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ON THE ORIGIN OF CLUSTERS IN CENTRAL
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Au on Au collisions at 150, 250 and 400 A MeV were studied with a
high granularity detector covering approximately the forward hemisphere
in the center of mass. Methods to select and test centrality of collisions
are described. A midrapidity source emitting clusters up to neon is found
at all energies. An analysis with a quantum statistical model shows that
the chemical composition of the source implies surprisingly low freezeout
temperatures and entropies. The kinetic energy spectra of the emitted
clusters are found to deviate considerably from Boltzmann—Maxwell dis-
tributions. Instead, they are compatible with a blast scenario, the energy
stored in the blast exhausting about 50% of the available energy. It is
suggested that the blast provides the mechanism necessary to understand
the cooling and hence the observed clusterization. Consequences of the
nuclear blast on other observables are discussed.

PACS numbers: 25.70. Pq, 25.75. +r

1. Introduction

The orgarization of this lecture is best described with use of a figure
that I borrow from the diploma thesis of Peilert [1]. The figure shows the
evolution with time (top to bottom) and impact parameter (left to right),
as predicted by Quantum Molecular Dynamics (QMD) [2] for collisions of
Au with Au at an incident energy of 200 A MeV. For impact parameters
of 11 fm one finds after 200 fm/c a clear memory of the incident channel
configuration: two large “fragments” are emerging. Going to 7 fm these
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projectile- and target-like fragments have beceme smaller and a new “in-
termediate ebject” now clearly shows up, which consists primarily of single
nucleons. For impact parameters of 3 fin or less it is virtually impeossible
to identify any of the outgoing particles as being associated with the target
or the projectile. Looking more closely at the b = 1 fm panels we notice
that, at 40 fm/c a rather compressed almost spherical configuration has
been formed, which at 200 fm/c has expanded considerably. The expanded
object consists not only of single nucleons, but shows a tendency towards
clusterization. We shall term this phenomenon “multi-clusterization” to
distinguish it from “multifragmentation *

The phenomenon which, as I will show, indeed exists, is remarkable,
since the total energy available in the c.o.m. is =~ 40 MeV /nucleon, while
the typical binding energy for nuclei is 8 MeV/nucleon. Clusterization in
expanding systems seems to exist on all scales and in particular we know
from astrophysics that in the biggest of all scales available to us, one can
see that even galaxies tend to clusterize [3].

Au + Ay 200MeV/n

bs1im bz3im bz7im b=Nim
£ [T
=0
1z 40imic
™ s'.:-:'---' 1 N ) .
- A . sl s d et L L e
B “-)"’ b |2t ::»'g&‘ fr e
a8y LI } S FEEL BS N  f
AR 8RR S
. e ra 3 At
RITR: . v, T .,
T [Pomes, -
w78 TE—
2 [tm}

Fig. 1. Time development of a typical Au + Au collision for various impact pa-
rameters. After Peilert [1].

We shall be concerned with this expanding object (left-most panel in
Fig. 1), which was called “nuclear big bang” by Andrzej Budzanowski [4].
First we will briefly describe the apparatus used and the methods that we
develeped to select central collisions. Then we shall look at the chemical
cemposition of the outgeing particles and try to get a first estimate of
the apparent temperature and entropy this composition implies at “freeze-
out” time. We will then show that a nuclear “blast” is indeed observed by
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analysing the velocities of these particles as a function of their mass. Finally,
we will discuss the implication of this “expansion physics” on theory and
on other observables.

2. Experimental method

Using the 4x detector FOPI [5] an exclusive experiment was performed
at GSI-Darmstadt for the reaction Au on Au at 100, 150, 250, 400, 600
and 800 A MeV where all charged particles between Z = 1 and 15 were
observed. We shall discuss here only the 150, 250 and 400 A MeV data.

The FOPI detector of phase I , shown in Fig. 2, consists of a high granu-
larity time-of-flight wall (764 scintillators), supplemented with an inner shell
of thin energy-loss detectors (188 elements) and a He-bag. Laboratory polar
angles of 1° —~ 30° are covered over the full azimuth. The system allows ele-
ment identification of particles (Z < 15) with detection thresholds increas-
ing for Z = 1 to 15 from 14 to 50 A MeV respectively. About 10® events,.
or more, were collected at each incident energy, triggering on the charged
particle multiplicity (M. > 10) in the angular range 7° < 8;,;, < 30°.
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Fig. 2. Experimental Setup of the FOPI detector Phase 1.

