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TOPICAL REVIEW

Shock compression of hadronic matter in high-energy
heavy-ion collisions

Karl-Heinz Kampert
University of Miinster, D-4400 Miinster, West Germany

Abstract. Recent data on high-energy nucleus—nucleus collisions are reviewed, covering
particle spectra, rapidity and multiplicity distributions, composite particle production, and
collective flow variables. Emphasis is placed both on the basic physical observables, which
guide us in the understanding of the gross features of the reaction mechanism, and on the
discovery of strong collective phenomena in particle emission, which generated the
grounds for recent progress made in determining the equation of state of hot compressed
nuclear matter. A review of appropriate techniques for this purpose is followed by a
summary of recent experimental data and by a discussion about their implications on the
determination of the nuclear equation of state.

1. Introduction

In the mid-seventies, several heavy-ion accelerators became available to deliver
beams of heavy nuclei with kinetic energies ranging from ten to several hundred MeV
per nucleon. This development greatly stimulated experimental and theoretical
activity in the field of medium and high-energy nuclear collisions, because such
experiments offer the unique opportunity to study the formation of compressed
heated nuclear matter. At that time only very little was known about the properties of
hadronic matter at finite temperatures and densities other than the nuclear ground-
state density p,=0.15fm™>. The key mechanisms for producing hot dense matter in
high-energy heavy-ion collisions were formulated first in a series of papers by
Chapline et al (1973), Scheid er al (1974), and later also by Sobel et al (1975). The
enormous thermal excitation in the collision—disregarding compression effects—was
considered by Chapline and co-workers. Scheid et al argued that high-density nuclear
shock waves should occur in violent head-on collisions of heavy nuclei leading to a
preferential collective sidewards emission of the compressed hot matter. It was
particularly these suggestions of the Frankfurt school which set the stage for an
investigation of the nuclear equation of state (Eos) by performing heavy-ion collisions
at sufficiently high kinetic energies.

At laboratory projectile energies of about 1 GeV per nucleon the speed of
interpenetration of the two colliding nuclei exceeds the sound velocity of ordinary
nuclear matter (v,=0.3¢), i.e. the penetration velocity is higher than the velocity of
information propagation inside the medium. Hence, if nuclei stop each other one
encounters a typical shock scenario where the participant matter cannot escape
rapidly enough from the interaction zone, resulting in a pile-up, i.e. in a travelling
shock front of highly compressed nuclear matter. The possibility of propagation of
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density waves through nuclear matter was suggested by Glassgold et al (1959).
However, these authors had in mind very light projectiles, such as protons and pions,
and considered only the propagation of sound waves with small-density amplitudes,
which is to be distinguished from high-density shock waves. Thus the goal, as
formulated in the later papers noted above, was to learn about the mechanism for high
compression { p/p,>2) and heating of nuclear matter and, if possible, also about the
nuclear matter Eos, i.e. the response of the nuclear medium to these extreme
conditions of energy density, temperature and baryon density.

Probing the nuclear matter Eos in regions of high densities and temperatures
(p/py=2-5, T=50-100MeV) is of fundamental importance, not only in nuclear
physics (possible phase transitions such as liquid—vapour, pion condensation, delta-
isomers, etc) and field theory (Qcp phase transition to a quark-gluon plasma), but
also in astrophysics for an understanding of the structure and dynamics of stars (in
particular supernovae (sN) explosions and neutron star stability). Extreme conditions,
similar to those created in high-energy heavy-ion collisions, probably also existed at
the birth of the universe, during the first fractions of a second after the ‘Big Bang’.
Both the mechanism of supernovae dynamics, as well as the stability of neutron stars,
depend strongly on the compressibility of dense nuclear matter (Baron et al 1985,
Wilson and Bethe 1985). Heavy-ion collisions are the first opportunity to study these
conditions in the laboratory. Important information would be accessible from these
kind of experiments, if one could apply the knowledge about the conditions achieved
for very short time spans of £~10"%s to the much larger space and time dimensions
relevant in astrophysical events.

The first, and for a long time also unique, experimental facility to investigate such
extreme collisions in laboratory experiments became available in 1974 when heavy-ion
beams were for the first time successfully injected from the Berkeley ‘Superhilac’ into
the proton synchrotron ‘Bevatron’. This new accelerator complex, named ‘Bevalac’,
could—after a final upgrade in 1982—accelerate heavy-ions as heavy as uranium up to
energies between E/A = 100-2100 MeV. The pioneering research in this new field has
served to provide orientation about the produced particle densities and the populated
phase-space of heavy-ion reactions (Baumgardt ef al 1975, Gutbrod et al 1976, Gosset
et al 1977, Sandoval et al 1980). Because of the huge number of exit channels viewed
by single-particle detectors, nuclear collisions looked basically ‘thermal’. They could
be fairly well reproduced by the nuclear fireball model (Westfall er al 1976), which is
based on simple geometrical (Bowman et al 1973), kinematical and statistical con-
cepts, and ignores dynamical effects entirely. Light-cluster spectra were qualitatively
explained by the coalescence model (Gutbrod et al 1976). This model relates the
fragment spectra to the ‘primordial’ proton distributions, which are approximated by
their experimental double differential cross section, d’c/dQ dE, and uses the coales-
cence radius in momentum space as the only free parameter. In parallel, more
advanced approaches were further developed, such as the hydrodynamical (Scheid et
al 1974, Wong and Welton 1974, Amsden et al 1975, Baumgardt et al 1975, Stocker et
al 1979a, Buchwald ef al 1981, Csernai ef al 1982), cascade (Bondorf ef al 1976, Yariv
and Fraenkel 1979, 1981, Cugnon 1980, Cugnon et al 1981, 1982a), and classical
(Newtonian) equations of motion (Callaway et al 1979, Bodmer et al 1980). Although
the ingredients and assumptions of these models were quite different, all of them were
fairly successful in reproducing the inclusive proton and light-fragment spectra on a
qualitative level. By concentrating therefore on central collisions with high particle
multiplicities (Gosset et al 1977, Nagamiya et al 1980, Wolf et al 1982), investigating
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global emission patterns (Stock er al 1980), and searching for correlations between
different fragment groups (Meyer e al 1980), it had been recognised that particle
exclusive data were needed to gain detailed insight into the underlying reaction
mechanism, and thus being able to unambiguously discriminate between different
models.

