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Wa-presest fche first microscopic calculation of the spectator fragmentation observed in heavy ion reactions at
relativistic energies* which reproduces the slope of the kinetic energy spectra of the fragments as well as their
multiplicity, both measured by the ALADIN collaboration, fa the past both ha«c_heaa-«eptenit:d in thermal

M«gesq^BUh^a^^ excitation energy and the -density ofthe-sysieng-We-
t both observables are dominated by dynamical processes and that the system does not pass a state of

hermal equilibrium. These findings question the recent conjecture that in these collisions a phase transition of
first order, similar to that between water and vapor, can be observed.

I. INTRODUCTION

In semiperipheral reactions of relativistic heavy ions
it seems that geometry determines the scenario. The
overlapping nucleons of projectile and target form a fire-
ball of high temperature and a density well above normal
nuclear matter density. The non overlapping nucleons,
called spectators, gain little excitation energy and con-
tinue their way with almost the original velocity. This
is a conclusion one has drawn from many experiments,
first in Berkeley and later at GSI. Whereas the physics of
the fireball is pretty well understood that of the specta-
tors is still under debate. Up to now, the most complete
experiments of the ALADIN collaboration have shown
that the spectator matter disintegrates into many inter-
mediate mass fragments (IMF's). Above 400 MeV/N the
fragment multiplicity distribution for a given projectile-
target combination does not change anymore. For a for
a given projectile the average number of projectile like
IMF's as a function of the total bound charge becomes
independent of the target [1]. This dependence as well
as the fragment multiplicity distribution have been al-
most perfectly described by a theimodynamical model,
advanced by Botvina et al. [2], under the assumption
that the excitation energy of the spectator matter is of
the order of a couple of MeV/N.

An independent method to measure the excitation en-
ergy (or more exactly the temperature) has been em-
ployed by the ALADIN collaboration: measuring ratios
of isotope yields and assuming that they are produced
in thermal equilibrium, one can determine the tempera-
ture, which turns out to be about 5 MeV, almost inde-
pendently of the ratios used. If one displays this temper-
ature as a function of the excitation energy, we observe a
functional dependence (saturation) typical of a first order
phase-transition. Consequently, the ALADIN collabora-
tion conjectured that in these reactions a transition from

a liquid phase of nuclear matter to a gaseous phase takes
place [3].

This temperature value is in sharp contrast to the one
extracted from the slopes of the fragment velocity spec-
tra, measured in the very same experiment. They in-
deed show a thermal shape but the observed slopes cor-
respond to a temperature of 30 MeV and hence about
6 times larger than that extracted from the particle un-
stable states or the isotope ratios. Thus it seems that
several observables show a functional form as expected
for a system in thermal equilibrium but that the temper-
atures differ by large factors.

Up to now, dynamical models like the Quantum Molec-
ular Dynamics approach (QMD) [4] have not succeeded
in describing the data. They underestimate by far the
multiplicity of IMF's [5] and have therefore not been con-
sidered as reliable despite their success to describe multi-
fragmentation data at low beam energies. The reason for
this failure remained obscure because it has been verified
that for a given excitation energy a single nucleus dis-
integrates in QMD simulations into the same number of
fragments as in standard statistical models [6]. Thus, one
could conclude that in QMD simulations not sufficient
energy is transferred to the spectator matter, a puzzling
result because the main mechanism for the energy trans-
fer, the elastic NN collisions, are well under control and
can be cross-checked by comparison with experimental
rapidity distributions.

In QMD calculations each nucleon a moves on a clas-
sical trajectory as obtained by a variational solution of
the n - body Schrodinger equation:

Pa = -

and

xa = po/m.

(1)

(2)



where pQ and xa are the centroids of the Gaussian wave
functions (in momentum and coordinate space respec-
tively) which represent the nucleons. V(xa,xp) is the
two-body interaction between the nucleons. In addition
the nucleons interact via stochastic elastic and inelastic
NN collisions. For details of the approach we refer to ref.
[4].

Recently we advanced a new algorithm [7] for frag-
ment recognition which allows to identify fragments at
any time during the reaction. The up to then used Min-
imum Spanning Tree (MST) method requires the frag-
ments to be well separated from each other in coordinate
space, limiting the fragment identification to a very late
stage of the reaction only. MST assumes that two nu-
cleons are part of a common fragment if their distance
\J(xa - xp)2 is smaller than re = 3fm. This new algo-
rithm is called Simulated Annealing Cluster Algorithm
(SACA). It searches for that configuration of nucleons
and clusters with the largest total binding energy £
where Ofc is defined as

(P.-Pcm) 1
2m + 2 y (3)

provided that £* < —4.0 MeV and N* > 3 and as zero
otherwise. In this definition, iV-' is the number of nucle-
ons in a fragment and pcm its center-of-mass momentum.
For the technical aspects of this algorithm we refer to [7].
This algorithm has overcome the mathematical difficul-
ties to treat systems of the size of 400 nucleons with a
simulated annealing algorithm which limited the similar
approach advanced in [8]. It is also similar in spirit to the
cluster recognition algorithm advanced by Garcia et al.
[9] which, however, does not always find the most bound
configuration.

