass fragments are
mostly produced in the binary breakup of the heavy resi-
dues. A similar conclusion has recently been reached ex-
perimentally for asymmetric systems.5’

Figure 6 presents the average number of fragments as a
function of time for b =3 fm. First of all we observe that
the mass yield distribution for all fragments (4 >2) sta-
bilizes at 150 fm/c or even earlier.

Let us first concentrate on the heavy clusters with
A >70. Here one recognizes one cluster up to 50 fm/c
which is not stable and decays rapidly. The decay chain
can be seen by the subsequent population and depopula-
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FIG. 6. Time dependence of the fragment yields for the reac-
tion Au (2004 MeV, b =3 fm) + Au, based on 200 collisions.
The average number of fragments for different mass classes as
indicated are shown as a function of reaction time. The width
of the fragment distributions are indicated by the error bars.
Also shown is the time evolution of the local density in the cen-
tral region of the reaction. The local density has been deter-
mined in a sphere with the radius » =2 fm in the center of the
c.m. frame.

tion of the different mass bins for the smaller clusters.
Along the decay chain the cluster emits also single nu-
cleons and therefore these numbers increase but have al-
most saturated at ¢t =200 fm/c.

The clusters in between 2 < A4 <30 have a completely
different history. They are formed at a very early stage of
the reaction and do not get fed from the decaying rem-
nants nor do they decay. After 100 fm/c practically all of
them have been formed. They emerge from the surface
region of the combined system?® and measure the
violence of the reaction.

Keep in mind that the transient appearance of large
“clusters” reflects the simple configuration space method
used to define the clusters. The actual phase space distri-
butions indicate that the cluster correlations are estab-
lished much earlier. This can be seen in the transverse
momentum transfer discussed below. The complex frag-
ments are most sensitive to the detailed dynamics during
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the early compression stage. The transverse momentum
transfer, which is built up during the expansion from the
high density stage can be seen most clearly for the inter-
mediate mass fragments. This indicates that these frag-
ments have been formed early as prefragments in the
shock zone and therefore show this strongly enhanced
sensitivity on the equation of state.

Also shown in Fig. 6 is the time evolution of the local
density in the central region of the reaction. Observe the
compression shock at ¢t =20 fm/c. At that time also the
highest temperatures are found. Subsequently the system
rapidly expands out of the central region of the shocked
matter. Note that the highest compression occurs at a
time when in configuration space fragments are not yet
separated. After the central density has decreased they
are visible as individual entities only.

We have checked the dependence of the calculated
fragment yields on the width of the Gaussians (8), i.e., the
effective range of the interaction. While the light frag-
ment yields (A =1-4) change only by 10%, the number
of massive fragments decreases by 309% when L? is dou-
bled. We hope to remedy this dependence on L by in-
cluding an explicit long range Yukawa interaction in the
near future.

B. Mass distributions and the liquid-vapor phase-transition

Figure 7 shows the inclusive, i.e., impact parameter
averaged mass yields for the hard and the soft equation of
state for Au (2004 MeV) 4+ Au. Both curves exhibit a
clear power law behavior Y(A4)~ 4 ~". The fragment
yields, however, are not sensitive to the underlying EOS.
For the constant 7 we find 7~2.3. The same behavior is
found in the asymmetric system Ne + Au at 14 GeV
bombarding energy.’>?® We want to emphasize that a
change of the correlation length d, in the minimum span-
ning tree procedure from d,=3 fm to d, =4 fm does not
change this power law dependence of Y(A4). Such a
power-law dependence with an exponent 2<7<3 has
been interpreted as an evidence for a liquid-vapor phase
transition.**~* In the present fully dynamic model we
can investigate to what extent this conclusion is con-
clusive.

Figure 8 displays the dependence of the final fragment
yields on the impact parameter. In all cases we observe a
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A

FIG. 7. Inclusive, i.e., impact parameter averaged mass yield
for the reaction Au (2004 MeV) + Au obtained with the soft
(squares) and the hard (circles) EOS, respectively.
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FIG. 8. Impact parameter dependence of the average mass
yield per event Y ( A) for the Au (2004 MeV) + Au reaction.

steep drop of the yields of fragments with 4 < 10. Large
differences become evident for the heavier fragments.
For central collisions (b =1 fm) the projectile and target
are completely disintegrated, and hence there are no
A > 40 fragments. For b =5 fm the distribution exhibits
a flat plateau between 4 =40-70. At b=7 fm a U-
shaped curve with a peak at 4 =~ 120 (projectile and tar-
get residue) and almost no fragments in the 4 =20-80
region results. This systematic has already been dis-
cussed in Fig. 4.

Hence, we conclude that impact parameter averaging
(rather than a liquid-vapor phase transition) leads to an
accidental power law dependence of the inclusive mass
yield.