Full event characterisation, by identifying and measuring the momenta of all
emitted particles, was first attempted in two 47 detectors at the Bevalac: the Streamer
Chamber facility (Strobele 1983) and the Plastic-Ball/Wall set-up (Baden ef al 1982).
The former measures the momenta of charged particles in a magnetic field and yields
rough information on the charge of the fragments from the light intensity of their
tracks. The Plastic-Ball, on the other hand, was the first electronic 47 detector system,
yielding isotope separation for charged baryons up to ‘He, providing z* identifica-
tion, and performing high-rate data collection.

In this review we shall present a survey of recent experimental developments in the
field of high-energy heavy-ion collisions and confront different model predictions to
the respective data. We shall focus mainly on the large body of experimental results
obtained with the Plastic-Ball at the LBL-Bevalac. However, results from other
experiments will be included, wherever possible, to allow for a more general and
complete discussion.

The organisation of this review is as follows. In §2 we shall first develop a
qualitative view of the reaction dynamics. This will enable us to discuss various
observables pertaining to the high-density stage of the collision and their possible
relation to the nuclear equation of state. In the next section we shall introduce the
participant charged baryon multiplicity, which will be used later in this review as a
measure of the impact parameter of the two colliding nuclei. Section 4 is addressed to
the question of thermalisation—global or local—and will lead us to the nuclear
stopping power, a key observable of heavy-ion collisions. Cluster production and
entropy, which can be inferred from relative particle abundances, will give us the first
evidence for the presence of compression effects (§5). Nuclear matter flow as the most
direct measurement of compression will be discussed in detail in §6. Finally, in §7 we
shall summarise the information derived from the analysis of 4xr data.

2. Observables of the high-density fireball

Before we attempt to infer a quantitative relation from experimental observables to
the equation of state of nuclear matter, we need to discuss the basic question about
the existence of state variables characterising a system composed of nuclear matter.
Since collision times are significantly shorter at high bombarding energies than typical
relaxation times of nuclear matter, global equilibrium is unlikely to be reached during
a collision. Nevertheless, statistical concepts have been successfully applied to heavy-
ion reactions. Different from the simplified fireball picture, the nuclear fluid dynami-
cal model, for example, assumes that local rather than global equilibrium is
approached on the short time scales we are concerned with. If this assumption can be
confirmed by microscopic theories which dynamically describe the evolution of the
system and furthermore, if predictions of such models are found to be in agreement
with experimental data, then we may speak of a state of matter characterised by
macrocanonical variables, namely by density p, entropy S and temperature 7. The
total centre-of-mass (cMm) energy par baryon, W, as a function of density and
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temperature, is normally divided into a thermal and compressional part (see, e.g.,
Hofman et al 1976a):

W(p7 T) =ET(p’ T) +EC(p) + WO

where Eo(p) is defined to be the compression energy at zero temperature, E; is the
thermal excitation energy per nucleon and W;~923MeV is the rest energy of a
nucleon at equilibrium density. Once the functional form of W is given, any other
macrocanonical variable can be calculated from this by evaluating the thermal
identities. For example, the pressure of the system, as a function of the temperature
and density, is found by taking the partial derivative of the above equation with
respect to the density at constant entropy S:

aW(p, T))

p(p, T)=pz< o

This yields

8E(p, T dE
p(p, T)=p2[<——g; )> +(—d,§p)>]

where the partial derivative term is the thermal pressure and second term is the
compression. This term describes the response of the potential energy to changes in
density. E(p) is therefore commonly referred to as the ‘nuclear equation of state’, as
will be done here. A sketch of the curve W(p, T'=0), which is the curve one would
like to extract from expenmental date, is depicted in figure 1.

The key questxon now is how to measure the density, the compressional energy or
the temperature in the brief moments of the high-density stage of the reaction. Several
of the state variables introduced above, and necessary to describe the system, can
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Figure 1. Sketch of the function W(p, T=0) relating the energy per baryon to the density
of nuclear matter.
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indeed be related to physical observables, accessible to some degree in high-energy
heavy-ion collisions. These are listed below.

State variables Observables
Eip, T) Abundance of produced particles
(absolute and relative yields of strange particles, pion multiplicities)
S(p, T) Relative yields (chemical composition) of light fragments
(ratios of deuteron/proton, *He/proton, etc)
p(p, T) Phase-space distribution of fragments

(directed and radial nuclear collective flow)

One sensitive probe proposed in early theoretical papers (Chapline et al 1973,
Sobel et al 1975, Hofman et al 1976b, Stocker et al 1978, 1979b, Danielewicz 1979) is
the production of particles, such as 7, K, A, etc, whose rate may be regarded as a
‘thermometer’ of the high-energy stage. The suggestion to investigate the nuclear
equation of state via the excitation function of the pion yield was particularly pursued
by Stock et al (1982), (for a detailed review see Stock 1986). However, due to rather
low fireball temperatures, ranging from 30-120 MeV at Bevalac energies, only a small
fraction of the total energy content of the system is consumed for particle production,
and the major carrier of the overall energy flow are instead nucleons and light clusters
in this bombarding energy regime. Recently, it has also been recognised that this
method may determine only a part of the Eos (Sano et al 1985) and, furthermore, is
less sensitive to it as initially hoped (Malfliet and Schiirmann 1983, Bertsch ez a/ 1984,
Maruhn and Stocker 1986, Cubero et a/ 1988). This is mainly because of strong nuclear
in-medium effects (see §6.4) distorting the observed n-yields, and because dynamical
models need to be invoked to get an estimate on the achieved density for a given
thermal/compressional energy. Data on pion yields therefore seem to allow only for
probing temperatures in the moment of pion emission (being close to the moment of
highest density), rather than for uniquely extracting the Eos (Hahn and Stocker 1986,
Harris et al 1987).

The possible relationship between the other proposed observables, such as flow
and fragment ratios, to the Eos will be discussed in detail in the following sections.

3. Charged particle multiplicities

Extraction of observables from the final phase-space distribution of fragments can be
uniquely achieved only on an event-by-event basis. Therefore, one first needs to find a
proper measure for the impact parameter of a collision. Investigations of different
models (where the impact parameter of each collision is known), capable of producing
nuclear fragments, have demonstrated that such a scale is fairly well represented by
the observed charged particle multiplicity, or even better by the extracted multiplicity
of participating nucleons. In the following we will approximate this number by the
participant charged baryon multiplicity, N,. The definition of this quantity takes into
account the participating protons bound in clusters (d, t, *He, *He) and removes
spectator particles in a certain p, window around projectile and target rapidity by
application of software cuts (Doss et al 1985). A typical spectrum of the participant
charged baryon multiplicity, abbreviated in the following to ‘participant proton
multiplicity’, N,, is shown in figure 2. Low multiplicities are associated with peripheral
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Table 1. Maximum participant proton multiplicity, Ng**, for different projectile target
systems and bombarding energies. Only fragments with an energy above a software cut of
approximately 154 MeV are considered.