This new algorithm allows for new insights into the
reaction mechanism, especially into the time dependence
of the fragment formation. In fig. 1 we display the time
evolution of different observables for the reaction Au 4-
Au 600 MeV/N, b = 8 fm, comparing MST with SACA.
This impact parameter has been chosen because it yields
the largest IMF multiplicity.

The first row shows the collision rate and the density
averaged over the centroids of all nucleons

t= £ t E
with xa being the centroid position of the nucleon i and
L has the standard value of L = 1.08fm2. Please note
that in our definition of the density a free particle still
has a "self density" of ( ^ j ) 3 / 2 = .32p0. The second row
shows the time evolution of the average mass of the heav-
iest fragment. According to SACA, it first decreases to a
minimum at t = 50 fm/c and re-increases later. Looking
in details, one understands that this re-increase is mostly
due to the reabsorption of some of the IMF's, as displayed

in the third row. At the same time the largest frag-
ment looses nucleons due to evaporation. Hence at the
end of the violent phase of the reaction SACA finds that
the spectator matter is subdivided into small fragments.
They are, however, located in the same space region, as
can be seen from the large value of Amax obtained by
the MST procedure. Nucleons of different fragments in-
teract and proceed towards a thermal equilibrium. The
fragments loose their individual identity and merge into
a large cluster. Consequently, the size of Amax increases.

The persistence coefficient is studied in the last row of
fig. 1. This concept has been introduced in [7] as follows:
We first define the number of pairs of nucleons in the
cluster C at time t bc(t) = NC{NC - l)/2. At a time At
later, some of the nucleons may have left the cluster and
are part of another cluster or singles and others may have
entered the cluster. Let NcA be the number of nucleons
which have been in the cluster C at time t and are at
t + At in the cluster A. We define ac{t + At) = Y,A °-5 *
NcA(NcA — 1), where the sum goes over all clusters A
present at time t + At. The persistence coefficient of the
cluster C is now defined as

The mean persistence coefficient for the fragments
2 < A < 4 and 4 < A < 65 is displayed in the last
row of fig. 1. Its low value as well as the considerable dif-
ferences between results deduced with SACA and MST
(performed at t > 200/m/c) indicate that after 60 fm/c
the fragments are still very close in coordinate space and
exchanging particles. We will come back to this later.

Due to the width 2L of the Gaussian wave function
the expectation value of the two-body potential has a
range of 3.6 fm which is large as compared to the range
of the nuclear force in free space. One may therefore con-
jecture that (1) the late thermalization of the spectator
matter is due to this large range and therefore fictitious
as well as its consequences (late decrease of the num-
ber of IMF's,etc.) and (2) that in reality the spectator
matter breaks apart into the IMF's observed at t = 60
fm/c. In this article we present results based on this key
conjecture.

In figure 2 we display the IMF multiplicity distribu-
tion and the size of the largest fragment obtained af-
ter 60 fm/c. Both are compared with the experimental
data as well as with the results obtained with the MST
method at t=200 fm/c. As can be seen, the multiplicity
distribution obtained with SACA agrees quite well with
the data whereas the MST multiplicity distribution fails
completely as already observed in [5].

We proceed now to the dynamical variables. The mean
value and the variance of the experimental rapidity dis-
tribution of the fragments [10] as a function of the frag-
ment mass are displayed in fig.3. The fragments have a
rapidity close to the beam rapidity which is marked by
a dashed line. Because the fragment energy spectra look
very much like the ones expected from a system in ther-
mal equilibrium and because the variance of the rapidity



Au-Au 600 MeV/ nucleon, b = 8 fm

I i I i I t - I ' I ' I ' I • I i I '

2 <A <4 (SACA)
5 <A <65 (SACA)

600 AMeV

0 100 200 300 400 500 600 700 800 900 1000

Time (fm/c)

FIG. 1. Evolution of the collision of Au-Au at 600 MeV/N
and at an impact parameter of b = 8 fm. From top to bottom
the giaphs display the time evolution of the density and of the
collision rate, of the size of the heaviest fragments and of the
number of emitted nucleons, of the multiplicity of fragments
with masses 2 < A < 4 and with masses 5 < A < 65 and of
the persistence coefficient.

