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We present a detailed microscopic quantum molecular dynamic analysis of fragment formation in
the reaction Ne(1.05 GeV/nucleon) + Au. The theoretical predictions of the total mass yield, the
multiplicity distribution of clusters, their average momentum, and their angular distribution agree
well with the available data. We find a rather localized hot participant zone, which predominantly
emits protons and neutrons. The multiplicity of light clusters depends strongly on the impact pa-
rameter whereas the heavier fragments A >40 result from the decay of spectator residues. Their
yield can provide a good measure for the impact parameter. The hypothesis of a compound system
of Ap and Ay nucleons which is globally heated and equilibrated is not supported by our results.
Light and massive fragments occupy different regions in phase space. Semiperipheral reactions do
not lead to a stopping of the projectile. We observe a power law behavior of the inclusive mass yield
distribution. Its form, however, is caused by averaging over different impact parameters. This rules
out inclusive mass yield distributions as candidates for revealing a possible liquid gas phase transi-
tion. Light and intermediate mass fragments are formed during the early compressional stage of the
reaction. We find that the projectile causes a high density wave to travel through the target. It
causes the target to fragment and transfers transverse momentum to the intermediate mass frag-
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ments. Lighter fragments receive additional momentum transfer due to n-n collisions.

I. INTRODUCTION

The formation of medium-mass clusters S< 4 <30 in
medium- and high-energy heavy ion collisions currently
is a topic of great experimental and theoretical interest.
Up to now very little is known about the underlying
mechanism of fragment formation-—only that it has a
high threshold (E.,,, >25 MeV /nucleon) and therefore
became accessible for experiments only recently. Proton
induced reactions! exhibit a power law behavior
[o( A)= A ~7] of the mass yield curve, a functional form
which is expected for a system close to the transition be-
tween the liquid and vapor phases.”? The same form of
the mass yield curve has later also been found in heavy
ion induced reactions.® This similarity led to the sugges-
tion that the observed shape of the inclusive mass yield
curve presents evidence for the occurrence of this phase
transition in nuclear collisions.>* This conjecture started
a vivid debate which is still not settled. Theoretical in-
vestigations, however, have demonstrated that the mass
yield curve is rather insensitive to different reaction
mechanisms proposed: statistical or thermodynamical
models without Coulomb interaction,*~® or including
it,”® describe the observed mass yield equally well as
models in which the system does not come to a global® or
at least to a local equilibrium prior to fragmentation.
The latter class of phenomenological models contains ap-
proaches in which the fragmentation is assumed to be
similar to the percolation of a finite lattice!®!! or like the
shattering of glass.!2— 14

Another type of model treated the nucleus-nucleus col-
lision as a two step process: an early compression phase
leading to a global thermodynamical equilibrium of the
whole system which then can be completely described by
two variables; a temperature T and a density p. It serves
as the initial condition for the subsequent expansion
phase which is treated microscopically, either by using
the time-dependent Hartree Fock (TDHF) (Ref. 15) equa-
tions or by applying classical molecular dynamics.'® The
essential result of these approaches was the observation
that fluctuations of the phase space density at the begin-
ning of the expansion reflect in the distribution of the ob-
served clusters.

Cluster formation has first been treated in a model
which describes the complete time evolution of the reac-
tion by applying a potential model to the final phase
space distribution of a Boltzmann-Uehling-Uhlenbeck!’
(BUU) calculation or by applying a phase space coales-
cence model to the Vlasov-Uehling-Uhlenbeck'® (VUU)
model. Both approaches aimed at a removal of their con-
tribution to the primordial proton spectra. In this single
particle theory, which has also been dubbed Landau-
Vlasov approach,'® one starts out with well separated
projectile and target nuclei which are boosted towards
each other. The projectile and target contain A, and Ap
pointlike particles, representing the nucleons, which
move on curved trajectories under the influence of a self-
consistent mean field. In addition, they perform col-
lisions among each other which respect the Pauli princi-
ple. These calculations describe very successfully single
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particle observables,'”'® the creation of 7’s,!* deute-
rons,?® kaons,?!' and global (4) observables like the flow
angle or the collective momentum transfer.'®

In actual calculations many simulations (typically 100)
have to be performed simultaneously to damp the large
fluctuations of the mean field in a single simulation by en-
semble averaging. Unavoidably the ensemble averaging
smears out fluctuations and correlations of an individual
simulation, which are assumed to be essential for the for-
mation of the many clusters observed in a nucleus-
nucleus collision. Therefore, this type of approach can-
not be utilized to study the formation of medium mass
fragments.

Nonetheless, several modifications of the BUU ap-
proach were recently advanced to incorporate fragment
formation. None of them, however, overcame the
above-mentioned problem. Bauer et al.?’> reduced the
nucleon-nucleon cross section by a factor of 100. For
compensation, when a collision occurs, 2X 99 nucleons in
the vicinity of the actual collision partners are scattered
as well. Between collisions particles move in the ensem-
ble averaged mean field. This method has three crucial
problems: first of all the result depends on how to select
the 2X99 nucleons out of total number of nucleons
(100 4 5 rpec + 1004 | giecite ) Present, and how to determine
the partners in the individual nucleon-nucleon collision.
Secondly, the propagation in the mean field washes out
part of the fluctuation caused by the collisions, and third-
ly the Pauli blocking is not well defined because the
whole neighborhood of the collision partners in phase
space is changed at the same time.

Das Gupta et al.?? divide the reaction in two steps.
An initial step, where collisions are dominant, and an ex-
pansion, where the mean field provides the clustering of
the nucleons. The initial stage is described by a high-
energy cascade calculation. It generates the input for the
subsequent mean field calculation which describes the ex-
pansion. If the clusters were made only from nucleons
whose time evolution is initially dominated by collisions
(i.e., “fireball nucleons’), this method would be reason-
able. If the clusters are predominantly spectator nu-
cleons, this method has to fail, because for the time evo-
lution of spectator nucleons the field is also dominant in
the first stage. As we will see, we find that clusters
predominantly contain spectator nucleons.

Recently we developed a microscopic model [dubbed
quantum molecular dynamics®* (QMD)] which allows to
investigate the formation of clusters during a heavy ion
collision in a consistent N-body treatment. In this ap-
proach the nucleons are represented by Gaussian wave
packets which interact by mutual two and three body
forces. This model simulates heavy-ion reactions on an
event-by-event basis and, as a consequence, preserves
correlations and fluctuations. Therefore, it allows to ad-
dress the formation of clusters. This theory approxi-
mates the complete quantal theory in the sense that the
nucleons are spread out in coordinate and momentum
space with a Gaussian distribution. The width of the dis-
tribution, however, is kept constant. Collisions, which
respect the Pauli principle, are incorporated in a similar
way as in BUU or VUU. This model furnishes the com-
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plete N-body information of the event, i.e., it allows to
calculate the triple differential cross section d3c/
dE dQ dZ as well as correlations among the particles like
the collective flow of fragments. Within this model
Peilert et al.?® have investigated the formation and flow
of complex fragments in heavy symmetric systems
(Au+ Au and Nb + Nb). Rosenhauer et al. have stud-
ied the influence of medium effects and the nuclear equa-
tion of state on nuclear stopping and flow.2® We want to
mention that Beauvais et al.”’ developed a similar ap-
proach which is, however, based on a density dependent
mean field.