ElA
(MeV) Au+Au Au+Fe Nb+Nb Ca+Ca Ne+Au Ne+Pb
150 66 — 38 — — —
200 90 68 — — - —
250 92 — 52 — —_ —
400 112 — 64 32 — —
650 128 — 70 — — -
800 134 — 72 — — 45
1050 142 — 74 36 — —
2100 — — — — 68 —

collisions, high multiplicities with violent central collisions. The average multiplicity
depends on the bombarding energy and projectile target mass. In order to make
meaningful comparisons between these different cases, i.e. to compare constant
regions of normalised impact parameters, the multiplicity distributions were divided
into bins of constant fractions of the maximum multiplicity, Ng** (see also figure 2).
This maximum multiplicity is defined to be the point where the distributions of the
type shown in figure 2 drop to one-half of the plateau height (Doss et al 1986). Table 1
contains the values of Ny** for several systems investigated with the Plastic-Ball.

4. Local equilibrium and thermalisation
In order to be able to extract a functional relationship between state variables of the

system, an understanding of the dynamic behaviour of the collision is necessary. In
particular, the degree to which thermal and chemical equilibria are reached and
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Figure 2. Participant proton multiplicity measured for Au+ Au at 4004 MeV. Also
shown are five bins used to select different regions of impact parameters: A, N,/NJ¥ =<
0.25; B, 0.25<N/NF¥=<0.50; C, 0.50<N,/Ng™=0.75; D, 0.75<N/Ny*=1.00; E,
L.O0<N,/Np™,



Shock compression of hadronic matter 697

maintained during a high-energy nucleus—nucleus collision will determine whether
thermodynamic concepts may be used for their description. The extent to which
thermal and chemical equilibrium is reached has been estimated by several authors
(Hagedorn and Ranft 1968, Kapusta 1977, Mekjian 1978a, das Gupta 1981). A simple
argument is that in high-energy heavy-ion collisions the mean-free-path, A, of
nucleons

i = 1/Ueffp

in compressed matter (with o being the effective in-medium nucleon—nucleon cross
section) is small compared to the typical dimensions, L, of the system:

AL <1,

Nucleons therefore will undergo several collisions before they escape from the
compressed region between projectile and target nuclei, leading closely to a local
equilibrium (Baumgardt et al 1975).

4.1. Rapidity distributions and nuclear stopping

The proton stopping power of heavy nuclei is characterised by a single parameter:
the momentum degradation length of the projectile in the target nucleus. For
nucleus—nucleus collisions at medium and high energies stopping becomes a three-
dimensional problem which is closely related to the question of thermalisation. In
fact, a thermalised nuclear fireball can always be considered as a stopped ensemble of
nucleons in the fireball cm system. A prerequisite for high-energy densities and
collective excitations therefore is a sufficiently high nuclear stopping power.

Qualitative measures of nuclear stopping can be extracted from the final-state
phase-space distribution of the emitted fragments in different ways. A direct and
illustrative way is the investigation of baryon rapidityf distributions, dN/dy, measured
over the full 47 hemisphere and different regions of impact parameters. Rapidity
distributions of baryons (which are defined here to be equal to {1+ N/Z}n,+
2ng+3{n 4+ nay } +4ny ) are displayed in figure 3(a) for Au+ Au collisions at
250A MeV and different multiplicity intervals. There is a striking change in the
distributions when going from peripheral (top) to semicentral (centre) and further to
central (bottom) collisions. In peripheral collisions (defined by N,/Ny®™<25%) one
observes a pronounced peak at values of the projectile rapidity, y,,,= 0.72, and only
very few baryons in the fireball region around yg=3y,,.. A corresponding peak at
values of the target rapidity, y,, =0, is absent because of the low fragment energies
and the inability of the detector to measure particles at a laboratory angle of 8 =90°.
In semicentral collisions (50% < N,/Ny*<75%) the projectile peak almost vanishes
and is shifted towards lower rapidities. This reflects the stronger deceleration of the
projectile by the target nucleus due to the increased number of participating nucleons
in the overlap region. Central collisions (NV,= Ny™), finally, lead within the experi-
mental uncertainty to a fairly symmetric distribution around the value of the fireball
rapidity, yrs. The two gold nuclei therefore seem to get completely stopped within
each other, forming a common excited system.

+The rapidity of a particle is defined in terms of its momentum and total energy by y=7%
In[(E + p;)/(E— py)]. The rapidity in one frame of reference is related to the rapidity in another frame of
reference by an additive constant, i.e. simply speaking it reduces the Lorentz transformation to a Galilei
transformation in the longitudinal direction.
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Figure 3. Uncorrected baryon rapidity distributions for (a) Au+ Au collisions at 2504
MeV and (b) Ne + Au collisions at 21004 MeV. Selected are peripheral (top diagram),
semicentral (middle diagram) and central (bottom diagram) collisions.

Rapidity distributions of the asymmetric system Ne + Au at a bombarding energy
of 21004 MeV are shown in figure 3(b) for the same regions of impact parameters as
noted above. In resemblance to the distributions of the Au+ Au system a decreasing
number of projectile spectator fragments is observed with increasing centrality of the
collision. For the highest multiplicities, which correspond to complete overlap of the
projectile with the target nucleus, almost no fragments are observed at values of the
projectile rapidity. This clearly indicates full stopping of the neon projectile by the
gold nucleus up to top Bevalac energies. Recent experiments, carried out at
14.5A GeV at the Brookhaven AGS, and at 60 and 2004 GeV at the CERN-SPS,
confirm this finding and indicate a lasting of the stopping regime even up to
14.5A GeV. Transparency, on the other hand, is observed at both CERN energies
with a decreasing fraction of ‘stopped energy’ in going from 60 to 2004 GeV (Satz et al
1988).