Furthermore, with respect to the liquid-vapor phase
transitions, we find that for noncentral collisions the frag-
ments of different masses reside in different rapidity bins
(see also Fig. 18) in each event. However, for very central
(b <2 fm) collisions, where we do observe a complete
stopping and total disintegration of the projectile and the
target, all fragments do reside in the same rapidity inter-
val. Therefore we propose to study the occurrence of the
liquid-vapor phase transition by measuring the fragment
yield excitation function for intermediate energies
(E =30-2004 MeV). One should trigger on central col-
lisions of very heavy projectiles, which provide sufficient
stopping power. This excitation function is shown in Fig.
17 (see text following).

Let us now briefly discuss the dependence of the final
fragment yield Y(4) on bombarding energy and the
EOS. The excitation function of the fragment distribu-
tions has been calculated for the Au + Au collisions up
to 8004 MeV bombarding energy. However, up to now
the only data available are for E;,;, =2004 MeV. Be-
cause of the computational expenditure for the Au + Au
system only 50 events per E,,, have been studied at one
impact parameter (b =3 fm).

Figure 9 shows the final fragment yields per event
(after t =100 fm/c) for Au(b =3 fm) + Au collisions at
200, 400, and 8004 MeV beam energy for the case of the
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FIG. 9. Energy dependence of the average mass yield per
event Y(A) for the reaction Au (b =3 fm)+ Au. The left
column shows the results obtained with the hard local potential
alone (H), while the right column shows the yields obtained
with the hard local potential plus additional medium correc-
tions (HIM), i.e., reduced N-N scattering cross sections and
momentum dependent interactions.

hard local potential without in-medium effects (left
column, H) and with the in-medium effects included
(right column, HIM). Note that the fragment yields are
sensitive to the medium corrections. The in-medium re-
duced cross sections lead at all energies to the formation
of more heavy fragments. We want to point out that the
reduction of the cross sections is associated with less
stopping, i.e., larger transparency, and therefore with less
thermalization and disintegration of the system (see also
Sec. IV and Ref. 24). Therefore more massive fragments
survive the reaction. This effect might be useful to deter-
mine the in-medium cross section experimentally.

Independent of the form of the local potential there is a
rapid decrease of the fragment yields for the light frag-
ments (A4 < 10) at all energies. The slope of Y(A4) be-
comes steeper with increasing bombarding energy in
agreement with simple thermostatic predictions, which
assume that the entropy of the system increases with
bombarding energy.’">> At E >400A4 MeV and b =3 fm
there are almost no fragments with 4 > 20 left. In this
case only the light fragment yield exceeds one fragment
per event.

C. Light fragment production and total multiplicities

We now proceed to study the light fragment emission
in more detail. The corresponding data for Nb + Nb
have recently been published.”®

One reason why we are interested in the light particle

yields is their connection to the entropy in heavy ion re-
actions. It has been proposed®® to determine the entropy
in heavy ion collisions via the deuteron to proton yields
R, using the following formula

%:3.945—lanP . (10)
Light fragments heavier than the deuteron can be includ-
ed in the determination of the entropy by replacing the
R, ratio of Eq. (10) by the ratio of the deuteronlike to
the protonlike fragments R dp> % with

d +3(t +He)+3*He

" p+d+1+2CHe+"He)
51,52

dp

(11)

However, it was shown that stable and unstable iso-
topes lead to a more complex nonanalytic relation be-
tween the dy;. /pye ratios and the entropy, which is ap-
proximately independent of the breakup density.

Here we present the impact parameter and bombarding
energy dependence of the ratios of the light fragments to
protons (X /p) where X stands for fragments with 4 =2,
3, and 4. They were also determined by the minimum
spanning tree procedure and not by the quantum scatter-
ing description of Ref. 22. Since there is no isospin
identification in the QMD model we cannot distinguish
between different isobars, i.e., the A =3 fragments
represent both ¢ and *He. The calculated (global) ratios
include the whole phase space, while the data give the (lo-
cal) light particle ratios and the (local) entropy only for a
limited region of phase space where the plastic ball ac-
ceptance of dj., and pjy., overlap.”® For these reasons
we cannot present a one to one comparison between
theory and experiment.

In order to compare the general behaviors, i.e., multi-
plicity and bombarding energy dependence of R dp We as-
sume the dy;. /Piixe ratios in the QMD model to be

_ Y(A=2)431Y(4=3)4+3Y(4=4)

de = Np >

(12)

where Y ( A =n) stands for the number of fragments with
mass n in one event. In analogy to the experimental re-
sults we define the total participant proton multiplicity
N, in the following way:

Z,+Zr

=oAL Y(A=D+2Y(4=2)

+3Y(A4=3)+4Y(A4A =4)] . (13)

These N, values now can be compared to the data, which
include all participants and not only those in the
overlap—phase-space window.