The description of the model is given in Sec. II. Here
we also report on the numerical tests performed to show
that the model is appropriate to address the formation of
clusters.

The crucial test for such a model is the comparison
with experiments. There is a wealth of data of inclusive
mass yields which, as already mentioned, are unfor-
tunately not very sensitive to the reaction mechanism.
Data with more detailed information, however, are rather
scarce. We are only aware of two experiments: Warwick
et al?® measured the triple differential cross section
d3c /dE dQdZ of medium mass fragments, and Wad-
dington and Freier” have recorded the exclusive mass
yield for the reaction Au + emulsion at 1 GeV/nucleon.
The primary goal of this experiment was the search for
anomalons. The results as far as of interest for the mul-
tifragmentation of the Au nucleus were recently ana-
lyzed.*

In the present paper we study the reaction 1050
MeV/nucleon Ne 4 Au, and compare the theoretical re-
sults and experimental®® data in Sec. III. Since some nu-
clei of the emulsion (C,0) are similar to Ne, we also com-
pare with the experimental data of Waddington and
Freier.?’ This is followed by a study of the impact pa-
rameter dependence of the quantities of interest and the
time evolution of the clusters. We then address the ques-
tion whether a (global or local) equilibrium is achieved in
the course of the reaction by looking at the mean velocity
and the temperature of different classes of clusters and by
studying correlation between entrance and exit channel.
Finally, we investigate what causes the nucleus to frag-
ment into many pieces. The conclusions are given in Sec.
Iv.

II. THE MODEL

The structure of the QMD approach can be best dis-
cussed when we start out with the classical molecular dy-
namics approach,“‘33 i.e., with the assumption that nu-
cleons behave like classical particles which interact by
long range forces. In this case the scattering angle is
uniquely determined by the impact parameter and there
is no Pauli blocking. The classical molecular dynamics is
a N-body theory. All information about the system is
contained in the solution of the N body Liouville equa-
tion. If the potentials are conservative, the solution is
time reversible (i.e., replacing at ¢ =7 all momenta p by
—p the system is again in its initial configuration at
t =27). No information is lost in the course of the time
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evolution.

This is in sharp contrast to the solution of the
Boltzmann equation—a one body theory, which can be
derived from the Liouville equation by integrating over
the phase space coordinates of N-1 particles and closing
the equation at the level of the one body phase space den-
sity. The closure is obtained by the Stosszahlansatz
PaX1,X2,P1,P2)=p1(X1,P1)p1(X3,py)- If one wants to in-
clude a self-consistent mean field one has to choose a
specific ansatz for the three body density matrix since be-
side the scattering partners a third particle is required
which provides the mean field. The prize for closing the
equation on the one particle level is the loss of informa-
tion due to the neglect of correlations. This equation is
not time reversible—the system moves toward thermal
equilibrium and entropy is produced. Although the BUU
or VUU approaches are genuine N-body theories—one
follows the positions and momenta of all N particles and
thus calculates the time evolution of the N-body density
matrix—the numerical procedure to solve these equa-
tions, i.e., the averaging over many ensembles, mixes
correlations and fluctuations among different ensembles
and renders them useless. The predictive power of the
BUU or VUU approach is therefore limited to one body
observables. As we will see the ensemble averaging is not
required in the case of the QMD approach, and hence,
the fluctuations and correlations are preserved.

Important quantum features are included in the QMD
approach: collisions among nucleons are Pauli blocked
when the scattered nucleons would enter already occu-
pied or partially occupied phase space regions. Further-
more, the scattering amplitude does not relate the
scattering angle with the impact parameter in a unique
way: The square of the scattering amplitude is identified
as a probability distribution. The scattering angle as well
as the blocking of collisions which brings nucleons in a
partially occupied phase space region are treated statisti-
cally. This procedure destroys the time reversibility of
the classical equation. However, the model is still the
solution of the N-body equation, not a reduction to the
one body level, and—as a consequence—also describes
the time evolution of all correlations. The QMD model
can therefore be viewed as a classical N-body approach in
which quantum corrections up to the second order in the
rank of the density matrix are incorporated.’*

These microscopic models are chaotic in the sense that
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the two neighboring phase space points in the Ar+ A4p
dimensional phase space diverge exponentially as a func-
tion of time. In a quantum system we cannot determine
the impact parameter more precisely than Ab >#/AP.
Instead of varying the impact parameter over this region
we initialize the nuclei differently by drawing different
random numbers for the position and the momentum of
the particles. This will be explained in the next section.

A. Initialization

To simulate heavy ion collisions one faces two critical
points: the initialization of the projectile and target nu-
clei and the time evolution of the A+ Ap system. Let
us first concentrate on the first topic.

When comparing quantal (TDHF) and the classical
(Vlasov) mean field systems®® we found an almost identi-
cal time evolution of the nuclear density for beam ener-
gies larger than 25 MeV/nucleon. Although the
differential equations for the time evolution of the classi-
cal and quantal system are almost identical this is quite
surprising because of the different initial states. The ini-
tial density of the former calculation is given by a Slater
determinant whereas the Vlasov equation starts with
pointlike particles randomly distributed in a sphere of the
radius r =1.144!73, corresponding to a normal nuclear
matter density of 0.16 nucleons/fm>. From these results
we have concluded that, at the energies considered, the
detailed form of the wave function has only a minor
influence on the time evolution of the bulk properties of
the system, provided it fulfills minimal requirements, like
providing a roughly constant density over the proper re-
gion in coordinate space. Therefore, it is reasonable to
start with a form of the wave function which is easy to
handle. An obvious candidate is a Gaussian form of the
wave function of a nucleon i:

1 —[r—r;o(02/4L
Lbi(r,p,t):me 0 e'Pr

To keep the formulation as close as possible to the clas-
sical transport theory, we use Wigner densities instead of
working with wave functions. For details we refer to Ref.
36. The Wigner representation of our A,+ Ap particle
system is given by

1
1 —ipry, /h R+r R—r
f(R’p")=2(27rﬁ)3fe " _2_'2,:}11;,-* _“ii” d’ry
=Z(Trﬁ;)3€xp{ —[R—Ry(OTP/2L —[p—py() 2L /#}

=Efi(R7pat) ’

where L =1.08 fm? corresponding to a root mean square
radius of the nucleons of 1.8 fm. Wigner representations
behave very much like classical phase space densities, but

they can be negative. The Wigner representation of our
Gaussian wave packets obeys the uncertainty relation
AxAp,=7%/2. The densities in coordinate and in
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momentum space are given by

n(R,t)=ff(R,p,t)d3p

2 ’[R—tio(t)]2/2L

21TL 3/2
and
g(p,t):ff(R,p,t)dsR .

A random choice of the centers of the A+ A, Gauss-
ians in coordinate and momentum space is not sufficient
to maintain the stability of the nuclei for a sufficiently
long time. Due to fluctuations, a limited sequence of ran-
dom numbers does not create the ground state of a nu-
cleus but rather a metastable excited state which decays
by emission of nucleons. The time span for which the nu-
cleus is stable implies an upper limit to the excitation en-
ergy which can be tolerated.

