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The complete fragmentation of highly excited nuclear systems into
fragments of intermediate mass is observed in heavy-ion reactions at rela-
tivistic bombarding energies in the range of several hundreds of MeV per
nucleon. Similar features are found for peripheral collisions between heavy
nuclei and for more central collisions between a heavy and a light nucleus.
The partition space explored in multifragment decays is well described by
the statistical multifragmentation models. The expansion before breakup
is confirmed by the analysis of the measured fragment energies of ternary
events in their own rest frame. Collective radial flow is confined to rather
small values in these peripheral-type reactions. Many conceptually dif-
ferent models seem to be capable of reproducing the charge correlations
measured for the multifragment decays.
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1. Introduction

The statistical multifragmentation models consider the phase space
available for excited and expanded nuclear systems which are in equilib-
rium and have the possibility to partition into any number of particles and
nuclear fragments [1, 2]. The input parameters to these models are the ex-
citation energy E, and the mass of Ag nucleons that form the system. The
ways of choosing the volume of about 4 to 6 times the normal nuclear volume
are properties of the models. A comparison of the Berlin and Copenhagen
versions has very recently been presented by Gross and Sneppen [3].

As a function of the excitation energy the statistical weights for the
multi-fragment configurations assume a maximum near £, = 8 MeV per
nucleon. Multi-fragment emission was predicted to be the dominant decay
mode at these energies close to the limit of nuclear binding {4]. At lower
energies the required surface energy for fragment formation is not easily
available, and most of the nucleons are found forming a large residue. Above
8 MeV per nucleon the system needs all the available degrees of freedom in
order to accommodate the higher energies. There it approaches the complete
disassembly into nucleons and light complex particles.

These predictions carry a high significance in several respects: First,
multifragmentation constitutes a new decay mechanism for highly excited
nuclear matter with new properties, different from the known mechanisms of
evaporation and fission. Second, the fragmentation of a system into several
parts of varying sizes is a phenomenon encountered in many other fields of
physics. Critical phenomena may be expected [5]. And third, the breakup
may occur at densities corresponding to the mechanically unstable spinodal
region of nuclear matter and thus provide information on the predicted
liquid-gas phase transition of nuclear matter [6]. Great efforts were therefore
made in order to answer the experimental questions: Can we produce such
excited and expanded systems and will they fragment as predicted?

It was suggested that the compression-expansion cycle expected for
heavy-ion reactions at high energies may lead into the unstable region [7].
The corresponding reaction trajectory is labelled “central” in Fig. 1 where
it is assumed that the expansion proceeds isentropically. Recent results
from the study of central collisions of very heavy nuclei are presented in
the contribution of the FOPI collaboration to this volume [8]. Abundant
production of intermediate-mass fragments was also observed in reactions
induced by protons or light complex projectiles with energies in the GeV
range. The multiplicities of selected events were found to be large [9, 10]. A
significant compression is not expected in these reactions. On the contrary,
the density may even decrease during the excitation phase when spectator
nucleons are knocked out by cascading hadrons. A subsequent expansion
may be driven by the build-up of thermal pressure [11].
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Fig. 1. Schematic illustration of the reaction paths for central and peripheral
heavy-ion reactions in the entropy versus density plane.

The same kind of mechanism is also expected for peripheral collisions
of heavy nuclei at relativistic energies (trajectory labelled “peripheral” in
Fig. 1). The fireball formed by the participants in the overlap zone rep-
resents an intense source of fast particles which may heat and deplete the
spectator matter. The abrasion of the fireball nucleons from the collision
partners is an additional source of excitation [12]. In the following, we will
be concerned with this type of reaction and with its capabilities to pro-
duce fragmenting spectator systems. The presented data were obtained by
the ALADIN collaboration in recent experiments with beams from the SIS
facility.

2. Reaction studies in inverse kinematics

Multifragment events have been observed in emulsion studies when the
first heavy-ion beams with relativistic energies became available [13]. It
was noticed early on that reactions of a peripheral type may lead to rather
violent disintegration processes {14]. The decay of heavy projectiles was also
studied with plastic nuclear-track detectors which provide high Z-resolution
above a threshold near Z = 6 [15]. A recent analysis of emulsion data for
84Kr interactions at E/A = 1.52 GeV was presented in Ref. [16].