For completeness we note that in the phase II setup the multi-wire
(multiplicity) chambers (see Fig. 2) have been replaced by a supercon-
ducting solenoid with associated drift tracking chambers, time-of-flight and
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Cherenkov detectors. Experiments with this new setup (allowing to identify
pions, as well as H and He isotopes) have already been performed, but will
not be discussed here.

The selection of truly central collisions (say with impact parameter
b < 2 fm) is not trivial since peripheral collisions are favoured by geometry.
Traditionally, the measured charged-particle multiplicity has been used as
a selection criterion. Intuitively, the most “violent” collisions are expected
to have maximum centrality. For emerging fragments of charge 5 (boron)
we show in Fig. 3 contour plots in the rapidity, y, versus specific transverse
momentum, p;/mass, plane. The most “central bin” of various observables
has been selected [6]: (i) the charged particle multiplicity PM measured
in the External Wall, (7° — 30°), (#i) the “participant” multiplicity PART-
MUL, defined by excluding counts in the “projectile spectator area” (we
are insensitive to target “spectators” in Phase I) and adding counts from
the multiwire chambers (which see primarily mid-rapidity particles) (%)
the sum of observed charges ZMIDY in the midrapidity region, and finally
(iv) the ratio of total observed transverse to longitudinal kinetic energies
E, /Ey (ERAT) in the forward hemisphere. In looking at these plots one
has to be aware that the outermost contour is determined by the 30° lab-
oratory cut for high p, and by detector thresholds for negative rapidities.
The outstanding feature is the appearance of a midrapidity source emitting
high-mass (or charge) clusters, particularly strikingly in the ERAT binning.

The detailed topology, however, is seen to vary with the way “centrality”
is defined. In particular the PM selection differs strongly from the other
selections (all four selections correspond approximately to a 3 fm impact
parameter cut in the sharp cutoff picture). QMD calculations including our
apparatus cuts [6] strongly support that selection of high E, /E; (ERAT)
values singles out the most central collisions.

Experimentally, this is corroborated by adding a second criterion for
centrality: central collisions should be azially symmetric and in particular
there should not be a sideways flow of particles [7]. Various observables
can be defined to measure sideways flow and hence the non-axiality of the
collision. The directivity, D [8, 9]

_ 12l
b= Z,’ |peil ’ (1)

or the flow observable F' [10]
o (ifu)’ - ik _
(Ti4:)’ - %, 42

In both equations the sums are restricted to the forward hemisphere in the
c.o.m.. The directivity is a dimensionless measure of the collinearity of the
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Fig. 3. Variation of the topology of the invariant cross sections d®s/dyd?p, for
boron (Z = 5) fragments according to various selection criteria explained in the
text. The c.o.m. rapidity and the transverse momenta p; have been scaled with the
c.o.m. rapidity, resp. momentum of the projectile. The contours are on a linear
scale separated by 20% intervals. The reaction is Au on Au at 150 A MeV.

various transverse momenta and converges to zero for axial symmetry in the
limit of large multiplicities. The observable F' is zero on the average for
axial symmetry. Under certain assumptions the square root of the related
quantity [11] F,

- M, (Ziﬁtt’)z - Zipf,'
UM+l (T 4)

, (3)

can be interpreted as an absolute value for the directed transverse momen-
tum.
Fig. 3 shows in the “PM D” panel that an additional cut on directiv-
ity (D < 0.2) makes the highest PM bin look much more like the other
selections. Indeed, one can show [6, 11] that the ERAT bin has the lowest
average values of D and F, and hence is the most central selection. The
behaviour of the important observable F, will be discussed again later.

We conclude then at this stage that we have been able to isolate cen-
tral collisions and find a midrapidity source emitting clusters as heavy as
boron [9].
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3. The chemical composition of the midrapidity source

At the incident energies discussed here, the available energies in the
c.o.m. vary from about 37 to 95 Mev/nucleon which is much more than
8 MeV/nucleon, the average binding energy of cold nuclei. Nevertheless
clusters with mass as high as 20 come out at midrapidity. Fig. 4 shows
the measured Z-distribution for central collisions at 150, 250 and 400 A
MeV. They are very well characterized by exponential slopes (solid lines),
the steepness increasing with energy. Notice the only sizeable deviation
from the trend is associated with Z = 4 (Be). This can be traced to the
instability of ®Be which decays into two alpha particles before it reaches the
detectors.
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Fig. 4. The charge distribution for central collisions at 150, 250 and 400 A MeV.
For 150 A MeV the data are normalized to the number of events, the data for
250 (400) A MeV have been rescaled by a factor 0.64 (0.49) in order to make the
Z = 1 points coincide, which allows a better comparison of the slopes. The lines
are exponential least-squares fits.