4.2. Equipartition in momentum space

Thermal equilibrium may simply be viewed as equipartition of the available energy
into various degrees of freedom. A minimal criterion for thermalisation thus is an
isotropic distribution of the fragments momenta in the rest frame of the fireball.
Experimentally, the degree of isotropy can be judged in each event from the
momentum distributions of the fragments in the cm system by calculating the ratio

N N
R=(2/m) > |ptl /D 1pil.
i=1 i=1
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Figure 4. Contour plots of the average fragment momentum components perpendicular
and parallel to the beam axis for minimum bias trigger (top) and central trigger (centre)
Ca+ Ca, and central Nb+ Nb collisions (bottom) at E/A =400 MeV. Reproduced with
permission from Gustafsson et al (1984a).

From simple phase-space considerations one finds R = 1 for an isotropically expanding
system of N particles. In particular, global stopping of the two nuclei would result in a
ratio R =1, whilst in presence of transparency this ratio would always stay below one.
It needs to be emphasised here that values of R =1 do rot contradict to the observed
asymmetric event shapes resulting from the nuclear collective flow effect (see §6).
This is because R measures only the relative amount of nuclear stopping, or to be
more precise, the global transformation of longitudinal into transverse momentum
components, but it does not yield any information on the momentum flow of
subgroups of particles (e.g. forward against backward cm hemisphere) within the
same event.

In figure 4 (top) contour lines of the event yield accumulated with a minimum bias
trigger are shown in the (p, ) against {p) plane for the Ca + Ca system at 4004 MeV.
The major part of events is far away from the R = 1 region represented by the diagonal
line. The peak at small (p, ) but large (p|) corresponds to peripheral reactions and is
dominated by projectile spectator fragments. This contribution vanishes as central
collisions are selected (figure 4 centre). The maximum of the yield is now shifted
towards the diagonal line but is still significantly below R =1, except for a very few
events. This behaviour is different from the heavier systems Au+ Au or Nb+Nb
(lower part of figure 4) at the same incident energy, where central collisions fulfil the
stopping and isotropy condition on the average.

A more quantitative comparison of the different systems is shown in figure 5. Here
the mean ratio, (R) , is plotted as a function of the normalised participant proton
multiplicity, N,/Np®. We observe an increase of (R) with multiplicity to almost one
for the heavier Nb+ Nb system, but significant lower values for the lighter system
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Ca + Ca at the same incident energy. Systematical errors in (R) are found to be smaller
than 5% (Gustafsson 1984a). The measured difference may be interpreted in two
different ways: (i) the Ca nuclei are generally too small to stop each other, or (ii) even
at the highest multiplicities only a subvolume is fully stopped and perhaps therma-
lised, whereas the surfaces zones show some transparency. (This might, with the same
argument, also be true for both systems in peripheral collisions and ratios of R<(1.)
This so-called ‘corona effect’” would be most pronounced for large surface to volume
ratios, i.e. for light nuclei. Results obtained from the intranuclear cascade mode! of
Yariv and Fraenkel (1979, 1981) support the interpretation in terms of leading
spectator particles but yield about 25% lower values of {R) compared to experimental
data (Gustafsson 1984a), indicating that this model approach lacks a significant
fraction of the stopping power provided by the nuclear medium.

Momentum distributions of asymmetric systems, such as Ar+Pb at 8004 MeV,
where the remaining surface transparency effects should be absent in non-peripheral
collisions, were investigated with the Berkeley Streamer Chamber (Renfordt 1984).
In agreement to the findings from the rapidity distributions (§4.1) the stopping power
of the heavy lead target towards the incident argon projectile was found to be
sufficient to accomplish equipartition in the final state of transverse and longitudinal
momenta even at the higher bombarding energies.

4.3. Particle spectra

Equipartition in momentum flux in central collisions of heavy nuclei is only a
necessary but not sufficient condition for thermalisation. If, in addition, the energy
distributions are of Maxwell-Boltzmann type, then the emitting system can be called
thermalised. In order to minimise possible spectator contaminations, which dominate
the energy spectra at values close to the projectile and target rapidity, the following
analysis has been restricted to particles observed at 8=90°%5° in the cm system.
Kinetic-energy spectra of protons from Nb + Nb collisions at 4004 MeV and 8¢y = 90°
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Figure 5. Ratio of the average perpendicular to parallel momentum as a function of the
normalised participant proton multiplicity, N/N5* for Ca+ Ca (open squares) and
Nb + Nb (open circles) reactions at 4004 MeV. The error bars indicate statistical errors
only. Reproduced with permission from Gustafsson e af (1984a).
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Figure 6. Proton spectra at ¢y = 90° from Nb + Nb collisions at 4004 MeV. The dots are
experimental data points, and error bars represent statistical errors only. The broken
curves indicate the fitted Boltzmann distribution whereas the fits from the explosion model
are shown by full curves. The vertical broken lines mark the region that is excluded from
the fits because of possible deuteron contaminations indicated in the high multiplicity
spectrum by the shaded area (Gustafsson et al 1984a).

are displayed in figure 6. A relativistic Boltzmann distribution was fitted to the spectra
using g, and T, as free parameters:

£ d’c E d% Gy E ( - E)
= _ exp| —
dp® p*dpdQ dam’ {(T,,) p Toop

where E, m and p are the total energy, rest mass and momentum of the particle,
respectively, and {(T,,,) is the normalisation factor of a relativistic Boltzmann
distribution of temperature T,,,. The inverse slope-parameter T,,, increases as a
function of multiplicity for Ca + Ca as well as for Nb + Nb at this energy of 4004 MeV.
Values ranging from 42 MeV up to 56 MeV and 66 MeV, respectively, were extracted
from the data. Since the above equation describes a fireball in which all energy is
converted into heat, the extracted T, values have to be regarded an upper limit for
the temperature. The observed rise of the inverse slope parameter with increasing
multiplicity might reflect again an approach towards global equilibrium, correspond-
ing to the interpretations of figures 4 and 5. On the other hand, the increase of the
apparent temperature, i.e. mean transverse energy per particle, might also be caused
by an increasing formation of composite particles, which reduces the total number of
emitted fragments (at constant number of nucleons) and therefore the number of
degrees of freedom in the system. In fact, since a strong increase of the relative
abundance of composite particles is observed with increasing multiplicity (see §5),
composite particle production may be responsible for at least part of the observed
increase in T,,,.