The ALADIN forward-spectrometer at GSI is designed for the study
of the projectile decay in inverse kinematics. A schematic layout of the
experimental setup, used during the first experiments with beams of %7 Au
at a bombarding energy of E/A = 600 MeV, is shown in Fig. 2.

For each projectile nucleus, its position and arrival time were measured
upstream of the target with two thin plastic scintillators. Targets of C, Al,
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Fig. 2. Cross-sectional view of the ALADIN facility. The beam enters from the left
and is monitored by the beam counters before reaching the target. Mid-rapidity
particles are detected in the Si-Csl array. Projectile fragments are tracked and
identified in the TP-MUSIC and in the time-of-flight wall. The dashed line indicates
the direction of the incident beam. The dash-dotted line represents the trajectory
of beam particles after they were deflected by an angle of 8.2° (from [17]).

Cu, and Pb with areal densities between 200 and 700 mg/cm? were used.
The acceptance of the ALADIN spectrometer for beam velocity fragments
with N = Z was £ 4.7° in the horizontal and + 4.5° in the vertical direction.
This range proved to be sufficient to detect virtually all of the fragments
originating from the decay of the gold projectiles.

The atomic numbers Z and the multiplicity of nuclear fragments were
determined by means of the time-of-flight (TOF) wall which was positioned
at a distance from the target of approximately 6 m. The wall consisted of two
layers, with 40 vertical scintillators each, and covered an area of 1 m x 1.1
m. Individual elements were resolved for Z < 10, and a charge resolution
of + 2 for heavier fragments was obtained. Fragments with Z > 8 were
identified with individual Z resolution by the multiple-sampling ionization
chamber (TP-MUSIC).

Light particles, predominantly originating from the mid-rapidity source,
were detected by the 64 elements of a Si-CsI(T1) hodoscope, placed near the
target at angles between 7° and 40°. The detection of at least one particle
by the hodoscope was a software condition applied throughout the analysis
of the data. .

The magnetic rigidity of detected projectile fragments was determined
by measuring their trajectories with the TP-MUSIC detector located be-
tween the magnet and the TOF-wall (Fig. 2). The track positions along
the flight path through the detector were derived from the drift times of
the ionization charges measured consecutively in the perpendicular z-, y-,
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and again z-directions in the three field cages. The point of interaction
in the target, in the plane perpendicular to the beam direction, was de-
termined with a position-sensitive plastic detector upstream of the target.
The emission angle and the rigidity R were then obtained by fitting with
a set of calculated trajectories. For the primary gold projectiles a rigidity
resolution of AR/R = 1.2% was achieved.

The momenta P were derived from P = @ - R. Since basically all frag-
ments of interest are fully stripped @ is equal to Z and can be determined
with the TP-MUSIC detector. The obtained resolution was AZ = AQ = 0.5
charge units (FWHM). Masses were determined from P = M+fc¢, where the
velocity v = fc and 4 were derived from the measured time of flight and
from the length of the tracked flight path. The mass resolution AM/M =
v2At/t + AP/P was limited by the time resolution At/t ~ 1% because
72 = 2.6 at E/A = 600 MeV. With the resulting resolution of the order of
3% individual masses of the lighter fragments were resolved.

3. Impact parameter and Z,und

The quantity Zy,una was found very useful for the ordering of the ob-
served fragmentation events [17]. Zp4unq is defined as the sum of the atomic
numbers of all fragments and complex particles with Z > 2 that are detected
with the TOF wall. Zy,un4a is a good approximation to the atomic number
of the decaying spectator system. Reaction products with approximately
projectile velocity are selected by the acceptance of the spectrometer and
detected without threshold (Fig. 3). Only the hydrogen isotopes from the
decay of the projectile spectator and from the subsequent decay of excited
fragments are not included in Zy ynq-

Because of the geometric properties of the reaction mechanism at rel-
ativistic energies the participant zone increases with decreasing impact pa-
rameter [18]. The remaining projectile spectator, and thus Zy,yng, de-
creases. This correlation of Zy,,,nq With the impact parameter is supported
by simulations with the BUU model [19]. At the same time, Zy,oungq is also
correlated with the excitation energy of the spectator system. The amount
of extra surface created by abrasion and the intensity of the fireball which
acts as a heat source increase with decreasing impact parameter and thus
with decreasing Zyounq- In the experiment, the intensity of the fireball is
measured by the number M), of light charged particles detected at mid-
rapidity with the Si-CsI hodoscope.