Eigenstates of a Hamiltonian have to fulfill the uncer-
tainty relation. The variance AxAp, of two neighboring
eigenfunctions is separated by #/2, i.e., each level fills a
volume of 43 in phase space. If a system is in its ground
state, the phase space is densely filled up to a maximum
value in coordinate and momentum space. Loosely spo-
ken, there is no hole in the phase space. This property of
the ground state we employ to initialize the nuclei. First
we determine the position the nucleons in a sphere of the
radius R =1.14 473, We draw random numbers but re-
ject those which would position the centers of two nu-
cleons closer than r.;, =1.5 fm. The next step is to
determine the local density at the centers of all nucleons
generated by all the other nucleons. Applying a local
Fermi gas approximation, we calculate the local Fermi
momentum. Finally the momenta of all particles are
chosen randomly between zero and the local Fermi
momentum. We then reject all random numbers which
position two particles closer in phase space than
(ri—r;(p; —pj) =d,;,. Typically only 1 out of 50000
mmahzatlons is accepted under the present criteria. The
accepted configurations are quite stable: usually no nu-
cleon escapes from the nucleus in 300 fm/c, as we will see
later. This procedure also ensures that the nuclei have
the proper root mean square radii in coordinate and
momentum space. The computer time required for the
initialization is short compared to the time needed for the
propagation.

B. Propagation

Nuclei which have been successfully initialized are
then boosted towards each other with the proper center
of mass velocity using relativistic kinematics. During the
calculation we keep the width of the wave function fixed.
This drawback represents the limit of the theory. For the
results presented it is not a major concern: we have
checked the influence of the width on the mass yield by
doubling it and found differences on the 20% level. The
mean values (r;g,p;o) are propagated under the influence
of mutual two and three body interactions as described
by the Poisson brackets
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Pio={ripH}={rep,T+U},

and
tio={PioH}={pip T+ U} .

Here T is the total kinetic energy and U is the total po-
tential energy of all nucleons. These differential equa-
tions are solved using an Eulerian integration routine
with a fixed time step A¢,

P,‘o(n +1)=p,~0(n)~—V,U,-(n +';")At ’

(n+1)=rgn—1) Potn)
riolh +3)=rioln —3)+ Lo+ m2]72 t

+V,Ui(n)At

The particles interact via two and three body interac-
tions, not via a mean field as in the BUU/VUU calcula-
tions. This is essential if the fluctuations and correlations
are to be preserved. We assume that the short range in-
teractions between the nucleons accounts for the bulk
properties. This Skyrme-type interaction is supplement-
ed by a long range Yukawa interaction which is necessary
to reproduce surface effects and an effective charge
Coulomb interaction, where all particles have a charge
Z/A.

Our total interaction is given by

H= V]oc+ VYuk+ VCou]

where the different terms are given by

ploe—¢,6(r, —ry)+t,8(ry —ry)8(r, —ry),
—|ry=ry|/m
pYuk_, € L
’ |ry=ry|/m’
with m =0.8 fm. The potential acting on particle 1 is
hence given by the expectation value of the two and three
body interaction

Un=U? @)+ U ),

where the upper index refers to the two and three body
interaction, respectively. The two body interaction is
given by

UP(t)=3 [ f1(Ry,p1,00fi(Ry,py,0)

i,i#1
X V?(1,2)d’R,d*p,d*R,d’p,

—rri2
"'Ul U Yuk+UlC0ul ’
with
t 2
(2) 1 (rig—rig) /4L
1loc = 2 e
(41TL)3/2 b ’
and
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where ®(x) is the error function. The three body potential is given by

3) _
Ui'=t, >
ISHALONED
153
= 323/2
(QuLY'37% i jie,in)
53
(27TL)333/2 ij
153

= 3/2
(ZWL)(V—I) V3/2

shi#l

v—1

with v=3 and
[(rig—rio)21/4L
h — 2 e 10 i0 .
iisl

The expectation value of the total energy is

_ | @, 1 (3)
E=3T;+3 3 Ujf+7 > Uij -
i Iy i ki ik

Next we have to determine the parameters £, —t;. We
start out from the observation that in nuclear matter,
where the density is constant, U'? is directly proportion-
al to p/py. In spin saturated nuclear matter the three
body interaction is equivalent to a density dependent two
body interaction where the density has to be taken at the
center of mass of the interacting partners. The assump-
tion of the density dependence of the nuclear potentials is
probably closer to the physical reality than the assump-
tion of a three body interaction which has been found to
be small. If we assume that the density does not vary
substantially over the distance of the two body interac-
tion U'® is then proportional to (p/py)*. This observa-
tion allows to relate the desired parameters to nuclear
matter properties. However, we want to stress that for
the actual propagation always the explicit two and three
body interactions are used and not the nuclear matter po-
tentials. This is important since the equivalence of both
is only true in nuclear matter, not in finite nuclei.

This equivalence can be used to connect the parame-
ters ¢, —t; with nuclear matter properties, i.e., the nu-
clear equation of state. For this reason, our approach al-
lows to investigate in detail how a given nuclear equation
of state shows up in different observables in a heavy ion
reaction. In nuclear matter our two and three body in-
teraction are up to small corrections equivalent to a den-
sity dependent interaction of the form

2
£

Po

L.
Po

U]ocza

+B

ffl(Rliplrt)fi(RZ’pZ’t)fj(R3’P3’I)V(3)d3Rld3pld3R2d3P2d3R3d3p3
> exp[(rio—7i)*+(rio— j0)2+(rj0_'ri0)2]/6L

> expllripo— 0 +(rio— j0)2]/4L

This potential has two free parameters which can be
fixed by the requirement that at normal nuclear matter
density the average binding energy is —16 MeV and the
total energy has a minimum at p,. The adjustment of the
two parameters fixes the compressibility as well. In order
to investigate the influence of different compressibilities
one can generalize the potential to

14
i

Po

U=a B £

Po

Now we have in addition a third parameter which al-
lows to fix the compressibility independently from the
other quantities. This generalization can be translated
back to the nucleon-nucleon potential in a unique way by
identifying v with y.

The parameter a contains contributions from the local
two body interaction as well as from the Yukawa interac-
tion. The latter can be obtained by the Taylor expan-
sion’®

Uyuk~fd3rfd3r'—T‘;‘_—r,W

—|r=—r{/m

p(rip(r’)

=47m?> fd3rpz(r)+m2fd3r[p(r)V2p(r)] .

Hence a is given by
a~ty—4Tm3t; .

Note that s QMP — 3, TDHF 38

The relative weight between ¢, and ¢, as well as the pa-
rameter m are adjusted to obtain reasonable binding ener-
gies of finite nuclei. We find that ¢,=10 MeV and
m =0.8 fm give E/ A =6-14 MeV for 4 =7-200. The
coefficients of proportionality between « and ¢, and B and
t,, respectively, are determined numerically.