Let us first study the impact parameter dependence of
the participant proton multiplicities N,, defined in Eq.
(13). This relation is shown in Fig. 10 for the reaction
Nb + Nb at 2504 MeV beam energy. A nearly linear in-
crease of N,, when going from b =7 fm to b =2 fm is ob-
served. However, there is no significant increase of the
participant proton multiplicity when going from b =2 fm
to b =0 fm. From this one can conclude that all col-
lisions up to a scaled impact parameter b =b/(R;+R,)
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FIG. 10. The relation between the impact parameter (b) and
the average multiplicity of participant protons (N,) for the re-
action Nb (2504 MeV) + Nb is shown for the hard and the soft
EOS as indicated. The error bars indicate the width of the N,
distributions.

~0.2 are experimentally considered as central collisions
and cannot be distinguished, if one chooses the partici-
pant proton multiplicity N, as a measure of b. N, can be
used to measure b for intermediate and half overlap col-
lisions only. This figure also shows that the EOS has al-
most no influence on N,,.

In Fig. 11 we present the calculated global X /p ratios
for the reaction Nb + Nb for 250 4 MeV beam energy vs
N,. Here X stands for the 4 =2, 3, and 4 fragments. All
curves exhibit the same general behavior: The abundance

Nb (250A MeV) + Nb
100_11-1-1'1_

(A=2)/p ot
[ (A=3)/p ;-—:_:-___,_——‘9"'—’_;" —
(A=4)/p

Q™MD 7

< 1072 - data .
v U WIS BN R R
0 20 40 60 80
NP
FIG. 11. The X/p ratios for the reaction Nb (2504

MeV) + Nb as a function of N, are compared to the experimen-
tal data (taken from Ref. 70). The QMD results (upper figure)
show the ratio of the average number of light fragments
(A4 =2,3,4) to the average number of free protons. The (global)
yields have been obtained with the minimum spanning tree pro-
cedure and rot by a quantum scattering procedure. The calcu-
lation takes into account the whole phase space, while the mea-
sured (local) d /p,t /p and *He/p (lower figure) ratios were regis-
tered only in a limited phase space region where the plastic ball
acceptance of these particles overlap.
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FIG. 12. Calculated dyy. /pyy. ratio (upper figure) as a func-
tion of the participant proton multiplicity N, for the reaction
Nb (2504 MeV) + Nb. The lower figure compares the mea-
sured to the calculated “entropy” per baryon. The “entropies”
have been obtained from the dy./pj. ratios via the quantum
statistical model (Ref. 52).

ratios of the light fragments increase with increasing N,
(decreasing impact parameter) and reach an asymptotic
value for central collisions. Again there is almost no
difference between collisions with 0 or 2 fm impact pa-
rameter. Also shown in this figure are the plastic ball
data.”®. The data curves are shown for the ratios of the d,
t, and *He to protons, marked with the same symbols as
the calculated 4 =2/p, 3/p, and 4/p ratios. The general
behavior of the light particle ratios agree qualitatively
with the data. Our results are—within the admittedly
large statistical uncertainties—independent of the Gauss-
ian width, i.e., of the effective range of the potential, as
well as of the equation of state.

Figure 12 (upper part) shows the global dy;. /pj. ra-
tios defined in Eq. (12) vs N, for 250 4 MeV bombarding
energy. Here one clearly observes that the probability for
the production of light clusters increases with increasing
proton multiplicity. It reaches a plateau for higher N,
values.

Unfortunately the measured dy;./p;. ratios are not
published; the experimentalists give only’® “entropies”
which are obtained from Edp via the quantum statistical
model (QSM).> In order to compare to the data we used
the same prescription to relate our de to ‘“‘entropies”
and show in the lower part of Fig. 12 the multiplicity (im-
pact parameter) dependence of the measured’ and calcu-
lated “‘entropies.” For all energies the “entropy” de-
creases with increasing N, (decreasing impact parame-
ter). We would like to emphasize here that we have not
calculated the entropy in the QMD model, but merely ap-
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FIG. 13. Same as Fig. 12 but as a function of the bombarding
energy (for central collisions).

plied the same simple QSM analysis*""*> which has been

used by the experimentalists. Again a qualitative agree-
ment with the data is observed.

Figure 13 shows the corresponding bombarding energy
dependence of the dj;. /Pjixe Tatios and of the measured
and calculated ‘“‘entropies.” In agreement with the data
we find an increase of the “entropy” with increasing bom-
barding energy.

D. Multiplicity distribution of intermediate mass fragments

Let us now come back to the Au + Au system and
study the behavior of the intermediate mass fragments in
more detail. Here we want to compare our results direct-
ly with the plastic ball data.!®!® Therefore we applied
the experimental efficiency filters; i.e., the same low-
energy cutoff at 35 MeV/nucleon to all particles, the in-
termediate mass fragments are only counted if they were
emitted with an angle less than 30 deg in the laboratory
system, corresponding to the experimental plastic mall
setup, which has detected such intermediate mass frag-
‘ments due to higher gains than the rest of the 47 spec-
trometer. Fragments with masses greater than 20
(Z > 10) are ignored.'®!?