A more detailed inspection of the transverse proton energy-spectra reveals a clear
deviation from the pure Boltzmann distribution, being most evident at low kinetic
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energies. A shoulder, also observed in other experiments (Nagamiya et al 1980),
becomes more and more pronounced with increasing multiplicity. There are two
possible reasons for this phenomenon: (i) the formation of composite particles leads in
terms of the coalescence model (Gutbrod et al 1976, Gyulassy 1983) to a depletion of
the primordial proton yield at low kinetic energies, and/or (ii) the proton spectra are
distorted by a collective radial expansion velocity of the decaying fireball. The second
interpretation was formulated by Siemens and Rasmussen (1979) in the ‘blast wave’
model. In this description a part of the available energy is converted into radial flow,
so that the temperatures are reduced compared to the pure fireball assumption.
Fitting the proton spectra by such a superposition of an ordered radial expansion part
and an uncorrelated thermal part results in a considerable reduction of T,,, by about a
factor of two. However, the non-orthogonality of these contributions to the transverse
energy spectra makes the extraction of temperatures (and blast-wave velocities) very
problematic and those parametrisations can provide only a rough estimate of the
fractions of thermal and radial flow energy. Moreover, this fraction will also not be
constant during the collision time, since the ordered radial motion kinetic energy
increases with expansion, while the intrinsic temperature decreases.

Particle spectra are, in addition, distorted by the decay of heavier resonances
(Gosset et al 1978). For example, nucleon spectra may receive contributions from
unstable He and Li states, and pions dominantly from the decay of delta resonances
A— Nz (Barz et al 1981, Bohrmann and Knoll 1981). Because this parent—daughter
effect is much more severe for produced pions than it is for nucleons and composite
particles, it causes particular difficulties in interpreting the spectral shapes of pion
energy spectra. On the other hand, the influence of a uniform radial expansion should
be less significant than for the (about seven times) heavier nucleons because of the
much higher thermal velocities of pions. (This argument relies, of course, on the
assumption of a common temperature.) An analysis of their spectral shape in terms of
Boltzmann fits shows that the major part of the pion cross section is well described by
a one-temperature fit, but an excess of the yield is obvious at high p, values
(Brockmann et al 1984). It is interesting to note that the temperatures of the low- and
high-p, components again differ roughly by a factor of two, and are fairly well in line
with the apparent temperatures of the proton spectra with and without the blast-wave
assumption, respectively. The relative yield of the high p, part of the pion spectrum
was found to contain about 5% of the cross section, and to increase with bombarding
energy and with projectile-target mass. Although this finding reflects qualitatively the
blast-wave interpretation of the proton spectra, it might be purely accidental as the
two component pion-spectra can also sufficiently be explained by a thermalised A
fraction of the fireball nucleons decaying to #+N. Even if the A fraction of the
expanding system would be in thermal equilibrium with the nucleons, the finally
observed x spectra will have the two-body decay kinematics superimposed onto the
thermal distribution leading to effective temperatures considerable lower than of the
emitting system (Brockmann er al 1984, Stock 1986). Recently, the question of the
interpretation of pion spectra has been addressed again by comparing different
scenarios, such as the superposition of thermal pions and those from A decay, pion
radiation from a hot spherical source, and a sequential freeze-out from an expanding
sphere (Hahn and Glendenning 1988). Only the latter interpretation was found to
yield qualitative agreement to the shape of experimental distributions. However,
more elaborate model calculations, preferably by employing microscopic transport
approaches, as well as very precise measurements of pion and baryon spectra are still
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required in order to unambiguously pin-down collective flow features from the shape
of the spectra alone.

4.4. Mean transverse particle energies

Because of the ambiguities left in the interpretation of the shape of the transverse
particle spectra we will now discuss the average transverse energies, E |, of the various
light fragments, p, d, t, *He and *He in more detail. From integration of a relativistic
Boltzmann distribution over energy one finds the following relation between the mean
transverse particle energy and the apparent temperature T,

(EJ_ > +m= mKl(g)/K2(§) + 3Tapp

with m the particle mass, § =m/T,,, and K, being the modified Bessel functions of the
second kind. For a non-relativistic Boltzmann distribution this equation reduces to the
well known relation (E )= %Tapp. Both equations, of course, neglect the Fermi energy
and assume again full thermalisation in the reaction volume by absence of compres-
sion effects. Nevertheless, investigating the average transverse particle energies is
interesting in several aspects. For example, the high multiplicity of reactions products
allows one to evaluate the mean values of proton and light particle energies with
sufficient statistical significance in each single event. This enables both to study event-
by-event fluctuations, as well as to relate the mean transverse particle energy directly
to other event-specific observables, such as particle multiplicities or flow angles (see
§6.1), for example.

In figure 7 contour lines of the event yield accumulated in the minimum bias
trigger are shown in the (E /particle).,.,, against participant proton multiplicity, N,,
plane for the reaction Au+ Au at 2504 MeV (Gustafsson et al 1988). Apart from the
very low multiplicity events (N,<10) a narrow distribution of the means analysed
event-by-event and strong rise with increasing multiplicity is observed, demonstrating
a strong correlation between the centrality of the event and the mean transverse
energy per particle. A systematic study of the bombarding energy dependence of the
mean transverse proton energy measured at fcy=90°%5° is shown in figure 8 for

—
s
(=]

— -
£ o P=3 ~
[=] P 8 (=] o

v T

~
<

Meon transverse energy/particle (MeV)

0 20 10 60 80 100 2
Participant proton multiplicity
Figure 7. Linear contour plot of the mean transverse energy per particle, (E,/

particle).,.,;, against participant proton multiplicity, N,, for Au+ Au collisions at E/A =
250 MeV.
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Au+ Au collisions at E,,= 150, 250, 400, 650 and 8004 MeV (Gustafsson et al 1988).
At all energies a rise of the mean transverse proton energy with multiplicity is
observed which is in the order of approximately 50%. The maximum values attained
in the most central collisions rise from (E , ) =70 MeV at 1504 MeV, up to =160 MeV
at 8004 MeV incident energy.