The figure also shows (take into account the scaling factors given in
the caption) that it is rather arbitrary to judge the “rise and fall of mul-
tifragmentation” [12] or the “onset of vaporization” [13] just by looking at
clusters with Z > 2. What we find is a gradual diminishing of the size of the
clusters with incident energy. The special role alpha particles might play
was speculated upon in ref. [30]. Calculations by Ono et al. [14] in the
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Fig. 5. Event-normalized charge distributions for various “participant” matter
selection criterions (see also text): most central ERAT selection (ERATS5), highest
multiplicity PM selection with directivity cut (PM5D1), multiplicity bins PM4 and
PMS5 with midrapidity cuts [12].

frame of antisymmetrized molecular dynamics clearly show the importance
(shell effects !) of alphas.

Fig. 5 shows that at fixed beam energy the slope is characteristic of
“participant” matter [15]: while this chemical soup is the dominating part
in central collisions, one can also sort it out in less central collisions by
applying midrapidity cuts. The conclusion is that to a first approximation,
the chemical properties of the “fireball” depend only weakly on its size.

Clearly then, this observation leads one to consider equilibrium ther-
modynamics in a first effort to characterize the chemical composition of this
“object “. Fig. 6 shows pairs of temperature-density points (T, p) implied
by the Quantum Statistical Model (QSM) [16] if the experimental data in
Figs 4 and 5 are to be reproduced. In the QSM a system of A nucleons is
considered in the grand canonical ensemble. A large variety of about 600
stable and unstable fragment species with appropriate degeneracy, binding
energy and quantum distribution function is considered and the thermody-
namical properties of the resulting mixture are calculated. It is assumed
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Fig. 6. Temperature versus freeze-out density (in units of pg, the cold nuclear
matter saturation density) for the Au on Au reaction at 150, 250 and 400 A MeV.
The data points were obtained by comparing the experimental charge multiplicity
distributions with those calculated with use of the Quantum Statistical Model [16].
Isentropes are also shown. From Ref. [12].

that thermal and chemical equilibrium are established during the expansion
of the system. After freeze out the fragment yields change still due to the
subsequent decay of unstable states. The chemical potential of a cluster in
equilibrium is given by the chemical potential of its nucleon constituents
and its binding energy. For the calculation of the thermal energy of each
species the fragments are considered as hard spheres of fixed volume which
move in the available free volume without mutual interactions.

One of the amazing outcomes of this study is that the apparent tem-
peratures are very low. To be specific, at 400 A MeV one finds an apparent
temperature of about 10 MeV at a realistic (see later) density p/pg = 0.2 (po
is the cold nuclear matter saturation density). Using the ideal-gas formula,
which should be roughly valid at sufficiently high temperatures, one would
get T =~ 50 — 60 MeV for complete thermalization of an E/4 = 400 MeV
beam. How far one is away from this regime is also indicated by the low
entropy values implied by the data: in Fig. 6 lines of constant entropy per
nucleon (S5/A) have been plotted: one finds 5/A4 between 1.5 and 2.5 in this
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energy regime. Looking at the Sackur-Tetrode equation for the ideal gas

3
5 —25+mar

, (4)
A 2

where I3 = V, is the specific volume (volume per particle) and Ar is the

thermal wavelength
1/2

(m is the particle mass), we can convince ourselves that we are fully in the
quantum statistical regime, since Eq. (4) holds only for Ay < I,, i.e. S/A
values much larger than 2.5. The understanding of clusterization without
quantum features in the theory is not possible. Note also that T = 10 MeV
implies local cluster collisions in “low-energy” physics regime, t.e. predomi-
nantly fusion (clusterization) and deep inelastic collisions take place.
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Fig. 7. Comparison of the experimental (upper panel) degree of clusterization with
the predictions of (filtered) QMD using the hard equation of state at 400 A MeV.
The left-hand panels describe the sum of charges per event due to clusters with
charges higher than two.