The measured yields of intermediate-mass fragments as functions of M,
and of Zyoung are shown in Fig. 4. Intermediate-mass fragments (IMF’s)
are here defined as reaction products with atomic numbers in the range
3 < Z < 30. The two sets of distributions are basically identical. In either
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Fig. 3. Time-of-flight spectra of fragments with Z = 2,3, 4, 10 produced in Au
+ Cu reactions. The top scale gives the approximate velocity of the fragments,
calculated from the time of flight by assuming a fixed path length for all particles.

For fragments with Z > 10 this is correct within 0.5%. The arrow indicates the
beam velocity (from [17]).
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Fig. 4. Multiplicity of intermediate-mass fragments as a function of the multiplicity
M, of light particles detected in the Si-Csl array (left panel) and as a function
of Zyouna (right panel). Note that M), runs from right to left. Random numbers,

taken from the interval [-0.5,0.5], were added to the integer values M, ¢ in order
to preserve the intensity information in the scatter plot.
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case the impact parameter decreases from the right to the left. We observe
that in the reactions with the carbon target the multiplicity of fragments
increases with decreasing impact parameter and reaches its maximum at
the most central collisions. In the reactions with the heavier targets a max-
imum is reached at mid-central collisions. Then, towards the most central
collisions, the fragment multiplicity decreases again. This was termed the
rise and fall of multi-fragment decay [20].

It is important to keep in mind that both, the excitation energy and
the mass of the decaying system, vary with Zy,unq4. This has to be taken
into account if comparisons to model calculations are made.

4. The rise and fall of multifragment production

The mean values of the multiplicity distributions of intermediate-mass
fragments are shown in Fig. 5. The rise and fall with decreasing Zyounq and
thus with decreasing impact parameter is clearly observed in the reactions
with the heavier targets. For a given Zj,4ynq the mean fragment multiplicity
is independent of the target. This feature, called Z},,ynq-scaling, was found
to be a rather general phenomenon. The widths, charge asymmetries, and
other charge correlations describing the partition into fragments are target
independent if plotted as functions of Zyoung {21}
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Fig. 5. Correlation between the mean multiplicity of intermediate-mass fragments
{Mim¢) and Zpouna for the reactions of Au with C, Al, Cu, and Pb targets at
E/A = 600 MeV. The hatched area is excluded because of the lower limit Z = 3
for intermediate-mass fragments. The dashed line is the result of an unconditional
Z partition of finite systems with Z < 40 (from [24]).
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Fig. 6. Measured Z distributions of fragments with atomic number Z > 2 for the
reactions of Au with C, Al, Cu, and Pb targets at E/A = 600 MeV and for distinct
intervals of Zyoung as indicated on the right. For each target the data have been
maultiplied by the following factors, in decreasing order of Zpoung: 10%, 102, 1, 1071,
102,103, 10~*, and 10~5. The error bars are in most cases smaller than the size
of the symbols (from [21]).

Differentiating between the rise, the maximum, and the fall of the frag-
ment multiplicities, we may discuss these three regions by looking at the
Zhound-gated element spectra (Fig. 6). At large Zpoung we find U-shaped
spectra with a minimum near Z = 20. Such spectra are familiar from heavy-
ion reactions at intermediate bombarding energies and from light-particle
induced reactions. The produced spectator nuclei decay by emitting up to a
few fragments among many light particles, and a heavy residue remains. In
the region of the maximum fragment multiplicity near Zyounq = 40 the rise
towards large Z has disappeared. The element distributions have assumed
a power-law shape. We observe the complete fragmentation of the excited
spectator system. The scatter plots (Fig. 4) show that here the widths of
the multiplicity distributions are smaller than the mean values. Fragmenta-
tion into several fragments is the dominant decay mode observed. In the fall
region at very small Zy,unq the element spectra drop more rapidly, partly
due to the autocorrelations caused by the cut on Zy4ynq. There the mean
number of fragments follows closely the expectation for an unconditional
partition of the decaying system [22, 23].
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5. Statistical descriptions