The multiplicity distribution [M_( 4 >4)] of the inter-
mediate mass fragments, i.e., fragments with 4 >4 ob-
tained with the large width (L =2.1 fm) is shown in Fig.
14 for four different impact parameters. However, we do
observe a 30% reduction in M, when going from the
small Gaussian width to the large value as noted in the
end of Sec. IIIA. In the upper part we show the
unfiltered results and in the lower part those ones ob-
tained with this simple plastic ball filter. In the case of
the unfiltered distributions we find for peripheral col-
lisions typically 2—4 heavy projectile and targetlike rem-

Au (200A MeV) + Au

I 1
100 &~ without filter
10
# of 1
events
T I
100 |;'\"with filter o _ ¢ fm
:”\‘,-‘" - =3 fm
A 7N =5 fm
ceeb =7 fm

0: 5 10
M(A>4)

FIG. 14. Calculated multiplicity distributions of fragments
with A4 > 4 for the reaction Au (2004 MeV) + Au at impact pa-
rameters of b =1, 3, 5, and 7 fm. The upper part shows the
unfiltered yields, while the lower figure has been obtained using
a plastic ball filter. The plastic ball filter rejects all particles and
fragments with E),, <254 MeV. The massive fragments (up to
mass 20) are only registered if they are emitted with an angle
less than 30° in the laboratory frame. Fragments with masses
greater than 20 (Z > 10) are ignored.

nants. The number of intermediate mass fragments in-
creases to a mean multiplicity of about 10 fragments per
event for near central collisions (5 =3 and 1 fm).

The multiplicity distributions M, (5< 4 <20) of the
remaining detectable fragments (lower part of Fig. 14)
also shows that the near central collisions (b =1,3 fm)
lead to almost identical distributions. Both curves are
now peaked at much smaller mean values of (M,
(5< A <20))=5. Observe that in the half overlap reac-
tion (b =7 fm) the maximum of the distribution M,
(5< A <20) is at zero, i.e., the 2—4 fragments at b =7 fm
shown the upper part have escaped the detector window
of the plastic ball, i.e., the heavy fragments from the tar-
get and projectile hemisphere are strongly suppressed.
We also find that M, ( A >4) is nearly independent of the
EOS.? :

In Fig. 15 we compare the filtered multiplicity distribu-
tions of central and peripheral collisions (b =3,10 fm)
directly with the corresponding experimental data curves
from Refs. 18 and 19. The data are shown for those
events with maximal (MUL4) and minimal (MUL1) parti-
cipant proton multiplicities N,. The data and theory are
shown for fragments with 4 > 5. Note the dependence of
M, on the width L, i.e., the range of the interaction,
when the same equation of state is used. This is due to
the different binding energies, which in finite systems de-
pend on the range of the interaction.

In order to relate the experimental multiplicity bins
with our impact parameter we want to show the depen-
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FIG. 15. Calculated vs measured fragment multiplicity distri-
butions for peripheral (MUL1, b =10 fm) and central (MULA4,
b =3 fm) collisions of the system Au (2004 MeV) + Au. The
QMD results (circles) have been obtained with the filter, while
the lines represent the experimental data, taken from Refs. 18
and 19. The results obtained at b =3 fm with L =2.1 and 1.5
fm are shown.

dence of the calculated (filtered) N, distributions on the
impact parameter. This relation is shown in Fig. 16 for
the reaction Au (2004 MeV) + Au. Also shown in this
figure are the experimental cuts (horizontal dashed lines).
The multiplicity cuts given in Ref. 19 are labeled with
MULL - - - MULS corresponding to the multiplicity in-
tervals O0<N,<23 (MULI), 23<N,<46 (MUL2),
46 <N, <69 (MUL3), 69 <N, <92 (MULA4), and N, >92
(MULS).

Our calculations show that impact parameters from 1
to 10 fm cover the multiplicity distributions in the region
20< N, <100. The distributions are very narrow, there is
no overlap in the multiplicity distributions. (Compare,
however, Fig. 10, which shows the same relation for the
Nb + Nb system, without applying any filters. In that

Au (200A MeV) + Au

100 |4 with filter MULS i
a L \ MU
Z 50 L \ MuL3 |
i \ Mz
0 | oML
0 5 10 15

b (fm)

FIG. 16. Impact parameter dependence of the filtered aver-
age participant proton multiplicities N, for the reaction Au
(2004 MeV) + Au. The horizontal dashed lines depict the ex-
perimental multiplicity cuts (MUL1-MULS). The bars indicate
the statistical width of the distributions.

central
(b =1fm) 4

<M (A>4)>

10" 10?2 108 104
Epb (A MeV)

FIG. 17. Excitation function of the average multiplicity of
intermediate mass fragments M, (A4 >4) for the system
Nb + Nb obtained without filters for central and peripheral col-
lisions as indicated. The curves are to guide the eye only.