In Fig. 1 we display the density dependence of the
ground state energy per particle in nuclear matter for two
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FIG. 1. Equation of state. The density dependence of the en-
ergy per particle in nuclear matter at temperature T =0 is
displayed for our four different sets of parameters.

different sets of parameters.

Set 1 (H): Hard equation of state, compressibili-
ty =380 MeV

a=—124 MeV, B=70.5 MeV, y=2.

Set 2 (S): Soft equation of state, compressibility =200
MeV

a=—356 MeV, =303 MeV, y=1.

We just want to mention that this form of the
nucleon-nucleon potential can easily be supplemented by
a momentum dependent interaction (HM,SM).’” For a
given compressibility this does not change the
energy/nucleon in nuclear matter up to 4 times nuclear
matter density, but has important consequences concern-
ing the dynamics of a heavy ion reaction. However, as
far as multifragmentation is concerned, the influence is
small.?®

C. Collisions

The scattering of nucleons in nuclear matter in the low
density expansion is described in terms of the reaction g
matrix>®

Q

=V 4V
gw) * w—e+id

gw),
where the Pauli operator Q projects on unoccupied states
only and e is the energy of the intermediate state

e=pi/2m+p3/2m+U(p;)+Ulp,) .

At high energies the influence of the Pauli blocking is
small and the kinetic energy is large as compared to the
potential U. Then the imaginary part of the reaction ma-
trix becomes identical to the transition matrix which de-
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scribes the scattering between two free nucleons. We as-
sume to be in an energy region where we can neglect the
Pauli blocking of the intermediate states and treat the
Pauli blocking of the final state explicitly. This is prob-
ably a reasonable approximation for beam energies larger
than 200 MeV/nucleon. Of course it would be highly
desirable to extend the in-medium corrected scattering
amplitudes which are available for an equilibrated envi-
ronment of the scattering partners and amount to a 30%
reduction of oy, (Ref. 40) to the nonequilibrium situa-
tion as found during the early state of heavy ion reac-
tions. For a detailed discussion of these in-medium
effects we refer to Ref. 26. We neglect the in-medium
effects of the intermediate states and use the measured
free nucleon-nucleon scattering cross section. The
effective cross section is however smaller due to the Pauli
blocking. We use the parametrization of Cugnon*' for
the elastic as well as for the inelastic part.

Two nucleons can collide if they come closer than
r=V'a/m. The scattering angles of the single nucleon-
nucleon collisions are randomly chosen such that the sum
of the scattering angles of all collisions agrees with the
measured angular distribution for elastic collisions.

Inelastic collisions lead to the formation of deltas
which can be reabsorbed by the inverse reaction. We do
not incorporate free (s wave) pions here, unlike in the
VUU approach.!8

D. Pauli blocking

Whenever a collision has occurred, we check the phase
space around the final states of the scattering partners.
For simplicity we assume that each nucleon occupies a
sphere in coordinate and momentum space. This trick
yields the same Pauli blocking ratio as an exact calcula-
tion of the overlap of the Gaussians but is much less time
consuming to calculate. We calculate which percentage
P, and P, of the final phase space for each of the two
scattering partners is already occupied by other nucleons.
The collision is then blocked with a probability

Pblock=P1P2 ’

and, correspondingly, is allowed with the probability
1 — Py~ Whenever a collision is blocked, we replace
the momentum of the scattering partners by the value it
had prior to the scattering. Care is taken for nucleons
which are close to the surface of the many nucleon sys-
tem where the above description includes also portions of
phase space which are classically forbidden as a conse-
quence of energy conservation. For a nucleus in its
ground state, where all collisions should be blocked, we
obtain an averaged blocking probability { Py, ) of 0.96.
This determines the low energy limit of our theory: aim-
ing at 25% artificial collisions, i.e., collisions which are
due to an insufficient Pauli blocking, we can tolerate only
beam energies at which no more than 84% of the col-
lisions are blocked. Therefore, E;,,, =20 MeV/nucleon is
at the moment the lower bound of our approach.
Presently we are working on an extension of this model
to even lower energies.
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E. Numerical tests

One basic requirement that the present model has to
fulfill is the stability of the nuclei on a time scale compati-
ble with the time span required for a nucleus-nucleus col-
lision to occur. High-energy collisions (Ej,, > 500
MeV/nucleon) require less than 100 fm/c as far as single
particle properties are concerned. However, it turns out
that in order to investigate the fragmentation process in
heavy ion collisions we have to follow the reaction for a
considerable longer time. This is so because instable frag-
ments are formed which have sufficient excitation energy
to decay on a longer time scale.

Figure 2 shows the time evolution of the root mean
square radii of two nuclei, Ne and Au, for four different
time steps At. We see oscillations around the mean value
but no nucleons are emitted. These oscillations are not
surprising because the nuclei are not in their quantal
ground state rather they have a small excitation energy.

To visualize the time evolution of one nucleon in the
field generated by all the others, we display in Fig. 3 the
trajectory of a single nucleon in a gold nucleus for a time
span of 200 fm/c. To visualize the size of the system we
show also a sphere of radius r =1.3X 197!/, As one can
see the mutual interactions confine the constituents well
to this radius, hence the nuclear shape can be generated
by interacting nucleons with Fermi motion in the present
approach.
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mean square radii of two nuclei, Ne and Au, for four different
time step sizes At.
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FIG. 3. The trajectory of a single nucleon in the field of 196
others is displayed for a time span of 200 fm/c. To visualize the
size of the system we show also a sphere of radius
r=1.14x197"

III. MULTIFRAGMENTATION

Although the fragmentation of heavy target nuclei is a
well established phenomenon, there are only two experi-
ments known to us which have measured more than just
the inclusive mass yield of the fragmentation products.
We compare in Sec. III A the results of the present QMD
approach with detailed data on fragment production
from the reaction Ne (1050 MeV/nucleon) + Au.?® In
this experiment triple differential cross sections
d’0 /dE dQ dZ were recorded and in addition the associ-
ated multiplicity of fast particles has been measured.
These fast particles provide a tag for the violence (impact
parameter) of the reaction. To calculate the triple
differential cross section d’o/dE dQ dZ is beyond the
feasibility of present-day computers. We therefore have
to restrict ourselves to mean values and to the angular
distribution

do/d0=Y [dEd’c/dEdQdZ .
z

In addition to the associated charged particle multipli-
city the correlations between jets of light fragments and
the target rapidity fragment were measured. In this way
the strong azimuthal (anti-) correlation which has been
predicted by hydrodynamics*? (“bounce off”’) has been ob-
served.?®

However, no correlation between complex fragments
have been measured in this experiment. The multiplicity
of complex fragments was determined in an emulsion ex-
periment corresponding to approximately the same sys-
tem.”’ To study the fragment multiplicities we supple-
ment our analysis by calculating the distribution of the
number of heavy fragments obtained in a single collision.
We then compare this distribution with the data for
Au + emulsion at 1 GeV/nucleon, where all charged
remnants of the gold nucleus were recorded.”’ Special
acceptance windows are applied. They exclude peri-
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pheral reactions and collisions with the heavy constitu-
ents of the emulsion. To our knowledge this is all the
available information on fragmentation in heavy ion in-
duced reactions beyond the inclusive mass yield.