The analysis of these data in the framework of the statistical multi-
fragmentation models has recently made a remarkable progress. First it
was shown that statistical models that include an expansion of the excited
nuclear system can account for the observed fragment multiplicities while
sequential models, assuming successive binary decays at normal nuclear den-
sity, yield fragment multiplicities which are too small [24]. In these calcula-
tions the input to the statistical models, i.e. the size and excitation energy
of the decaying systems, was provided by calculations with the BUU model.
They were performed and analyzed in order to describe the primary stage of
the reaction. Soon after, several groups were able to show that not only the
multiplicities of intermediate-mass fragments but also the measured asym-
metries and higher-order charge correlations [21] can be reproduced to high
accuracy with the statistical multifragmentation models [25-27]. This was
achieved by rather freely varying the initial mass or excitation energy or
both. It turns out, in particular for the more central collisions, that the so
determined equilibrated energy is significantly smaller than the energy de-
posited in the system according to the BUU model (Fig. 7). The excitation
energy per nucleon resulting from these analyses consistently saturates at
values E, /A =~ 6 to 8 MeV.

At present, these results permit two conclusions to be drawn: In the rise
and in the maximum regions of the fragment multiplicities, the excitation
energies derived from treating the initial stage with the BUU model and by
treating the exit-channel configurations with the statistical multifragmenta-
tion model agree, at least qualitatively. The statistical models give a good
description of the phase space for multi-fragment decays as it opens with
increasing excitation energy. This also holds for the sequential statistical
model of Friedman which allows for expansion of the system under thermal
pressure [24, 28]. Secondly, also including the fall region, the statistical
models give a good description of the partition space, i.e. of the distribu-
tions and correlations of the element numbers. This, however, is not unique
for these models. The fragment multiplicities and charge correlations were
also well reproduced with other models, including site-bond-percolation [21],
classical-cluster formation [29], fragmentation-inactivation binary {30], and
restructured-aggregation models [31]. The underlying symmetries, appar-
ently common to all of these models, remain to be revealed. Some of the
models are of a purely mathematical nature, have very few parameters, and
do not contain any of the nuclear physics input on which the statistical
models are based. Some exhibit critical behaviour in the limit of an infinite
number of constituents.
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Fig. 7. Excitation energy per nucleon (top) and mass of the system (bottom) as cal-
culated with the BUU model in Ref. [21] and as derived from the analyses with the
Berlin (B, Ref. [26]) and Copenhagen (C, Ref. [27]) statistical multifragmentation
models.

6. Dynamical observables

The apparent success of the statistical models represents a challenge
for dynamical analyses based on measured fragment energies and momenta.
Predictions may be obtained by using the breakup configurations provided
by the statistical models and by following the trajectories of reaction prod-
ucts until they reach the detectors. This requires a realistic treatment of
the mutual Coulomb repulsions and of the subsequent decay of excited frag-
ments.

In the following, we present first results from the tracking analysis of
the fragmentation data taken with the ALADIN spectrometer [32]. It was
performed for the subset of events in which three fragments are above the
tracking threshold Z > 8 of the TP-MUSIC detector. Due to this constraint,
this event sample extends over the range Zyoung = 40 to 70, i.e. it covers
part of the maximum and the rise part of the multiplicity distributions
(Fig. 5). In the first step of the analysis, the velocities of the three tracked
fragments were transformed into their common center-of-mass system. From
the resulting velocities v; and the measured masses m; the sum of the kinetic
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Fig. 8. Mean center-of-mass total kinetic energy (E3) (top) and the standard
deviation o3 (bottom) as a function of the nominal Coulomb energy Ec¢ for the
three largest projectile fragments emitted in Au + C, Al, Cu and Pb collisions at
E/A = 600 MeV. The points were obtained by sorting the data in 30 MeV wide
bins (from [32]).