system we find no difference in N, for the most central
collisions.) The mean values of this distribution are
(N, )=25 (b =10 fm), (N, )=~50 (b =7 fm), (N,)~70
(b =5 fm), (Np)z85 (b =3 fm), and (Np)z95 (b=1
fm). With these results at hand we have connected the
experimental multiplicity bins with the impact parame-
ter: We find that apparently the bin MULI1 results from
collisions with impact parameters b > 10 fm. The MUL2
bin corresponds approximately to collisions with 7
fm < b < 10 fm, while the impact parameters b =5 and 3
fm roughly represent the MUL3 and MUL4 bins. The
highest experimental multiplicities (MULS) are related to
our most central collisions with b =1 fm albeit the 3 fm

_collisions also populate this multiplicity region.

The intermediate mass fragment multiplicities depend
strongly on the bombarding energy. The average multi-
plicities of intermediate mass fragments ( 4 > 4, without
filter) is shown in Fig. 17 for the Nb 4 Nb system as a
function of bombarding energy, for the most central and
the peripheral (b =7 fm) collisions. Observe that for cen-
tral collisions the average multiplicity (M, (A >4)) is
one at low energies (fusion) and has a maximum of about
five to six intermediate mass fragments at intermediate
energies (E~1004 MeV). This clearly demonstrates
that the system completely breaks up into the lightest
(A <4) fragments at higher energies, as discussed in Fig.
9. This is in accordance with the quantum statistical
model predictions®”>? which observe the same depen-
dence of M, (A >4) on entropy and bombarding energy.
This behavior should be experimentally investigated. For
peripheral collisions we find at all energies a breakup into
two projectile and targetlike residues.
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FIG. 18. Fragment rapidity distributions dNy,,/dY for
different mass intervals from the reaction Au (2004 MeV) + Au
as a function of the impact parameter as indicated. The distri-
butions obtained with the soft EOS (left column) are compared
to the case of the hard EOS (right column).

IV. FRAGMENT FLOW AND THE EOS

Let us now turn to the collective flow which can be
used to study the properties of nuclear matter at high
density. It has been proposed a long time ago that com-
plex fragments should exhibit flow effects more clearly,
since they are subjected to fewer n-n collisions and to less
random thermal motion.!> Here the dependence of col-
lective flow effects on the fragment mass is studied for the
first time in a microscopic theory.

A. Rapidity distributions of the fragments — nuclear stopping
as a measure of the cross section

The longitudinal momentum distribution, to be more
precise, the rapidity distribution dNy,,/dY of various
fragment mass bins in the reaction Au (2004 MeV) + Au
is depicted in Fig. 18 as a function of the impact parame-
ter. We would like to emphasize that the distinct frag-
ment species can be related to a single source in momen-
tum space only for the most central events (b =1 fm).
Only here all baryons have been stopped and true mul-
tifragmentation is observed (see our discussion of the
liquid-vapor phase transition in the previous section). Al-
ready for b =3 fm a clear separation of two sources,
namely the projectile and target remnants, is observed for
the heavy fragments (4 > 15). The two maxima of these
curves directly reflect the finite impact parameters. Note
that the dNy,,/dY distributions do not depend on the
EOS employed.

Figure 19 depicts the bombarding energy dependence
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FIG. 19. Fragment rapidity distributions dNy,,/dY for the
reaction Au (b =3 fm) + Au at different bombarding energies
and fragment classes as indicated. The hard local potential has
been supplemented by momentum dependent potentials and
effective cross sections (HIM).

of the dNy,, /dY distributions for the Au + Au reaction
at 3 fm impact parameter; however, now both in medium
corrected (reduced) cross sections (Refs. 36, 65, 66, 43,
24, and 71) and the momentum dependent interac-
tions?>*? have been included. Note that with the 30% re-
duced cross sections nuclear matter is more transparent,
i.e., the rapidity distributions are more forward-backward
peaked. This offers the opportunity to determine the in-
medium cross sections directly from the experimental
dN /dY distributions. This is shown quite clearly in Fig.
20, which compares the total rapidity distributions for
the interactions S, SM, and SIM for the 2004 MeV
Au + Au collision. One clearly observes that the local
potential (equation of state) has little influence on the ra-
pidity spectra. The distributions obtained with the in-
teractions H (HIM) are almost identical to those ones ob-
tained with the interaction S (SIM). On the other hand,
the distribution obtained with and without the in-
medium corrections exhibit clearly an increase of trans-
parency when the in-medium corrections are switched
on. This is most pronounced for the intermediate mass
fragments and could serve as a signal to determine exper-
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FIG. 20. Total rapidity distributions in the reaction Au
(2004 MeV, b =3 fm) + Au for the different interactions S, SM,
and SIM.

imentally the effective scattering cross sections, which are
related directly to the macroscopic (hydrodynamic) trans-
port coefficients (viscosity’>?* and heat conductivity).
This increased transparency is seen if one integrates over
all fragments; then the total baryon rapidity distributions
exhibit a single peak distribution for the interactions S
and SM, while the interaction SIM shows two peaks close
to the rapidity of the projectile and the target.?4?>?7
This indicates an incomplete stopping of the incident nu-
clei.