Of course the theory provides in principle much more
information than the experiment because it also yields in-
formation about the time evolution of the system in the
coordinate and momentum space. In Sec. IIIB we
demonstrate what one can learn from this additional in-
formation. In particular we investigate the impact pa-
rameter dependence of the mass yield and the momentum
space distribution. Furthermore, we search for correla-
tions between initial and final state to see whether the
system comes to a global equilibrium state in the course
of the reaction (where all remembrance on the initial dis-
tribution would be lost). This is of special importance for
the validity of those models which assume global thermal
equilibrium.”-% 116

Although in every central collision the target nucleus
fragments into several large pieces, the actual fragmenta-
tion pattern of a single nucleus nucleus collision is deter-
mined by fluctuations. We investigate in Sec. III C in de-
tail what causes pieces of nuclear matter to break off and
to form a fragment.

A. Comparison with experimental data

We studied the reaction Ne (1050 MeV/nucleon) + Au
at four different impact parameters (b =1, 3, 5, and 7 fm).
Even larger impact parameters do not produce a
significant amount of fragments in the most interesting
range 5< A <30. For the two most central impact pa-
rameters we have calculated 360 events whereas for the
larger impact parameters we restricted ourselves to 180
simulations. We found about a 10% change of the clus-
ter yield for the different nuclear equations of state. One
simulation requires 1 min CPU time on a Cray-1 comput-
er.
The reactions were followed for 300 fm/c
(11072 sec). This is a very long time as compared to
the time the neon projectile needs to cross the target (20
fm/c) and even longer than was required for simulating
reactions at 25 MeV/nucleon.!” However, as we will see,
the mass distribution continuously changes up to this
time as a consequence of the long decay time of
moderately excited heavy clusters. Nucleons are con-
sidered to be part of a cluster if finally (at + =300 fm/c) at
least one other nucleon is closer than r;,=3 fm. No
cuts in momentum space are applied. They are not
necessary, as can be seen from Fig. 4. After 300 fm/c nu-
cleons with large relative momenta are no longer close to-
gether in coordinate space.

The cluster distribution is also not very sensitive to the
value chosen for r_;,. This can also be seen from Table I
which shows the exponent r for different r_ ; and
different fragment mass bins. At ¢ =300 fm/c the clus-
ters are well separated in coordinate space as well as in
the momentum space due to the Coulomb force.

Figure 5 displays the total mass yield as compared to
the experimental data.’® Both the theoretical and the ex-
perimental mass yield falls off with a power law A4 77,
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form a cluster.
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FIG. 5. The inclusive mass yield as compared with experi-
mental data (Ref. 28).

corresponding to a straight line in our double logarithmic
plot. For the constant T we obtain 7=2.44. The form of
the mass yield as well as the value of 71 2 <7 <3 is con-
sistent with the assumption that the mass yield is a signal
of a liquid gas phase transition. This behavior is rather
independent of energy and mass number as can be seen
by comparison with results of the reaction Au (200
MeV/nucleon + Au).?® The calculated slope of the mass
yield curve is close to the slope of the experimental data;
however, we underpredict the data by roughly a factor of
2 to 3. The discrepancy is larger at low masses, which
are extracted from the experimental o(Z) under the as-
sumption o(A)=5X0o(Z = A/2) than for those frag-
ments whose masses were directly measured.

This discrepancy is a consequence of the instability of
clusters excited with an energy around the particle emis-
sion threshold. Whereas—as we have seen—the clusters
are stable in their ground state, the higher the excitation,
the less correct is our description. Due to a insufficient
treatment of the binding energy weakly bound nucleons
escape from the excited fragments and hence lower the
average cluster mass. Hence our fragments emit 1 or 2
nucleons more than real nuclei with the same excitation
energy do. This is a systematic problem which only par-
tially can be counteracted by smaller time steps.

The mass yield has a minimum around 4 =50 and in-
creases again for higher masses. In this particular experi-
ment the mass yield of heavy fragments was not mea-
sured. Experiments with similar projectile target com-
binations show a U shape form of the mass yield, which
has a minimum around A4 =A4,,,,/2 (in absence of
fission).

Figure 6 displays (a) the angular distribution and (b)
the average fragment velocity as a function of the emis-

TABLE 1. 7 parameters for different 7., and for different
fragment mass bins 4.

A Fmin=2 fm Fmn =3 fm Fin =4 fm
1-10 2.86 3.07 2.99
1-20 2.68 2.82 2.83
1-50 2.33 2.44 2.50
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FIG. 6. Angular distribution (a) and average velocity (b) as a
function of the emission angle of medium mass fragments. The
calculation is compared with data (Ref. 28).

sion angle in the laboratory system. Experimentally we
see a decrease in the mass yield by a factor of two from
forward to backward angles. This is nicely reproduced
by the calculation. As we will see later in detail, this
strong dependence rules out an isotropic distribution of
fragments in the center-of-mass frame. We observe in
Fig. 6(b} only a weak dependence of the average fragment
velocity on the emission angle. The average velocity is a
little larger than half the center of mass velocity. This
means that in the center of mass the fragments are emit-
ted backwards, i.e., the linear momentum transfer to the
emitting system is far from being complete. To deter-
mine the experimental average velocity we used the fit
function (2.3) and the parameters of Table I of Ref. 13.
Also for the average fragment velocities we obtain agree-
ment with experiment.

Figure 7(a) displays the number of fast charged parti-
cles associated with a fragment of a given size. We ap-
plied the experimental cut of a minimal energy of 25
MeV of the fast particles to our calculation. However,
for medium mass fragments our associated multiplicity is
larger than seen experimentally. We want to mention
that also the experimental value is an extrapolation be-
cause the detectors covered only a small part of the total
solid angle. Figure 7(b) shows the average velocity of
fragments as a function of their size in the laboratory sys-
tem. We see a very high velocity for low mass particles
which gradually decreases for heavier ones. Beyond mass
90, the clusters move backward in the laboratory system.
The average momentum transfer to heavy fragments is
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FIG. 7. Average number of fast particles associated with a
heavy fragment (a) and the average fragment velocity in the lab-
oratory system (b) as a function of the fragment mass. The data
are from Ref. 28.

much smaller than that to the lighter fragments which
clearly shows that the fragment of different mass do not
result from the same Lorentz frame of reference.

Figure 8 displays the multiplicity distribution of heavy
clusters 4 >5. The results of our calculation for
(b <3 fm) are compared with data of Refs. 29 and 30 for
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FIG. 8. Multiplicity distribution of heavy clusters 3 < Z < 20.
The results of our calculation (b < 3 fm) are compared with data
of Refs. 29 and 30. To allow a comparison we accepted only
those experimental events in which no cluster Z >42 was ob-
served and the number of target tracks was in between 5 and 8.
By these cuts we want to discard peripheral collisions and those
with the heavy emulsion constituents.
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Au (1 GeV/nucleon) 4 emulsion. As already mentioned,
in this experiment the charges of all Au fragments were
recorded on an event-by-event basis. To allow for a com-
parison we have selected only those experimental events
in which no cluster 42 < Z was observed and the number
of target tracks was in between 5 and 8. By these cuts we
want to discard peripheral collisions and those with the
heavy emulsion constituents. We see again reasonable
agreement with experiment, indicating that on the aver-
age several fragments are produced.