decreases with the mass number roughly like <r(y) oc -4=
one is tempted to extract a "temperature" T = o"2(y) • A.
The value one obtains is about 30 MeV. If one follows the
conjecture that multifragmentation is a thermal process
one is confronted with the fact that the gas of fragments
of a given size A has a 6-8 times higher "temperature"
than the spectator matter at the moment the fragments
are formed. As only a small fraction of this difference can
be attributed to the Coulomb repulsion between the frag-
ments, a yet unknown mechanism is required for heating
up the gas of fragments after creation. Such a heating
of the system to a temperature of 30 MeV would re-
quire more energy than available, as it can be calculated
from the kinetic energy of the projectile spectator mat-
ter. Furthermore, the high temperature of the fragment
kinetic energy spectra raises the question how fragments
can survive at all in this hot environment and do not
disintegrate into nucleons.

< b > (fm)
15

FIG. 2. Multiplicity of IMF's and the charge of the largest
fragment as a function of the impact parameter. We show the
experimental data [10], the QMD calculation using the mini-
mum spanning tiee methods and using SACA at the moment
the size of the largest fragment reaches its minimal value, as
explained in the text.

In fig. 3 we display the filtered results of the QMD
calculation as well and find that calculation and experi-
ment agree quite well. This is the first time that both the
variance of the rapidity distribution and the multiplicity
of IMF's have been reproduced by the same theoretical
approach, in contrast to the thermal models where both
can be individually reproduced, however with vastly dif-
ferent temperatures...

Where does the differences of the apparent tempera-
tures come from? We start our investigation with fig.4
where the time evolution of the average rapidity and of
the average transverse momentum in the reaction plane
of different classes of projectile-like fragments are dis-
played. "All nucleons" means that we average over all
nucleons which are entrained in fragments of the selected
size (which is equivalent to the average over the rapidity
or transverse momentum of all fragments of the selected
size). "Proj. nucleons" means that we calculate the aver-
age value using exclusively the nucleons which have been
part of the projectile initially (which is by far the major-
ity). This separation into projectile and target nucleons
seems to be impossible as soon as the nucleons have suf-
fered their first collision and quantum mechanics does
not allow anymore to determine their origin. However is
has been shown recently [11] that, due to the forward-
backward enhancement of the NN cross-section, one ar-
rives at the same conclusion if one always names that
particle, which is closest to the beam direction, "projec-
tile" nucleon and vice versa. By "Weighted", we mean
that all fragments A > 5 are taken into account, with



their mass A as a weight. We observe that initially the

FIG. 3. Mean rapidity and variance of the rapidity distri-
bution as a function of the fragment mass for Au-Au at 600
MeV/N.

projectile nucleons are decelerated substantially. Later
the small IMF's are accelerated again. This means that
the nucleons which are entrained in the projectile-like
fragments have a substantial interaction with the target.
If one takes the average over "all nucleons" the decelera-
tion and the acceleration of the IMF's balance each other
for the small fragments. The deceleration is caused by
the interaction between projectile and target whereas the
acceleration is caused by the interaction of the projectile-
like fragments with the rest of the projectile-like specta-
tor matter. The smaller the fragments the more probable
they are produced close to the projectile-target interface
and the more they are decelerated (by potential interac-
tion or by absorbing a target nucleon). Later, the specta-
tor matter, which is less decelerated, re-accelerates these
fragments. In fact, the acceleration is more pronounced
for small fragments which are produced close to the in-
tersection and have suffered a larger deceleration than
the larger fragments. On the other hand, the small frag-
ments are mostly located in the tail and decouple pretty
soon (80 fm/c) from the rest of the spectator matter:
asymptotically, they remain slower. If one sums over all
spectator fragments the average rapidity has to be con-
stant because forces between projectile-like fragments do
not change the center-of-mass motion of the projectile-
like spectator matter. This is indeed the case as can be
seen in the bottom of figure 4.