But are statistical approaches justified? With this question in mind it
seems imperative to apply a dynamic model to the problem. The QMD
model which I shall use has already been described thoroughly by Budza-
nowski at this School, so I can limit myself to showing results using the
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model [2]. Concerning the chemical composition predicted by the model
one can say that it describes our data at 150 A MeV fairly well, but as can
be seen in Fig. 7, it strongly underestimates clusterization at 400 A MeV.
The version [2] we have used does not consider the late deexcitation of the
excited clusters, so the predictions probably even overestimate the number
of surviving clusters. A more recent development [17] of the model that uses
a semiclassical Pauli potential to simulate Fermi motion seems to confirm
the high degree of excitation of the clusters at freeze out, thus making
it very difficult to explain our experimental data at the present time on
the basis of dynamical theories. Clearly more experimental guidance (from
other observables) is needed.

4. Kinetics: an exploding source

Fig. 8 shows c.o.m. kinetic energy spectra of the clusters emerging from
central collisions at 150 A MeV. If one compares these spectra [18] with the
expectations from a purely thermal model (modified version of FREESCO)
[19], one sees a spectacular discrepancy when looking at heavier and heavier
clusters: the spectra are considerably harder than inferred on the basis of
the hydrogen spectrum. We note that the purely thermal scenario included
the influence of Coulomb repulsion after freeze out (at p/po = 0.3).

One can try to understand or at least parameterize these observations
by assuming that the midrapidity source ezplodes under the influence of
(shock?) compression [20] and/or heat [21, 22]. This nuclear “blast” can be
characterized by a radial outward flow common to all particles. Following
Refs [21, 22] we can make a simple Ansatz for the velocity distribution
resulting from a superposition of (ordered) flow, characterized by a flow
velocity vy, and (disordered) thermal motion characterized by a “local”
temperature T’

mudv mv?, i mv?-i—mvz musv
dN(?) = exp | ————— sinh( T ) (6)

x1/27 \ 2T 2T

Hydrodynamics (notably the mass-continuity equation) suggests that a dis-
tribution of flow velocities will have developed at freeze-out time, such that
v¢ will be approximately proportional to the c.o.m. distance of the parti-
cles at freeze-out, which would correspond to the “red-shift” in astrophysics.
(more complex distributions are predicted in specific models [20, 21, 23-25]).

We have explored both the single (or average) flow velocity and the
“redshift” or “hydrodynamics” scenarios. Fig. 8 shows calculations (solid
histograms) in the redshift scenario using again FREESCO: although the
data are not reproduced in finer details, one can see that a total radial flow
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Fig. 8. Kinetic energy spectra of clusters (Z = 1 — 6) emitted in central colli-
sions under (25 — 45)° in the c.o.m. at incident energy of 150 A MeV. The dotted
histograms are from calculations from a purely thermal scenario, for the solid his-
tograms a radial blast of 18 A MeV has been superimposed on thermal motion
conserving energy. From Ref. [18].
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Fig. 9. Theoretical velocity spectra (count rates) for Z = 1 and 5 particles emitted
in a purely thermal (thin lines, T = 50 MeV) and, alternatively, in a blast scenario
(T = 25 MeV, vg/c = 0.187).

of 18 MeV /u (!) superimposed on local thermal motion (conserving energy)
goes a long way inte the direction of explaining the data.

Nuclear blasts of the violence implied by the data change the veloc-
ities of heavy clustered products considerably, while the lighter particles
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are hardly affected. This is shown in the lowest panel of Fig. 8 where the
theoretical spectraof Z =1 (A = 2) and Z = 5 (A = 10) particles are com-
pared: The thinner lines hold for a temperature of 50 MeV without flow,
the thick lines are for a flow scenario leading to a lower temperature of 25
MeV and a finite flow of vs/c = 0.187). I have intentionally plotted count
rate spectra rather than phase-space-density spectra to make a plausibility
argument for the application of likelihood methods (that can be applied to
single events): It is intuitively clear that if we observe in a single event, say
thirty Z = 1 particles compatible with a quasithermal distribution (see the
H-panel in Fig. 8) and, if in addition we see two or three heavy clusters
with a velocity v/c ~ 0.2 (see Fig. 9), then it is very unlikely that the purely
thermal scenario (no flow) is the correct one.
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Fig. 10. Experimental radial flow velocity distribution of 300 central events in the
reaction Au on Au at 150 A MeV.