B. Predictions and results of the calculation

1. Mass yield

We now proceed and take advantage from the fact that
in simulations more information is available than in an
experiment. One additional information is the impact pa-
rameter dependence of the observed quantities. In Fig. 9
we display the mass yield distribution at different impact
parameters. We see a clear impact parameter depen-
dence. At the lowest impact parameter no heavy target
remnant survives. The gold nucleus is broken up in many
pieces, none of them heavier than 4 =80. At each im-
pact parameter the mass yield is well described by a
power law, the slope parameter, however, is vastly
different. The most peripheral reactions (b =7 fm) are
not violent enough to destroy the target completely.
Here less than half of the projectile volume overlaps
geometrically with the target. We observe a target rem-
nant of about 4 =140. At the low mass side the mass
yield falls off very steeply. Most of these low mass clus-
ters are projectile remnants. There are no clusters with
masses 30 < 4 <90. The intermediate impact parameters
show a gradual transition from peripheral to central col-
lisions. The mass of the heavy target remnants decreases
but still there is a gap around 4 =40. Also the slope of
the mass distribution flattens at small 4.

From these observations we can immediately draw

Y (A)

T 102

0 100 200 100 200
A A

FIG. 9. The mass yield for four different impact parameters
b=1, 3, 5, and 7 fm for the reaction 1050 MeV/nucleon
Ne + Au.
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several conclusions.

(a) The power law form of the inclusive mass yield is ac-
cidental. Tt does not reflect a phase transition—which
would require a mass yield independent of the impact
parameter —but is merely a parametrization of the sum
of different forms of mass yields at different impact pa-
rameters.

(b) The transition from the power law form to a flat and
ultimately increasing mass yield at masses around 40
reflects the different origin of the clusters. Fragments
larger than 40 are target remnants. They are produced
when the collision is not violent enough to break up the
target completely. Their creation is controlled by the im-
pact parameter. Masses around 40 are produced in semi-
central collisions by deep spallation. The ultimate in-
crease of the mass yield follows from the increasing prob-
ability of peripheral reactions.

(c) The yield of the heaviest cluster provides a tool to
determine the impact parameter of the reaction. This
method is, according to the calculation, superior in accu-
racy to the usual method to measure the total multiplicity
of light ejectiles.

Figure 10 displays the multiplicity distribution of frag-
ments A4 >4 for the four different impact parameters.
We see that at larger impact parameters in most cases the
only heavy clusters are the projectile and target rem-
nants. So the average cluster multiplicity is only slightly
higher than 2. At more central collisions we observe a
larger number of clusters produced. At central collisions
the average number of fragments increases to 3.3.

Another point of interest is how the reaction proceeds
in time. Here we can prove whether our conjecture that
fragments larger than A =40 are the end product of a de-
cay chain, whereas the others have a different origin, can
be substantiated. This question is addressed in Fig. 11,
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FIG. 10. The multiplicity distribution of fragments heavier
than 4 =4 for four different impact parameters b =1, 3, 5, and
7 fm in the reaction 1050 MeV/nucleon Ne + Au. Please note
the different total number of events.
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FIG. 11. Time evolution of the fragment number for seven
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where we display the number of fragments as a function
of time for seven mass intervals.

First of all we observe that the mass yield distribution
for A4 >50 stabilizes not prior to 300 fm/c
(1 107" sec) while for 2 < A < 30 the distribution is al-
ready stable at 100 fm/c. This is a very long time scale
for a high energy heavy ion reaction and is in the range of
the lifetime of a compound nucleus. Let us first concen-
trate on the heavy clusters. At ¢ =50 fm/c the heavy
clusters with a mass larger than 70 are not stable but de-
cay successively by emission of nucleons and light clus-
ters. The decay chain can be seen by the subsequent pop-
ulation and depopulation of the different mass bins. Fi-
nally, the end products of the decay chain are mostly in
the bin 31 < 4 <50. Along the evaporation chain the
clusters emit neutrons and protons and therefore these
numbers increase but have almost saturated at t =300
fm/c.

The clusters in between 2 < 4 <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 are formed. They emerge from the surface region
of the combined system, as we will see, and measure the
violence of the reaction being more copiously produced
at small impact parameters than at large ones.

Hence, even more pronounced than in the symmetric
Au (200 MeV/nucleon) + Au reaction,”® we can separate
in this asymmetric collision the final clusters into three
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different classes 4 =1; 2 < 4 <30; 30 < A4 according to
their formation time.

2. Correlations between initial and final state

As we have seen, the impact parameter dependence of
the mass yield distribution rules out the conclusion that
the inclusive data present evidence for a liquid gas phase
transition. In this case the mass yield curve would have
to be universal because the system always has to come to
the critical temperature.

However, the question remains whether equilibrium is
reached in the course of the reaction. Since always some
fast projectile nucleons emerge from the reaction zone
prior to equilibration, the energy available for thermali-
zation may be dependent on the impact parameter and
therefore also the mass yield curves may be different.
The crucial test for the assumption of complete global
thermalization is to check whether the system loses its
memory of the initial configuration. If it equilibrates we
would expect that the final state particles do not carry
any information about the initial state, in particular
about their initial position.

The complete recording of the positions and momenta
of all particles during the course of the simulation allows
to address this question in a direct way. We can immedi-
ately investigate correlation between final and initial state
which one would expect for a not completely equilibrated
system. An obvious candidate for such a correlation is a
possible dependence of the probability to find a nucleon
finally in a cluster on its initial position. Those nucleons
which are in the geometrical overlap of projectile and tar-
get supposingly suffer violent collisions more probably.
The large momentum transfer then suppresses their prob-
ability to find other nucleons with small relative momenta
to form a cluster. We study this correlation in Fig. 12.
There we distinguish three different classes of nucleons
according to the size of the fragments to which they final-
ly belong to (at ¢t =300 fm/c). We investigate the correla-
tion between initial position of the nucleons and the size
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FIG. 12. Correlation between initial and final state of the re-
action. We distinguish three classes of nucleons corresponding
to the size of the cluster they belong finally (4 =1, 4< 4 < 11,
and A4 > 60) and their relative probability originating from a
distance R from the impact point. We display here the fraction
P(r)=N,(r}/3 N,(r) where N; denotes the number of nucleons
which end up finally in fragment class i.
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of the clusters they belong to finally. We calculate the
distance R in the plane perpendicular to the beam direc-
.on between the initial position of the nucleons and the
impact point b. Then, for a given radius r, we calculate
the relative probability P “4(r) that a nucleon, initially at
r, ends up finally in a cluster of size 4. If there were no
correlations, this probability should be independent of r.
We see, however, strong correlations for protons and
neutrons as well as for heavy clusters. Nucleons in the
overlap region between projectile and target have a much
higher probability to end up as individual protons and
neutrons than to be part of a cluster. Clusters mainly
consist of spectator matter (those parts of projectile and
target which do not overlap). Since the fragments are ex-
cited when formed, they have to emit nucleons. There-
fore, we observe also protons and neutrons which were
originally located quite far from the impact point of the
projectile. Medium mass clusters, as we can see, are
formed from nucleons all over the place without a
significant preference. From the observed correlations
we can conclude that in the course of the interaction the
system does not reach a global equilibration as assumed
in a number of model calculations.”% 1516

Part of this correlation one would expect from the
naive fireball*? or firestreak** model in which the geome-
trically overlapping nucleons equilibrate. They are sur-
rounded by cold spectator matter, and there is no com-
munication between both regions. This model limits the
initial position of nucleons, which are finally observed as
protons or neutrons, to r < Ry, whereas those nucleons,
which are finally contained in clusters, are initially at
r >Ry.. However, we do not find such a clear cut and
these models can also not account for the origin of the
medium mass clusters.