Recent dN/dY data’!'® indicate no substantial
modifications of the U-U n-n cross section, hence,
o*f~oUU, This is of utmost importance, since the mag-

E = 200A MeV, hard EOS
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1000 —r———1——1—— ———
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0
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FIG. 21. Flow angle distribution dN /d cos@ (integrated over
all fragments) for the reactions Nb + Nb (left column) and
Au + Au (right column) at 2004 MeV bombarding energy at
different impact parameters as indicated.

Au (200A MeV) + Au
A=1 A =16 - 30
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dcos(®) 0
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FIG. 22. Flow angle distribution dN /d cos for the reaction
Au (2004 MeV, hard EOS) + Au for single nucleons (A4 =1,
left column) and intermediate mass fragments ( 4 =16-30, right
column) as a function of the impact parameter.

nitude of the transverse flow depends sensitively on the
effective scattering cross sections, as is shown below (see
also Refs. 36 and 43).

B. Fragment flow and transverse momentum analysis

The dependence of the collective flow angle distribu-
tion [dN /dcos(8)] on the mass of projectile and target is
shown in Fig. 21. The Au + Au system exhibits larger
flow angles than the Nb + Nb system at the correspond-
ing scaled impact parameters b=b/ (R,+R,). Ideal
fluid dynamics does not give such a mass dependence,**
while it is indeed found in the data.>® Large viscous
effects must be incorporated in order to yield such a mass
dependence in the nuclear fluid model.”?

Now we want to study the dependence of the flow on
the mass of the emitted fragments. Figure 22 shows the
finite flow angles for both free nucleons and for the inter-
mediate mass fragments in central collisions of Au + Au.
The flow angles do change little—within the statistical
uncertainty—when the width of the Gaussians, i.e., the
effective range of the potential, is changed, or when the
momentum dependent interactions are turned on. They
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FIG. 23. Excitation function of the flow (absolute value of
the p,/A —Y distribution at Y =7Yp,) for the reaction Au
(200-800 4 MeV, b =3 fm) 4+ Au obtained with the different in-
teractions as indicated (upper part). The lower part shows the
mass dependence of the fragment flow.

do drop by 30% when the in-medium corrected cross sec-
tions are employed. The flow angle 0 decreases rapidly
with impact parameter; for the intermediate mass frag-
ments (4 =16-30) we find 6=~40° at b =3 fm. The flow
vanishes if very heavy fragments (A4 >30) are
considered—these are mainly projectile and target resi-
dues.

Let us now turn to the average transverse momentum
P, (¥) (Ref. 7) in the scattering plane. It has been shown
theoretically that p,(y) exhibits an enhanced sensitivity
to the nuclear EOS as compared to other observables
(Refs. 13, 14, 16, 17, 24, and 27). Here we want to con-
centrate on the transverse momentum carried by frag-
ments of different mass: Figure 23 shows the excitation
function of p,( ypr) for all nucleons (upper part). The

dependence of p,/A on the mass of the fragments is
shown in the lower part. Observe the increase of p, /4
with A4,. This fragment mass dependence can also be
seen in Figs. 24 and 25 which shows the rapidity depen-
dence of p,(y) at 2004 MeV for various fragment mass
intervals.

We discuss these results now in detail. By its definition
the transverse momentum analysis fails to detect flow
effects for very central collisions; because of symmetry it
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FIG. 24. The transverse momentum distributions p, /4 —Y
of light and intermediate mass fragments obtained from the
QMD calculations for the reaction Au (2004 MeV, b =3
fm) + Au are compared to the data from Ref. 18. The data (tri-
angles) have been obtained for the different fragment classes
with Z=1 (4—-1-2), Z=2 (A4=3—4), and 6<Z<10
(12 < 4 <20). The QMD results (circles, solid lines) have been
obtained with the plastic ball filter. The left (right) column
compares the results obtained from the soft (hard) EOS to the
data. Both the QMD results and the data have been taken at
the impact parameter (multiplicity) where the transverse
momentum as a function of impact parameter (multiplicity) has
a maximum (this maximum occurs at b =3 fm in the calculation
and in the experimental MUL3 bin).