This is confirmed by the actual analysis. Fig. 10 shows the distribution
of average flow velocities, deduced from single-event analysis using likelihood
methods [26] with full account of apparatus cuts. The 300 events analysed
(Au on Au at 150 A MeV, central ERAT bin) show a clear peak at vy/c =
0.2, the width of the peak being roughly 20%. Simulations show that the
shape of the distribution is dominated by purely statistical fluctuations.
As a consequence, superposition of events to a “macro” blast leads to a
narrowing of the flow velocity uncertainty roughly with the square root of
the number of superposed events. Thus a handful (10!) of events determine
the radial flow velocity with a 6% accuracy already. The enormous power of
likelihood methods allows 1) to do this analysis under extremely exclusive
conditions 2) to apply it to sophisticated theories that generate only few
events due to computer time limitations.

Fig. 10 also makes an important physics point, however: the radial
blast is a feature of single events, not the result of a superposition of many
different events leading to seemingly complex, perhaps multi-temperature,
spectra. In Fig. 11 I show that various global observables (not Z separated,
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Fig. 11. Comparison of various experimental spectra (histograms), obtained for Au
+ Au at 400 A MeV by superposing 300 central events, with a simulation using
the redshift blast scenario. The one parameter of the simulation was adjusted
by single event analyses using likelihood methods. The left panels compare on a
log as well as a linear scale the nuclear-charge weighted c.o.m. velocity spectra
cumulated for all the particles over the full apparatus acceptance. The upper right
panel considers the distribution of E /E), the lower right panel the nuclear-charge
weighted rapidity distribution. A radial flow of 42 A MeV was deduced. The purely
statistical error (for 300 events) is 1 A MeV.

all influenced by apparatus cuts) are well reproduced by the likelihood fits,
for example, to the 400 A MeV data. A radial flow energy of 42 A MeV
(!) was deduced. The redshift scenario was used. Let me note that the
tails of the E, /E)) (ERAT) distribution are also reproduced, implying that
they are also of purely statistical nature. A more refined comparison of Z
and angle-separated spectra is in progress. I also note that I leave open,
for the time being, the important question whether the blast has shock-like
features leading to preferred 90° emissions for central collisions. (In our fits
we did not require isotropy, but have assumed that the velocity distribution
does not change with angle).

The extracted behaviour of radial flow at 150, 250 and 400 A MeV is
summarized in Fig. 12. One has to realize from these results that approxi-
mately 50% of the available energy is seen in the form of ordered radial flow.
This flow is more than an order-of-magnitude larger than known sideways
flows ([7], see also our Fig. 14).
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Fig. 12. Radial flow in central collisions of Au on Au. Experimental values are
extracted with the likelihood method in the single flow velocity scenario (squares)
and the redshift or hydrodynamics scenario (circles). The dashed line joins val-
ues extracted from QMD [2] events at 150 and 400 A MeV (hard EOS, redshift
parameterization), the predictions of Danielewicz and Pan [27] are represented by
diamond symbols.

In Fig. 12 I also compare with predictions from QMD [2] (using the
hard equation of state EOS) and with the predictions of a transport theory
for clusters up to mass three [27]. Concerning QMD, I have applied exactly
the same apparatus-filtered single-event analysis (redshift scenario) to the
“theoretical” events. One finds, for this particular QMD version, a strong
underestimation (by a factor 2) of the radial flow at 150 A MeV, while a
better agreement is found at 400 A MeV (where however, see Fig. 7, the
model has difficulties reproducing the degree of clusterization). Concerning
the model of Danielewicz and Pan [27] I have plotted half the difference of
the calculated average kinetic energies of 3He and protons at 90° (c.o.m.).
The predictions are encouragingly close to our redshift-scenario results.

5. Consequences of the nuclear blast

What can we say at this stage? We have characterized central collisions
by essentially two parameters: an (exponential) slope parameter for the
degree of clusterization and a radial flow parameter. This “simplifies” the
situation a lot, but also puts a stress on our theoretical understanding: both
features must be reproduced by one theory.