3. Momentum space distribution

In principle the present theory can predict the triple
differential cross section d3o /dE dQ0d A. However, due
to computational expenditure we restrict ourselves to
mean values for the time being.

We start with the laboratory double differential cross
section d2o /dy dp,, displayed in Fig. 13, for different
classes of fragments and two different impact parameters.
The contour lines are separated by a factor of 2. We see
that light fragments have a highly nonisotropic emission
pattern even in central collisions. There are many fast
particles in forward direction which are not counterbal-
anced at backward angles. These particles have a finite
emission angle whose origin will be investigated in the
next section. The emission pattern of medium mass clus-
ters is to 10% not isotropic as experimentally observed
by Warwick et al.?® who have found that the double
differential cross section of medium mass clusters cannot
be described by a single thermal source which emits frag-
ments isotropically in its rest system. Comparing
do /dQ dE dZ at different laboratory angles one has two
possibilities to define the source velocity: either (a) one
requires that the slope of the energy distribution (i.e., the
“temperature”’) does not depend on the emission angle in
the rest system or (b) one assumes that the Coulomb peak
appears at the same energy in the rest system. If there
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FIG. 13. Contour plot of the double differential cross section
d’c /dp,dy for two impact parameters (=1 and 5 fm) and
three different mass intervals for the reaction 1050
MeV/nucleon Ne + Au.

were an isotropic emission of a single source both
methods would coincide. The experiment shows
differences between both methods. Applying the second
method it seems that the fragments have gained addition-
al momentum in beam direction, i.e., show a higher ‘“tem-
perature.” This gives rise to an elliptical emission pat-
tern in the rest frame of the source. The heavier clusters,
on the contrary, exhibit an isotropic emission pattern in
their rest system which moves with is close to zero veloci-
ty in the laboratory system. Note the different scales of
the transverse momentum.

Figure 14 presents the rapidity distribution of the
different classes of fragments at two impact parameters.
It is quite obvious that the rapidity distributions are not
thermal. This is in contrast to the results for central col-
lisions in the symmetric Au (200 MeV/nucleon) + Au
collisions.”> There the particle distribution in very cen-
tral collisions (b =1 fm) can be described by one single
stopped midrapidity source. For the large impact param-
eter (b =7 fm) we see clearly a projectile and a target re-
gion. For low impact parameters the projectile dived
into the target and is strongly slowed down. Once more
we can see that the medium mass clusters do not come
from a single well defined rest system.

Figure 15 finally shows the transverse *“temperature,”
i.e., up to a constant the second moment of the transverse
momentum distribution,

cos(0)

A=m/3{v—7)* 3 :
cos(8)—cos’(8)/3
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for different fragment classes in their rest system as a
function of the emission angle. For a system which is
also longitudinal equilibrated this quantity coincides with
the apparent temperature. Isotropic emission would re-
sult in an angle independent A. We see, however, an
enhancement of about a factor of 2-6 in forward direc-
tion as compared to the backward direction, for low mass
fragment masses. Only the largest mass bin, which has
also the lowest statistics, can be considered as isotropical-
ly emitted. Also the average A of different clusters are
different. A=30.1, 27.3, 57.4 MeV for the mass bin
A4A=1,5<A<15,51< 4 <70.

From all of these observations we conclude that the
momentum space distribution of the different cluster
classes are widely different. A single source cannot be
identified, rather each class of clusters seems to stem
from a continuous source distribution.

C. What cases fragmentation?

There remains the question of what actually causes the
fragment formation. We have seen that clusters are not
formed in a globally equilibrated environment. Hence
processes other than statistical decay have to be taken
into account. We have seen that the medium mass clus-
ters are emitted from the system already quite early, long
before the target evaporation chain ceases. In this sec-
tion we investigate the details of this process. Since clus-
ters are produced by fluctuations of the system, we have
to investigate the cluster formation on an event-by-event
basis, looking for the specific environment around a
prefragment, i.e., those nucleons which finally form the
fragment or are emitted from the fragment, in a given
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simulation of the reaction.

We start out by examining how projectile and target
interact at the beginning of the interaction. Figure 16
displays the density profile of the system for central col-
lisions from 10-35 fm/c in steps of 5 fm/c. In Fig. 17 we
see the velocity profile, separately for those nucleons ini-
tially belonging to projectile respective target from 10-20
fm/c in steps of 5 fm/c. Arrows are only plotted if the
local density is larger than 0.1p,. We have averaged in
this figure over ten events, so fluctuations are reduced,
but not completely washed out.

At 10 fm/c the projectile has completely dived into the
target. The projectile velocity is much faster than the
sound velocity of nuclear matter. Therefore the time
scale for the transverse expansion of the projectile is
small as compared to the time scale for the projectile to
transverse the target. The root mean square radius of the
projectile nucleons has not increased up to 15 fm/c. The
peak compression has increased to 2.1p,. While the pro-
jectile nucleons travel through the target they experience
strong transverse forces due to the strong density gra-
dient at the surface of the projectile. Therefore they pick
up transverse velocity and are deflected to finite angles.
A shock profile develops which moves inwards into the
projectile nucleus because the outer nucleons have al-
ready been carried away by the sidewards traveling
compression wave. The source itself decelerates gradual-
ly but has still supersonic velocity. In an infinite system
this is the situation where a Mach cone would be formed
and indeed the form of the velocity distribution at 20
fm/c resembles very much such a velocity profile. How-
ever, one has to keep in mind that we have only a system
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FIG. 16. Density profile in the zx plane at the beginning of the reaction, ¢ =10-35 fm/c, in steps of 5 fm/c. The contour lines are

separated by a factor of 2, starting with p/p,=0.2. We display a central collision Ne (1050 MeV/nucleon)} + Au.
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FIG. 17. Velocity profile for 5 =0 fm in the zx plane at the beginning of the reaction, t =10-20 fm/c, in steps of 5 fm/c, separate-
ly displayed for projectile and target nucleons. The length and direction of the arrows are proportional to the velocity in the zx

plane. An arrow is only drawn if the density is larger than 0.1p,.