More information about the nature of the particle-emitting source than can come
from protons alone can be obtained from the transverse energies of the different light
fragments. For the two extreme assumptions of an ideal thermal system on the one
hand, and a cold radial expanding system on the other hand, one expects either the
transverse energy per particle or the transverse energy per nucleon to be constant.
Inspecting the measured transverse energies (the upper part of figure 9), no significant
differences in (E, /particle) can be observed between hydrogen isotopes (p, d, t)
(Gustafsson et al 1988), as one would expect from a pure fireball picture where all
different particle species are in thermal equilibrium. However “He and, in particular
He, fragments exhibit a strong deviation to higher values. It should be pointed out
that the selected 6¢=90° spectra are, due to the cM boost, not affected by the
particle dependent low-energy cutoff in the detector, so that detector biases can be
ruled out as the cause of this effect. Systematic errors, however, may be introduced by
the limited particle identification of *He and ‘He in the Plastic-Ball (see Baden et al
1982). This effect could result in an uncertainty in the transverse energy of about 10—
15% when the yields of *He and “He are very different. One possible interpretation of
this “He puzzle’, also reported on in asymmetric heavy-ion collisions, both at lower
(Brummund et al 1986) and higher (Poskanzer et a/ 1971, Gosset et a/ 1977, Sandoval
et al 1980) bombarding energies, was proposed by Poskanzer et al (1971) and Gutbrod
et al (1982). It was argued that *He may predominantly be emitted from the hot parts
of the nucleus, thus being created in an early stage of the reaction, whereas the
dominant emission of *He and heavier particles was considered to come from a later
stage. In addition, neutron-rich systems, like Au+ Au, are affected by the ‘proton
robbing’ of light clusters (Gutbrod et al 1982), i.e. the initial energetic emission of
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p, d, *He and “‘He increases the N/Z ratio in the remaining residue of the hot system,
thus reducing the yield of neutron-poor isotopes with low kinetic energies in the late
stage of the reaction. This interpretation is supported by the observation that the
strikingly high transverse energy of *He drops by more than 20% when going from
Au+ Au to Nb + Nb collisions. The ‘He and proton spectra, on the other hand, do not
show a strong projectile—target mass dependence. Coulomb repulsion, which could be
considered a source of the increased transverse energy of helium isotopes, seems
therefore to be only of minor importance. Comparing finally the dispersion of light
fragments in the (£, /particle) against (£, /nucleon) plot of figure 9, one may conclude
that the assumption of thermalisation between hydrogen isotopes seems to be
qualitatively justified. One has to keep in mind, however, that this ideal picture is
clearly violated for clusters heavier than hydrogen isotopes.

The still open question of the previous section, whether the increase of the
apparent temperature, i.e. the increase of the mean transverse energy per particle
with decreasing impact parameter, is caused by the more abundant formation of
composite particles, may also be addressed by the simultaneous event-by-event
measurement of the transverse energies of all fragments. Since the formation of
bound nuclei reduces only the number of particles, but not the number of nucleons
emerging from the hot system, the mean Kkinetic energy per nucleon,
(E | /nucleon)e.,, should in a simple fireball picture be unaffected by the relative
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Figure 9. Mean transverse energy per particle (upper half) and per nucleon (lower half) of
p, d, t, *He and ‘He, and the mean transverse energy per nucleon for the whole ensemble
of particles at 8¢,y =90° as a function of the normalised participant proton multiplicity.
Shown are data of Au+ Au and Nb+ Nb at 2504 MeV, respectively. @, p; O, d; &b, t; O,

He; O, ‘He; X, all.
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fragment abundances. Representative results of such an analysis are shown as full
curves in the lower part of figure 9. Here the average transverse energy per nucleon
has been calculated from the sum of transverse energies of protons up to ‘He, divided
by the total number of nucleons. Indeed, only a weak dependence on the multiplicity
is found in the Nb+ Nb data; however, the Au+ Au system still shows a significant
rise of (E | /nucleon),,., of about 20%. An explanation for this difference might be a
stronger radial expansion of the heavier Au+ Au system. (We will come back to
collective flow features in §6.) It also has to be mentioned that in this analysis free
neutrons, which cannot be detected in the Plastic-Ball, have been ignored.

To conclude, one may argue that a significant amount of the observed rise in the
transverse particle energy with multiplicity can be attributed to the more abundant
fragment formation in central collisions. On the other hand, another source of
comparable strength, e.g. collective expansion, is obviously necessary to explain the
data.

4.5. Mean transverse energies and the equation of state

As discussed above, the mean transverse energy per particle or the inverse exponen-
tial slope factors of the spectra cannot be related directly to the temperature, because
of different components contributing to the energy spectra. However, if we ignore for
the following discussion the “He puzzle’, and concentrate on the fact that the mean
transverse energy per particle is about the same for all hydrogen isotopes, i.e. for the
major fractions of the cross section, and furthermore make the assumption that the
available cM energy resides exclusively in thermal and compressional energy in the
moment of highest density, then one may interpret the observed transverse energy as
being the sum of

EL = Etherm + Ecompr + ECoul

where E.p, is the thermal excitation energy and E oy, + Ecou i the potential energy
associated with the initial compression and the Coulomb forces. The latter is assumed
to be negligible, since almost the same transverse particle energies are observed for
the Au+ Au and Nb + Nb system. Using this relation and a model providing us with
the thermal energy as a function of bombarding energy, one may calculate the ratio
between thermal and compressional energy and derive information about the equa-
tion of state of nuclear matter. The model that has been used for this purpose (Doss et
al 1988a), is the thermal model of Hahn and Stocker (1986). It has proven to be able
to reproduce the measured pion multiplicities over more than eight orders of
magnitude in the bombarding energy range from 304 MeV up to 44 GeV. Comparing
the temperatures, i.e. the thermal energies, predicted by that model with the
experimental values, a surplus of about 60-70% is found in the experimental data.
Within the model dependent assumptions, where the measured transverse energies
are associated with the sum of compressional and thermal energy, one then interprets
~40% of the total kinetic cM energy being converted into compressional energy in
the moment of highest density at all Bevalac energies. The maximum density for this
ratio of compressional to thermal energy can be estimated by solving the
Rankine—Hugoniot shock compression equation

2 _V_V_%>

W —-Wi+p (p o
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which determines the temperature T as a function of p. If W is equated with the cm
kinetic energy one can solve this equation for the density p(E,,). W(p, T) is the
energy per baryon, which characterises the nuclear equation of state. The accuracy of
this method, however, is not better than =30%, but within these limitations the
results clearly favour a hard equation of state. It has to be pointed out that this simple
model neglects several effects which must be addressed for a more quantitative
discussion: (i) the model that has been used to deduce the thermal energy from
experimental pion yields assumes global equilibrium over the whole participant
volume and calculates the temperatures in the moment of chemical freeze-out of the
7/ A degree of freedom, whereas the proton transverse energies are influenced also by
the later clustering of composite particles which may rise the temperature of the
thermal bath; (ii) Coulomb repulsion from the large number of protons in the
participant volume may transmit an additional transverse momentum to the protons;
and (iii) detector inefficiencies may influence the results particularly at high bombard-
ing energies.