energies in the center-of-mass system

3 'U?
E; = Z m; —5—— s (1)
=1
was calculated. The mean value and the width of this quantity is plotted
in Fig. 8 as a function of the sum of the mutual Coulomb energies

Z;Z;
Ec=¢? ) . 2
c=e ;7‘0 (A:/3+A}/3) (2)

For the radius parameter r¢ a value of 1.4 frn was used. Eg, in first place, is
to be taken as a parameterization of the charge composition of the ternary
events rather than the sum of the actual mutual repulsions. The mean
value (Ej3) rises as a function of Ec but not directly in proportion to it.
This shows that other sources contribute to the kinetic energies, such as e.g.
thermal motion.
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A second type of observable deduced from the measured velocities is the
fragment-fragment correlation function. It is expected to be sensitive to the
time scale of the breakup process [33]. The mutual interaction between two
fragments emitted from a third one depends on their relative separation
in space and thus also on the time interval between the two emissions.
Therefore, for the studied class of ternary events, the correlation function
was constructed from the relative velocities

Urel = Iffg - 63! ) (3)

of the two lighter fragments of each event. It is shown in Fig. 9 as a function

of the reduced velocity
Yrel

ﬂred = \/7—2—_%—73 (4)

which contains a first order correction for the effect of the two fragment
charges on their relative velocity [34]. Events with different pairs Z; and Z3
may thus be plotted together in the same figure. The measured coincidence
yield is shown in the bottom part of Fig. 9. The knowledge of the mass
and velocity of the largest fragment is important in this analysis because it
enters into the calculation of the uncorrelated yields in the following way:
the uncorrelated yields are obtained from the same event sample by choosing
fragments from different events under otherwise identical conditions (event
mixing). Their relative velocities depend on the center-of-mass velocities of
the two three-body-systems which, in turn, depend predominantly on the
mass and velocity of the heaviest fragment.

The data of Figs 8 and 9 represent a test for any model aiming at a
description of the temporal and spatial breakup configurations. The curves
shown in Fig. 9 are the results of three-body Coulomb calculations per-
formed for a sequential breakup scenario [32]. In addition to the initial
spatial and temporal separations of the fragments also the thermal velocity
components and the effects of particle evaporation from the separated frag-
ments are considered. It is found that the choice of parameters is strongly
restricted by the experimental data. The widths o3 require initial temper-
atures of fpr = 1.25 times the values obtained from the BUU calculations
for the primary stage of the reaction. The Coulomb contributions to Ej3
are thereby restricted which requires large initial separations between the
surfaces of the two fragments, 2D =~ 4 fm. With these parameters being
fixed, the correlation functions were found to be sensitive to the time inter-
vals between the emissions (Fig. 9). The best approximation to the data
was obtained with the rather short time scale of 7 = 10 fm/ec.

The sequential breakup scenario with the obtained parameters is equiv-
alent to a simultaneous breakup of an excited and expanded system. The
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Fig. 9. Correlation function (top) and coincidence yield (bottom) as a function of
the reduced velocity Br.q. The data points represent the total statistics from the

reactions on all four targets. The input parameters to the model calculations are
indicated (from [32]).

analysis qualitatively confirms the results of the statistical analysis for the
region of Zyqunq near the maximum of the fragment multiplicity. The same
data were also reproduced with trajectory calculations based on a simul-
taneous breakup scenario that included the possibility of collective radial
flow. It was found that the contribution from flow to the observed fragment
energies is limited to about 1 MeV per nucleon but more likely close to zero
[32]. This is contrary to the large radial flow reported for a selected class of
central collisions in Au + Au collisions [8].