The average transverse momentum remains very small
in the whole process. After the mutual attraction of pro-
jectile and target we observe the well known bounce-off
caused by the higher density at the interface. As already
discussed in ref. [11] the large projectile-like fragments
have always a surplus of nucleons which have a trans-
verse momentum pointing away from the target, because
those having the opposite direction have a higher change
to take part in the fireball. Hence a part of the observed
final transverse momentum is due to an initial-time selec-
tion of the nucleons and not generated during the interac-
tion. On the average, the light fragments are closer to the

projectile-target overlap; therefore, the bounce-off con-
tribution is stronger. Besides, the initial-time contribu-
tion is less pronounced because these fragments may also
absorb some target nucleons, which must have a strong
transverse momentum pointing towards the projectile—
in order to entrain it—. The variances of the momen-
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FIG. 4. Evolution of the collision of Au-Au at 600 MeV/N
at an impact parameter of b = 8 fxn. In the top and middle
row we see the mean rapidity and the mean px momentum per
nucleon of A=5 and A = 12-14 fragments, respectively. The
last row display the average over all projectile like fragments.

turn distributions of the fragments are displayed in fig. 5.
They are always calculated with respect to the mean val-
ues displayed in fig. 4. Regarding "all nucleons" we see,
first of all, that the variance for the small fragments as
well as that for all fragments changes little in the course of
time. Hence, in contradistinction to thermal models, this
large variance is there from the beginning and not due to
the randomization of collective motion in the course of
the approach to thermal equilibrium. The variance of the
projectile nucleons changes, however, considerably in the
course of time. This is a consequence of the observation
that the deceleration and hence the average velocity of
the projectile nucleons depends on their transverse dis-
tance to the participant region.

If one separates three classes of A=5 fragments accord-
ing to the number of entrained target nucleons one finds a



mean rapidity close to < y > = n<-Vr"iHs-n'H>"i w h e r e

n, is the number of projectile nucleons entrained in the
projectile like fragment. This can been seen in fig. 6
where we display the mean values and variances for A=5
projectile like fragments, separately for 0,1 or 2 entrained
target nucleons.

We observe that the entrained target nucleons increase
the transverse momentum of the fragment. It is obvious
from geometry that in order to get entrained in a projec-
tile like fragment the target nucleons must have a positive
px value. This momentum is added to that caused by the
bounce-off, which is around 40 MeV/c.

• all nucleons
*• project nucleon*

-o.oi 50 100 150 200
time ((m/c)

(9)

50 100 150 200
lime (fm/c)

FIG. 5. Evolution of the collision of Au-Au at 600 MeV/N
at an impact parameter of b = 8 fin. In the top and second
IOW we see the variances of the rapidity and the px momentum
distributions of A=5 and A = 12-14 fragments, respectively.
The third row displays the average over all projectile like frag-
ments. The last row displays on the left hand side the average
internal energy of the fragments and on the right hand side
the average kinetic energy of the fragment nucleons in the
fragment center of mass system.

The same graph shows also the variances of these dy-
namical quantities. Assuming that the fragment consists
of nucleons which are initially distributed according to
a Gaussian distribution /(p) = {^f^e-^l2^ with

<r2 = ^ - = sLxmL = 12 .5 x 10~3 (GeV/c)2 we ex-
pect <r(y) = .05 and a(px) = .0469 GeV/c. Initially

we indeed observe these values for both the transverse
momentum and the rapidity and whatever the class con-
sidered. Moreover, the large width of the "all nucleons"
rapidity distribution clearly results from the convolution
of the n,-dependent (y) by this Gaussian width (0.05).

Once the reaction occurs, the interaction between, pro-
jectile and target does not only change the mean value
but also increases the variance considerably. In other
words, this interaction does not affect all nucleons in the
same way. Thus we can conclude that the interaction be-
tween target and projectile widens the momentum distri-
bution also of those nucleons which are finally entrained
in a projectile-like IMF.

In the past the variance of the observed IMF momen-
tum distribution has sometimes been considered as a con-
sequence of an instantaneous breakup of the system. As
calculated by Goldhaber [12] the instantaneous break off
of fragments of size A from a system of size M yields
a Gaussian momentum distribution of these fragments
with a mean square momentum of

M - A
(5)

The above discussion has shown that the underlying
physics is more complicated than considered in the sim-
ple Goldhaber model. Before being part of a fragment
the nucleons change their momenta due to the interac-
tion between projectile and target. As we have discussed
this interaction leads to an increase of the width of the
momentum distribution. Therefore the widths of the mo-
mentum distribution found in experiments are systemat-
ically larger than those predicted by the Goldhaber for-
mula. A fit of eq. 5 to the ALADIN data [1] yields a
Fermi momentum of kf e rm , = 370MeV/c which is about
50 % larger than that extracted from electron scattering.