is p, (b =0 fm)=0. A clear maximum is experimentally
observed in the multiplicity dependence p,(N,) (Ref. 18)
in the bins MUL3 and MUL4. The analogous maximum
is observed in the calculated impact parameter depen-
dence p,(b) at b =3 fm.'*?*?" Data and theory can thus
be directly confronted by comparing the p, /A values at
the corresponding maxima. One has to be careful about
the exact definition of the collective flow: One possible
definition is based on the slope of the p, — Y distribution
at midrapidity.® Most of the presently available data in-
clude only single nucleons and the lightest fragments—
the intermediate mass fragments have not yet been mea-
sured with a 47 detector except for the 2004 MeV
Au + Au collision of Ref. 19. However, we see that the
intermediate mass fragments exhibit the flow more clear-
ly. The slope of the p,/A —Y distribution cannot be
defined for such fragments, because their yields are
strongly peaked at the projectile and target rapidity (see
Fig. 18). Only a few fragments are found at midrapidity,
except for the most central collisions (b < 1), where the
P,/ A values are small. There is only one way out of this
situation, namely to study the p, /A4 values at the max-
imum yield, i.e., close to the projectile rapidity Yp,.!”!?
Figure 23 shows the excitation function of the flow of
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FIG. 25. Same as Fig. 24, but the width of the Gaussians has been switched from L =2.1 fm to L =1.5 fm. The left two columns
can be directly compared to Fig. 24 to see the moderate influence of L.

all nucleons (upper part) for the reaction Au
(E =200-8004 MeV, b =3 fm) + Au for the hard (H),
the soft (.S), the soft EOS plus the momentum dependent
interactions (SM), and for the momentum dependent in-
teractions with the reduced cross sections (SIM). One ob-
serves at all energies a clear difference between the hard
and the soft EOS. The transverse momentum of the free
nucleons obtained with the hard EOS exceeds those ob-
tained with the soft EOS by approximately 40%.

This difference between the hard and the soft local po-
tential is not changed, no matter whether the purely local
interactions H and S, or the in medium corrected interac-
tions HIM and SIM are used.?®> The absolute values of
the flow drops by a factor of about 2 when the re-
duced®%® cross sections are employed. The third curve
in the upper part of Fig. 23 shows the excitation function
of the flow obtained with the soft EOS plus the additional
momentum dependent interactions (SM). In the low-
energy regime (E =2004 MeV) one observes little
difference between the cases S and SM, while for the
high-energy regime (E >2004 MeV) the additional
repulsion of the MDI increase the transverse flow. There
is still a clear difference of about one standard deviation
between the soft EOS with MDI (SM) and the hard EOS
without MDI (H).

The lower part of Fig. 23 shows the mass dependence
of the fragment flow at beam rapidity. Note that the flow
of the intermediate mass fragments is more pronounced
than that of the free nucleons.

We now proceed to compare directly the data for the
Au + Au reaction at 2004 MeV bombarding energy!'®!®
to the theoretical results obtained with the soft (S) and
the hard (H) EOS (without medium corrections), respec-
tively. Figure 24 shows the calculated (solid circles) and
the measured (solid triangles) in-plane transverse momen-
ta per nucleon p, / A versus rapidity for the reaction Au

(2004 MeV, b =3 fm) + Au, evaluated with the plastic
ball efficiency cuts for different fragment masses and for
the soft and the hard EOS, respectively. The correspond-
ing calculated dNy,,, /dY distributions have been shown
in Fig. 18. For b =3 fm, where the maximal p, / 4 values
occur, the heavier fragment yields ( 4 > 10) are peaked at
projectile and target rapidity (Y ==30.3). The light frag-
ment distributions ( 4 <4) exhibit a broad maximum at
Y. .. =0.

Note the increase of the p, /4 values with the mass of
the fragments both in theory and experiment and the
dependence of the p, /A values on the equation of state.
This difference is most significant for the intermediate
mass fragments (A4 >6). These fragments are formed at
early times in the reaction as a result of the shock wave
traveling through the interpenetrating projectile. The
heaviest fragments (A4 >30), on the other hand, are
formed in a decay chain from the excited projectile and
target residue at late times. Hence, they do not carry the
strong signatures of the compression stage.

The measured transverse momenta p,/A4 were ob-
tained for the MULS3 bin,!®!° where again p, (N, ») is max-
imal, for fragments with Z =1, Z =2, and Z =6-10.

In order to draw conclusions from the comparison of
the present calculations with the data the same filter is
applied, which has been used above to evaluate the multi-
plicity distributions. The left (right) column shows the
P,/ A distributions for fragments with Z =1, (4 =1,2),
Z=2(A=3,4), and Z>6 (A =12-20) obtained with
the soft (hard) EOS (solid circles) as compared to the data
(triangles). We would like to point out that the soft EOS
underpredicts the data. The right column shows that the
agreement with the data is improved for all fragment
masses if the hard EOS is employed in the QMD calcula-
tion.

We would like to stress again that the QMD calcula-
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tions are obtained for the impact parameter b =3 fm for
which the maximum of the p,(b)/A distribution is
found. The data are taken from the multiplicity bin for
which the maximum transverse flow is observed (MUL3).
If we make use of this implicit relation between impact
parameter and multiplicity, we conclude that the EOS is
quite hard at p/py=2, which is the maximum density
found at these rather moderate bombarding energies.