The radial flow values deduced from the data, in particular the 42 A
MeV flow of the 400 A MeV data completely exclude the hypothesis of a
simple Coulomb explosion. The particles blast apart at one third of the light
velocity. Are we witnessing the quasi-elastic release of nuclear compression
energy, in other words, are we finally getting a handle on the nuclear equa-
tion of state (EOS)? At the present time we do not have a generally accepted
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and sufficiently direct method to measure the maximum compression (mass
and energy density) achieved in central heavy ion collisions. We therefore
have to rely, still, on theoretical works. From the various calculations avail-
able in the literature (see for example [2, 25, 27]) one can conclude that
compression energies much larger than 10 A MeV are predicted to be un-
likely for incident energies not exceeding 400 A MeV. The influence of the
EOS on this prediction seems to be rather modest. Another result from
theory (cascade modelling [30] or hydrodynamics modelling [25]) might be
more relevant in our context: the expansion phase is found to be rather
isoentropic. There are two extremes where isoentropic expansion is ful-
filled: 1) the collisionless mean-field driven expansion and 2) the relatively
slow expansion during which thermal equilibration by interparticle collisions
can keep up at all times (zero viscosity). In the latter case transformation
of internal energy to a macroscopic outward flow will take place [31, 32], a
“blast” develops and the local temperature will decrease during the expan-
sion. As a consequence, nucleons will clusterize. A very rough plausibility
argument can be made using the ideal monoatomic gas: along an isentrope
VT3/2 is constant, i.e. an expansion from 2p, to 0.1p, implies a cooling
by a factor of 7. As simple as these arguments are, we still are far from a
detailed understanding.

The possible isoentropic features of expansion need to be explored in
dynamical microscopic models including also the mean field and true quan-
tum features. Whatever the outcome, three time scales must be considered
in order to make predictions about clusterization [32]: the typical expansion
time, the equilibration time (which varies with density of course) and the
“instability time “, i.e. the time needed, if regions of negative pressure gradi-
ents are reached, to form clusters. In 1984 Cugnon [32] estimated that both
the equilibration times (about 10 fm/c) and the instability times (about
20 fm/c) might be short enough compared to the expansion time (about
60 fm/c) to allow a gas-to-droplet transition. In view of the violence of
the blast found by our collaboration, these numbers must be regarded with
caution. We are just at the beginning of our understanding of the clusteri-
zation phenomena and the blast development. It seems clear however that
both aspects are correlated: the blast is the key to the cooling mechanism
needed to form clusters.

Finally, let me stress that the blast phenomenon should influence many
other observables. First of all, the macroscopic energy stored in the radial
flow should massively influence particle creation (pions) and perhaps the
“late” gamma spectra as well. Two other consequences concern two-particle
correlations and sideways flow.

Fig. 13 shows measured [33] two-particle correlation functions for frag-
ment pairs with nuclear charge > 3 at an incident energy of 150 A MeV. In
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Fig. 13. Two-particle correlation function of fragments with nuclear charge > 3
{most central ERAT bin, full circles, reactions with External Wall multiplicities
> 19, squares). The smooth curves are calculations assuming freezeout radii of 10,
20 and 40 fm. The reaction is Au on Au at 150 A MeV. From Ref. [33].

these Coulomb-dominated cases, the correlations for differently sized frag-
ments scale well [34] with the reduced relative velocity

Vred = —ier (1)
red m 3

where Z; and Z; are the fragment charges. From simulations [33] including
the experimentally determined blast parameters (flow velocity and temper-
ature) a most probable freezeout radius of 14 + 2 fm could be deduced
corresponding to p = 0.2p,. Had the blast been ignored, a source half the
size would have been predicted! The deduced density at freezeout can be
used to fix the freezeout temperature (Fig. 6) in the framework of statistical
models as discussed earlier.

In Fig. 14 I show the maximal measured sideways flow [11], the square
root of the variable Eq. (3), in the energy range discussed here. To compare
with the radial flow we have converted the momentum values to energies per
nucleon. Again, we compare with QMD calculations using the hard EOS
(for more detailed comparisons see [11]). It seems clear that the expanding
hot participant soup will in part blast into the spectators causing these to
absorb some of the heat (a mechanism not taken into account in most frag-
mentation models for spectator matter) and in addition to recoil sideways.
Comparison of Figs 14 and 12 suggests that theories that underestimate
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Fig. 14. Maximal sideways flow as a function of incident energy . QMD calculations
at 150 and 400 A MeV (triangles) are compared with experimental data for the
hard equation of state. After [11].

the radial flow are likely to underestimate the sideways flow as well: both
kinds of flow are correlated. The sideways flow is more than an order of
magnitude smaller than the radial flow, however. The “spectator” acts like
a “nearby” calorimeter and recoil detector. Due to its “location” in a plane
its “geometric efficiency” is small.
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