7. Present systematics

The fragment multiplicities and the excitation energies E, residing in
the decaying systemn have been measured by Trockel et al. for a set of
reactions in the intermediate range of bombarding energies near the onset
of multifragment production [35]. A maximum of 0.5 fragments associated
with central collisions of 4°Ar + 197 Au at E/A = 30 MeV was observed in
this study. The excitation energy deduced for this case was about 4 MeV
per nucleon. Larger fragment multiplicities with mean values of more than
four were found by de Souza et al. for the reaction 3¢Ar + 1°7Au when
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the bombarding energy was raised up to 110 MeV per nucleon [36]. Even
larger multiplicities were observed in reactions with larger projectiles such
as 12%Xe at E/A = 50 MeV [37] or 2°8Pb at E/A = 29 MeV [38], all on

gold targets.
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Fig. 10. Correlation between the mean fragment multiplicity and the multiplicity
N¢ of charged particles detected in the Miniball/wall for reactions of Au + Au at
three bombarding energies E/A = 100, 250, and 400 MeV. The measured quantities
are not corrected for the energy and angle dependent detection efficiency of the
experimental apparatus (from [39]).

It seems that at intermediate bombarding energies the largest fragment
multiplicities are reached in collisions with the largest projectiles at the high-
est possible energies. However, this no longer holds in the relativistic energy
range. The relation between fragment multiplicity and the two parameters,
bombarding energy and impact parameter, has been studied by Tsang et
al. [39]. Using gold beams from SIS at GSI these authors have investigated
the reaction 1°7Au + 1°7Au at three energies E/A = 100, 250, and 400
MeV. The setup consisted of the MSU Miniball/wall, augmented by the
Catania Si-CsI hodoscope and placed in front of the ALADIN spectrome-
ter. Fig. 10 shows the relation between the measured mean IMF multiplicity
and the number of charged particles measured with the Miniball/wall. At
E/A = 100 MeV a maximum of about 10 fragments of intermediate mass,
in the mean, was detected for central collisions. As the bombarding energy
is raised, however, the fragment multiplicity in central collisions decreases
rather rapidly. The enormous energy deposit produces mostly nucleons and
lighter complex particles. At the same time the maximum of the fragment
production is shifted to larger impact parameters. The behaviour observed
at E/A = 400 MeV is already very similar to that observed at 600 MeV
and discussed above. It reflects the sensitivity of the fragmentation pro-
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cess to the intensity of the heat source which is controlled by the impact
parameter. The impact-parameter dependence of multifragment decays in
84Kr + 197 Au reactions, measured over a wide range of bombarding energies
by Peaslee et al. [40], fits well into these systematics. It will be a reward-
ing task for the coming years to study the evolution of the multi-fragment
processes in this energy region near and above 100 MeV per nucleon and to
identify the invariant and the changing physical features. The phenomenon
of collective radial motion seems to belong to the latter class.

8. Summary

Reactions at relativistic bombarding energies were found to be an ap-
propriate tool to generate highly excited nuclear systems which undergo
multifragmentation as they decay. The observed properties of the specta-
tor decay are the same in peripheral collisions between heavy nuclei and
in more central reactions between the heavy and a lighter nucleus, as e.g.
12C 4 197Ay at 600 MeV per nucleon. With even lighter projectiles on
heavy targets, according to the systematics, higher bombarding energies
will be needed in order to initiate similar decay processes with large prob-
ability.

The partition space explored in multifragment decays is well described
by the statistical multifragmentation models. The excitation energies ob-
tained from fitting the measured charge correlations are in agreement with
those calculated with the BUU model for the input stage in the region of
rising fragment multiplicities, i.e. up to about 8 MeV per nucleon of exci-
tation energy. The analysis of the fragment energies in the center-of-mass
frame of the decaying system yields consistent results. For the more violent
collisions the excitation energies needed as input to the statistical models
saturate. Here a detailed understanding of the time scales governing the
equilibration and decay processes seems indispensable.

The breakup out of an expanded state is confirmed by the analysis
of the measured fragment energies in their common rest frame. In the
peripheral reactions, the expansion is mainly driven by the thermal pressure.
A collective radial flow, if present at all, seems limited to the order of 1 MeV
per nucleon. This is in contrast to the large flow values observed for central
collisions of heavy symmetric systems.

The observed Zj,,,nq scaling is consistent with equilibration as assumed
in the statistical multifragmentation models. The charge correlations which
all show this scaling feature are reproduced by a variety of conceptually
very different models. Some of them are of purely mathematical nature and
exhibit critical phenomena for large system sizes.
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