All the results of Fig. 24 were obtained with L =2.1
fm. In order to study the influence of the effective range
of our interaction on the p, distribution we present in
Fig. 25 the p, — Y distributions for the hard and soft local
potential and also for the soft local potential plus the
different in-medium corrections obtained with L =1.5
fm.

Note that the inclusion of the momentum dependent
interaction leads to an increase of p, / A. Reduced cross
sections, however, lead to a strong reduction of the flow.
We would like to emphasize again that the effective cross
sections should be determined consistently in experiments
which simultaneously measure the collective flow and
baryon rapidity distribution dN /dY, i.e., different projec-
tions of the triple differential cross section.!

Reduced in-medium cross sections would only be bal-
anced by an even harder EOS. Large p, values could also
be created, if the effective cross sections were increased as
compared to the UU cross section, which would be oppo-
site to current theoretical understanding.>% Increased
in-medium cross sections, e.g., due to precritical scatter-
ing in the vicinity of a phase transition, would be a most
fascinating resolution of the puzzle about the stiffness of
the EOS from supernova explosions and high-energy
heavy ion collisions. However, at moderate energies,
E,,;, ~ 100 MeV/nucleon, the increase of the pn cross sec-
tion (as compared to the pp cross section used in the Cug-
non parametrization employed here and in all other VUU
calculations®*~*) also causes an increase of the isospin
averaged cross section and therefore an increase of the
flow (p, ) values.

Hence, we conclude that a systematic measurement of
the flow and the dNy,, /dY distribution of complex frag-
ments is urgently needed to open up the possibility to pin
down the nuclear matter properties at the higher bom-
barding energies.

V. SUMMARY

In the present paper we have studied aspects of mul-
tifragmentation in high-energy heavy ion collisions and
the dependence of the collective flow of nucleons and in-
termediate mass fragments on momentum dependent in-
teractions, in-medium corrections of the scattering cross
sections and on the nuclear EOS.

The quantum molecular dynamic (QMD) approach has
been employed to simulate heavy ion collisions on a mi-
croscopic level. This model can describe multifragmenta-
tion because of the explicit treatment of many-body
correlations. The fragment multiplicities depend only
negligibly on the stiffness of the EOS, but they are sensi-
tive to the effective scattering cross sections.
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We have shown that the observed power law depen-
dence of the measured inclusive fragment yields is of
geometrical origins and cannot be interpreted directly as
a signal for a liquid-vapor phase transition. Impact pa-
rameter selected distributions need to be measured before
a possible liquid-vapor phase transition can be studied.

The relative yields of the light fragments ( 4 <4) show
a strong impact parameter and bombarding energy
dependence. The dy;,. /Py Values increase with decreas-
ing impact parameter and decreasing bombarding energy,
in agreement with recent data,’® also the predictions of
complex fragment multiplicities ( 4 > 4) are supported by
the experiment.!®1°

We have then studied the influence of the momentum
dependent interactions and the reduced effective
nucleon-nucleon scattering cross sections on the flow in
heavy ion collisions. It has been shown that the trans-
verse momentum transfer depends on the momentum
dependent potential, which tend to increase p, / A, as well
as on the reduction of the scattering cross sections which
decrease p,. / A at all energies.

However, it is shown that the longitudinal momentum
distributions, i.e., the rapidity distributions dN /dY of ail
baryons and of the fragments are insensitive to the EOS
and to the MDI, while dN /dY depends strongly on the
effective cross sections. They can therefore be used to
determine this important quantity, i.e., off_ .. = Let us
note again that o is inversely related to the nuclear
viscosity 7.

Recent experiments have shown that the Uehling-
Uhlenbeck cross sections reproduce the dN /dY data very
well. Reduced cross sections lead to too much tran-
sparency, as compared to the experimental results.

The transverse momentum transfer depends at all ener-
gies on the EOS. The intermediate mass fragments are
particularly sensitive on the EOS.

The fragment flow is shown to increase with fragment
mass. This increase is also found experimentally.

The measured p, / A values for Au (2004 MeV) + Au
reaction exceed the p, / 4 values calculated in the present
model even if a momentum dependent interaction and/or
in-medium corrected cross sections are implemented, as
long as the soft EOS is employed. The fragment flow
data can be reproduced with the QMD model if the
Uehling-Uhlenbeck cross section and the hard EOS are
employed.

Increased in-medium cross sections, e.g., due to pre-
critical scattering in the vicinity of a phase transition,
would be a most fascinating resolution of the puzzle
about the stiffness of the EOS from supernova explosions
and high-energy heavy ion collisions. A systematic mea-
surement of the flow and the dNy,,/dY distribution of
complex fragments is urgently needed to open up the pos-
sibility to pin down the nuclear matter properties at the
higher bombarding energies.
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