Despite that quantitative discrepancy the physics be-
hind the Goldhaber model corresponds much more to the
result we obtain than the assumption that the system
approaches thermal equilibrium. Like in the Goldhaber
model we find that the variance of the momentum dis-
tribution changes little in the course of the interaction,
whereas thermodynamics approaches assume that is it
generated by randomizing collective motion. Like in the
Goldhaber model we observe that the internal excitation
energy of the fragment is almost independent of its cen-
ter of mass motion, whereas in thermodynamics both are
connected by a common temperature. And last, but not
least, we see that an important part of the variance of the
momentum distribution is due to the initial Fermi motion
in a cold nucleus at zero temperature whereas the ther-
modynamical models assume that at zero temperature
the nucleons have also zero velocity.

The last row of fig. 5 displays on the left hand side
the average total energy/nucleon Eint/N of the cluster.
It is defined in eq. 3. For negative values Eint/N corre-
sponds to the binding energy per nucleon. Initially the
value of Eint/N for those fragments consisting of projec-
tile nucleons only is - 1.55 MeV (as compared to -6.85



average binding energy of the projectile nucleons) be-
cause the nucleons which finally belong to a given frag-
ment are not very close in coordinate space and therefore
the potential energy is not very high. If we include the
fragments which contain target-like nucleons, this mean
value increases to +5 MeV. When the violent phase of
the reaction is over this value has decreased to -3 MeV.
This means that the target like nucleons which are fi-
nally entrained in the projectile-like fragments have suf-
fered collisions which have placed them in momentum
space close to the projectile nucleons with whom they
will form a fragment. At the moment the fragments are
formed their binding energy is about 4.5 MeV/N lower
than that of the ground state. For matter of compari-
son with the experimental data we apply the Fermi gas
formula (although the system is not in equilibrium) and
obtain with a = O.lSAfeV"1 an apparent temperature
of "T" = y/E/a = 5.5MeV. This is almost exactly the
value one extracts for the internal temperature of the
IMF's from the experimental isotope ratios or from the
experimentally observed populations of particle unstable
states as compared to the ground state.

The right hand side of the last row displays

Ekin/N >=< ±
1 = 1

2m
(6)

the average kinetic energy of the nucleons belonging to a
given cluster. We display the average over all fragments.
This quantity is a mixture of the Fermi energy and the
excitation energy. We see that this quantity changes little
and is close to the value one obtains from the Fermi mo-
tion (< EKin/N >=s 20AfeV). Consequently, the change
of the average energy Eint/N displayed on the left hand
side is mainly due the fact that the nucleons, which will
finally form a fragment, come closer together and hence
the potential energy increases.

In conclusion we have shown that at energies around
1 GeV/N IMF's are dominantly formed in semiperiph-
eral reactions. Before the formation the interaction be-
tween the projectile and target has considerably changed
the momentum distribution of those nucleons which are
finally part of projectile-like IMF's. The width of the
momentum distribution has increased and the average
momentum has decreased.

Nucleons which come close in coordinate and momen-
tum space during this first interaction phase between pro-
jectile and target may form a fragment. This condition
implies that the internal excitation energy remains small.
Inversely, nucleons with large relative momenta do not
form fragments even if they are close together in coordi-
nate space. Hence all observables, which are sensitive to
the internal excitation energies should display an appar-
ent temperature of about 5 MeV.

The almost linear dependence of the variance of the
center of mass motion of the fragments on the mass shows
that the fragment momentum distribution is a convolu-
tion of the momentum distribution of the nucleons at

the time of fragment formation. Due to the interaction of
projectile and target and due to the fact that the average
momentum of the fragments depends on the number of
target nucleons entrained the width of this distribution
at the time of fragment production is larger than ini-
tially. Therefore the Goldhaber formula underestimates
the mean square momentum of the fragments. Because
also thermodynamics predicts a linear dependence of the
variance of the momentum distribution on the fragment
mass this dependence may be also interpreted in a model
which assumes thermal equilibrium of the system. From
the mass dependence of the slope one obtains, under this
assumption, an apparent temperature of 30 MeV [1].

The QMD simulations, with the conjecture that the
true fragment distribution is obtained after 60 fm/c, re-
produce quantitatively both observed phenomena, those
which are usually connected with a low temperature
(multiplicity distribution and internal excitation) as well
as those which display a much larger apparent tempera-
ture like the kinetic energy distribution of projectile like
fragments. This is possible because the system does not
pass through a state of thermal equilibrium despite the
fact that many observables show a form expected for a
system in thermal equilibrium. Whether it reproduces
the observed energy independence of the fragment mul-
tiplicity is presently under investigation
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FIG. 6. Evolution of the collision of Au-Au at 600 MeV/N
and at an impact parameter of b = 8 fm. We display the
mean values and the variances of the rapidity and the in-plane
transverse momentum distributions for three different classes
of A=5 projectile like fragments.
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