5. Composite particle production

5.1. Coalescence model and chemical freeze-out density

Up to now we have discussed only spectral shapes and mean transverse energies of
composite particles, but were not concerned about their absolute and relative yields.
Already the first experimental studies of Gutbrod ef a/ (1976) have demonstrated that
composite light fragments are copiously produced in high-energy heavy-ion collisions.
Their cross sections were found to be two or three orders of magnitude higher than for
proton—nucleus reactions at comparable incident beam energies. The first description
of deuteron formation in heavy-ion collisions (Schwarzschild and Zupancic 1963) was
then also based on the most quoted theoretical model for deuteron production in
proton-induced reactions (Butler and Pearson 1963). In this coalescence model it was
suggested that, independent of details of the deuteron formation mechanism, the
momentum distribution of deuterons (d’cy/dp?) should be proportional to the product
of the proton and neutron momentum distributions. This was argued on the basis of
phase-space alone; the density of deuterons in momentum space is in this model
proportional to the proton density times the probability of finding a neutron within a
small sphere of radius p, around the proton momentum. The corresponding require-
ment of a correlation in configuration space, however, has been neglected.
Straightforward generalising to more complex fragments (Gutbrod et al 1976) leads to

&o,  ga dPo, <d3an 14x )A-l

— =2 - 3
Ak Al die \dkP g 3 PP

where A is the mass number of the emitted fragments, ¢, the total reaction cross
section, d*o,/dk’*(k ={p,, p,, p.}/A) the primordial nucleon cross section, g, =2S, + 1
with §, the fragment spin, p, the coalescence radius to be determined from the
experiment and y the usual Lorentz factor. With this simple parametrisation and p,
values of about 100 MeV/c, reasonable agreement to inclusive data has been achieved
(Gutbrod et al 1976). The essential problem of the coalescence model is that the above
formula is valid only for the primordial distributions, i.e. the distributions before
freeze-out takes place. Applied is the relation, however, to the observed spectra, an
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approximation which is a priori not justified. In addition to this difficulty, the
coalescence model does not give any clues to the dynamics of the nucleon clustering,
nor does it allow to extract useful information from the fit-parameter p,. Clearly, there
was a need for a dynamical description of particle formation.

Further interest in the mechanism of the copiously produced light fragments was
motivated mainly from two reasons. They were suggested to be a relevant observable
to determine the chemical freeze-out density, i.e. the density at which composite
particles cease to form and break up, and there were calculations (Siemens and
Kapusta 1979, Subramanian er a/ 1981, Kapusta 1984, Stocker et al 1983) showing that
the observed deuteron-to-proton ratio can be related to the entropy production in the
system.

A relation between composite particle ratios and the chemical freeze-out density
follows from a combination of the coalescence model and a thermal model. Mekjian
(1978b) has shown that the volume V of the emitting source can be obtained from

0deuteron 4'71 3 8 (Zﬂ)3
Froon 300 ¥ V

where y is the Lorentz factor of the emitted particle in the cm frame of the fireball. A
refined version of this relation, taking into account the size of the deuterons and the
volume of the participants (Jennings ef al 1982, Sato and Yazaki 1981, Gyulassy et al
1983) has been applied the first time on impact parameter selected 4sr data by Gutbrod
et al (1983) and Doss er al (1985). Instead of investigating deuteron-to-proton ratios,
ng/ny, Bertsch and Cugnon (1981) proposed to take into account all heavier fragments
simultaneously by investigating the yields of 74.jie/fp.iixe, given by

Rpie = My + Mg + R+ 2(M3ge + Nepre )
and
Agiike = Ra + 3 (A + Hoge ) + 3nigge ).

Figure 10 shows this ratio for Au+ Au data at different bombarding energies as a
function of N, in a common region of phase space (assuming a Boltzmann type
momentum distribution) where all different fragments are well identified by the
detector (Doss er al 1985). They are found to increase with increasing participant
proton multiplicity, and with increasing projectile—target mass (not shown in this
figure), but to decrease with increasing bombarding energy. Also shown are fits to the
data used to extract the chemical freeze-out density. Values obtained within these
model dependent assumptions were found to be between 0.5 and 1.0 times normal
nuclear matter density. The physical meaning of this number, however, is still subject
to discussions. Based on results of Boltzmann-Uehling—Uhlenbeck (Buu) calcula-
tions, it has been argued recently that the freeze-out density is a rather artificial
quantity which cannot be related to the actual density of the system (Aichelin and
Remler 1987).

5.2. Entropy production

Another important observable suggested to be connected to composite particle
formation is the entropy production (Siemens and Kapusta 1979, Kapusta 1984,
Stocker 1983, Hahn and Stocker 1988b). If the entropy stays constant during the
expansion (Bertsch and Cugnon 1981, Kapusta 1981, Stocker and Greiner 1986),
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Figure 10. Ratio of nq.jje/Mp1ixe as 2 function of N, for Au + Au at different beam energies.
The curves are fits to the data in terms of the coalescence model using the freeze-out
density as free parameter. O, 1504 MeV; 0, 2504 MeV; @, 4004 MeV; B, 6504 MeV.

composite particles contain information not only about the freeze-out but also about
the initial highly excited and compressed stage of the collision. Determination of the
entropy thus might help to determine the Eos of hot dense nuclear matter.
Furthermore, possible phase transitions would be perceptible by their sudden libe-
ration of new degrees of freedom, i.e. by an extra production of entropy (Csernai and
Lukécs 1983, Stécker 1984, Barz et al 1985, Kapusta 1984, Stocker and Greiner 1986).
In recent years a lively and still unsettled debate took place about the significance
of entropy in high-energy heavy-ion collisions and about their relationship to nuclear
cluster production (Aichelin and Remler 1987) (for a detailed review the reader is
referred to Csernai and Kapusta (1986). Based on hydrodynamics (Kapusta 1981,
Stécker 1983) and intranuclear cascade calculations (Bertsch and Cugnon 1981,
Gudima er al 1985) it has been argued that nuclear matter expands quasi-isentropically
after it has thermalised at a certain baryon-density and temperature. After the
collisions among the constituents of the expanding system have ceased, the phase-
space density stays constant due to Liouville’s theorem and the entropy determines
the abundances of the produced clusters. Siemens and Kapusta (1979) attempted the
first estimate of entropy production. Their highly idealised model assumes that, for
some time during expansion, nuclear matter can be treated as a dilute gas of nucleons
with a small contamination of deuterons in local chemical equilibrium. Assuming
equal numbers of protons and neutrons and a temperature much larger than the
deuteron binding energy (i.e. n,=n,>n,), the entropy per nucleon is given by