of 217 particles and therefore, we do not obtain a sharp
discontinuity in the density as in systems with a macro-
scopic particle number. Behind the cone we observe a
rarefaction region which heels, however, due to target
surface nucleons streaming inwards. By 35 fm/c this
rarified region is filled and has again the highest density.
Whereas, at the beginning projectile and target inter-
penetrate (the density provides a high Pauli blocking
rate), finally the projectile drags along some target nu-
cleons. So at 20 fm/c we see that in forward direction the
target nucleons having the same direction of motion as
the projectile nucleons, whereas in backward direction
they move quite collectively with roughly half of the
center of mass momentum. This time evolution of the re-
action is close to that predicted by hydrodynamical calcu-
lations.*

How a prefragment, i.e., a particle unstable fragment,
experiences this situation is displayed in Fig. 18: Figure
18(a) shows the time evolution of mean values of different
quantities for a large prefragment (A4 =24). This
prefragment emits still few nucleons before it is finally (at
t =300 fm/c) registered as a fragment. Figure 18(b)
shows the analogous quantities for a small fragment
(A =6). The upper picture displays the number of col-
lisions per fragment nucleon. Imitially, i.e., before the
projectile reaches nucleons of the fragment, no collisions
occur. Between the arrival of the projectile and the sepa-
ration of the fragment from the remnant we observe a

quite high collision rate. When the fragment is formed’

there is still excitation energy which allows further col-
lisions among the fragment nucleons. The next graph
shows the density

372
exp—[R;—R;(1)]*/2L

p= 2

1
Afrag je Afrg €4 2mL

in units of py and the average radial force
Frad _ 1 F]( rj —TIem. target)

Afrag je Afrag -

Fem. target |

Radial means here with respect to the center of mass of
the target. As already expected from the previous figure
we see a strong increase in the density when the projectile
matter hits the nucleons which will form the fragment.
Initially the collective momentum of those nucleons
points inwards. The density, however, causes a strong ra-
dial repulsive force which reverses the direction of the
average momentum

» i pj(rj_rc.m‘ target)
rad =
Afrag jEArmg | (rj_rc.m. target) |

This is displayed in the next row.

So far it seems that collisions are not required at all to
cause fragments to break off. This, however, is not true.
If the n-n collisions are suppressed we do not find frag-
mentation. Collisions have a twofold influence on the
fragmentation processes. Firstly, they decelerate the pro-
jectile nucleons and hence increase the density in the pro-
jectile region. Secondly, they may provide an additional
momentum transfer to those nucleons which are going to
form a fragment. To check whether the second mecha-
nism is important, we compare the actual average radial
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FIG. 18. Time evolution of a single prefragment produced in
the reaction 1050 MeV/nucleon Ne + Au b =0 fm. The prop-
erties of a heavy (A4 =24) prefragment are displayed in (a),
those of a light prefragment ( 4 =6) in (b). We show the aver-
age number of collisions, the mean radial force, the density, the
mean radial momentum, the mean radial distance from the
center of the target, and the “temperature” A=(m /3){v —7)*
as a function of time. The values displayed are averaged over
the fragment constituents. For details we refer to the text.

momentum with that caused by the average radial field
only. The latter is determined by

pf§3€(z)=fO’F,ad<t')d:'+p,ad(r=0) .

The difference between both reveals the importance of
the momentum transfer to the fragment nucleons due to
collisions. The results are displayed in the same graph.
In the case of the large cluster the final momenta are al-
most identical, whereas the small cluster would not be
broken off at all (it still would have inward directed radial
momentum). So the role of collisions for the actual
breakup process is ambiguous.

The lower graph displays the time evolution of the
internal excitation of the fragment. We define a “temper-
ature”

A=—— 3 By,

frag j€ Afrag
Keep in mind, however, that this is not a true tempera-
ture since it also includes the Fermi momentum. We see
only a small increase in the course of the reaction. So the
prefragments are only moderately excited and there
seems to be no equilibration between the internal degrees
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of freedom and the translational motion. This is in agree-
ment with recent experiments, which show that the exci-
tation of prefragments corresponds to temperature of 5
MeV, independent of the beam energy.*’

The velocity profile of the same reaction for b =6 fm is
displayed in Fig. 19. Here the projectile gets little
deflected but still drags along some target nucleons. The
target gets only little excited and most of the target nu-
cleons retain their initial velocity up to 25 fm/c, when the
interaction between projectile and target is over. Only
close to the interaction zone we see a disturbance in the
velocity field which ultimately leads to an excitation of
the target. Since particles from this excited zone which
travel towards the center of the target have a higher
chance to transfer their momentum to other target nu-
cleons than those traveling to the surface of the target,
we observe a transverse momentum transfer to the target
in —x direction which is compensated by the momentum
of the emitted single particles in the opposite direction.

IV. CONCLUSION

We have presented a microscopic dynamical N-body
approach to heavy ion collisions which consistently in-
corporates the formation of clusters. Heavy ion reactions
can now be studied theoretically on an event-by-event
basis from the initial configuration to the final distribu-
tion of nucleons and fragments in phase space. This is
achieved by following the time evolution of the N-body
system which interacts via mutual two and three body
potentials and a residual interaction with the Pauli
blocked nucleon nucleon scattering cross section.

In this paper we reported on simulations of the reac-
tion 1050 MeV/nucleon Ne + Au. Our results agree well
with the available data, in particular with the experimen-
tal slope, the absolute value of the mass yield curve, the
angular distributions, the mean velocities of different
fragments, and with the experimental multiplicity distri-
bution. We do not find a single source which emits par-
ticles isotropically, which is consistent with the experi-
mental data.

We find a strong impact parameter dependence of the
mass yield curve which rules out the conjecture that the
power law form of the inclusive mass yield curve provides
a signature that the system is close to the critical point of
a liquid gas phase transition. The agreement of the in-
clusive mass yield distribution with a form expected from
a system close to its critical point is purely accidental.

We observe furthermore strong geometric correlations
between the entrance and exit channel of the reaction.
Nucleons retain information about their initial position.
This rules out the assumption that the system equilibrates
globally to a compoundlike nucleus in the reaction. If
that were true any information about the initial state
would be lost. Consequently, a single source thermo-
dynamical approach to multifragmentation in heavy ion
reactions cannot be considered as adequate.

The emission of medium mass fragments 2< 4 <40
occurs in the very early high density stage of the reaction
only. At later times a compoundlike remnant is formed
which emits protons and neutrons. The decay chain of
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FIG. 19. Velocity profile for b =6 fm in the zx plane at the beginning of the reaction, t = 10-20 fm/c, in steps of 5 fm/c, separate-
ly displayed for projectile and target nucleons. The length and direction of the arrows are proportional to the velocity in the zx

plane.

these target remnants yield fragments with masses down
to A =40. Fragments 2< A4 <30 have a completely
different origin. They are not evaporation residues but
stem from the surface of the system. They separate from
the rest system already at a very early time when the den-
sity is highest. They measure the violence of the reac-
tion, i.e., the number of these clusters decreases strongly
as a function of impact parameter. The medium mass
clusters are kicked off from the system as a result of the
high density wave and its repulsive force caused by the
interpenetrating projectile. The clusters are only
moderately excited initially and later emit only few nu-

cleons before being detected. The intermediate mass
clusters can therefore serve as a unique tool to study the
compression stage of the reaction. This will be the focus
of a subsequent paper.
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