S/A=3.95—In(ny/n,)
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according to the statistical mechanics of ideal gases. This simple relation (both in the
ny/n,, as well as in the nyyu./ Ny version), however, gives significantly larger entropy
values when extracted from inclusive fragment data (Nagamiya ef al 1981) than were
predicted by diverse dynamic models such as hydrodynamics and intranuclear cas-
cade. Even the inclusion of real pions and the assumption of a supersoft Eos does not
yield enough entropy. This so-called ‘entropy puzzle’ was resolved subsequently by
Stocker er al (1983, 1984), who showed that the above relation is not appropriate
because of a significant change of the fragment yields after freeze-out due to the decay
of particle-unstable excited nuclei (see also Bond et al 1977, Gosset et al 1978, Fai and
Randrup 1982):

A*>(A-A)+X

(X =n, p, a, etc) which becomes increasingly important at low bombarding energies
(E,»<400A MeV) where they dominate the chemical equilibrium contribution, and
by Gutbrod et al (1983) and Doss et al (1985) who showed in first exclusive
experiments that the cluster-to-proton ratios depend strongly on the multiplicity of the
event; in peripheral collisions—which dominate the inclusive particle spectra—the
ratios are much smaller than in central collisions. From these measurements it became
evident that the naive use of impact-parameter-averaged data had been one of the
major reasons of the incorrect entropy determination.

Different models have been proposed to relate the experimentally observed
composite particle production ratios to values of produced entropy in the system. A
disadvantage and source of large systematic errors in the early models using the
Raiie! Pp-iike Tatios (DasGupta et al 1982, Kapusta 1984, Stocker et al 1983, Jacak et al
1984) was the necessity to extrapolate this ratio to large values of participant proton
multiplicity (i.e. to infinite nuclear volumes) in order to simulate a grand canonical
ensemble and to determine the entropy. This method has been applied to experimen-
tal data by Doss et al (1985). Their results, although being strongly model dependent,
demonstrated that compression is achieved in the collision and that the pure thermal
fireball model produces significantly too much entropy. A further deduction of the
relative amounts of thermal and compressional energy-parts, however, was not
possible with that method.

Recently, the quantum statistical model (Qsm) (Stocker ez al 1983, Stocker 1984)
has been further developed by Hahn and Stocker (1988a). This model is based on the
classical chemical equilibrium model of Mekjian (Mekjian 1978a, Randrup and
Koonin 1981, Fai and Randrup 1982), incorporates Fermi energy, and takes into
account, simultaneously, particle-unstable nuclides up to mass 20 (see above) and
ground-state nuclei up to mass 130, as well as Bose condensation of integer spin
nuclides and excluded-volume effects. Assuming that thermal and chemical equilib-
rium are established during expansion of the system, the model describes the
abundance ratios ng./Mp. and n/ny(x=4d, t, *He, “He, ...) as a function of the
specific entropy of the system with the breakup temperature, T}, and the breakup
density, py,, as free parameters. Different from previous models, the curves
n./ny(S/A), which are calculated for a grand canonical ensemble, i.e. for infinite
nuclear matter, can also be employed at finite multiplicities (Hahn and Stocker
1988a). Deviations from a classical microcanonical treatment were proven to be
relevant only for very low particle numbers, e.g. for n =10 they are of the order of
20% (Hahn and Stécker 1988a). This demonstration of the applicability of the Qsm at
finite multiplicities constitutes a decisive improvement over the previous methods to
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extract specific entropies from experimental data. Instead of employing the ‘lever-arm
method’ in extrapolating to infinite multiplicities in order to extract S/A, all cluster
ratios are fitted simultaneously as a function of multiplicity with 7}, and p, as the only
free parameters.

Results of such least square fits to the Plastic-Ball data are presented in figure 11
for Nb+ Nb and Au+ Au at 4004 MeV (Doss et al 1988b). Generally, the fits are
quite satisfactory, considering the fact that only two parameters were adjusted.
However, significant deviations were found both for the triton and *He ratios at the
lowest and highest bombarding energies. This discrepancy, discussed in detail in Doss
et al (1988b), may originate both from imperfections in the detector acceptance, most
disturbing at these energies, but also from the particular high transverse energies of
*He fragments, discussed in §4.4. If this translates into a higher ‘temperature’ for the
*He source, then it questions the assumption of the common phase-space region (see
above) which relies on a constant temperature for all fragments. Because of this
problem the entropies extracted at 1504 MeV were based on the ny/n, and n,/n, ratios
only. The resulting entropy values $/A, shown in figure 12, were found to increase
with increasing bombarding energy and impact parameter. Figure 13 displays S/A for
central collisions (V,/Ny* = 1) together with two model calculations. The experimen-
tal values are smaller than the pure thermal fireball model, indicating that compres-
sion effects play an important role for entropy production in heavy-ion reactions. The
curve, labelled as mean-field, is a hydrodynamic calculation using an Eos based on

80

$00000000000000¢%,
(e[« 211 o]

104

x/p

10725

1073

0 50 100
Np
Figure 11. n,/n, ratios for the reactions Nb+ Nb and Au+ Au at 4004 MeV (where x
stands for d, t, "He and *He) as a function of the participant proton multiplicity, Np. The
full curves are fits to the data in the framework of the osm. @, d; O, t; X, *He; A, “He. (In
(b), A denotes 0.5 X ‘He.).
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Figure 12. Entropy values S/A extracted from the n/n, ratios as a function of the
normalised multiplicity N/Ng™. (a) Nb+Nb. (b) Au+Au. [, 1504AMeV; @,
2504 MeV; B, 400A MeV; @, 6504 MeV.

relativistic mean-field theory (Boguta and Stocker 1983). It lies below the data,
reflecting mainly the lower entropy per nucleon for infinite nuclear matter, for which
the calculation was done. An extrapolation of the experimental S/A values to infinite
multiplicities, subject to the aforementioned uncertainties, would yield numbers in
agreement to the hydrodynamic model. Furthermore, the similarity of the extracted
entropy values for the two systems at a given bombarding energy and constant N,
shows that the specific entropy is mainly dependent on the number of particles in the
reaction volume. A decrease of the entropy for larger systems and/or more central
collisions could be expected, since the thermalisation takes place at higher mean
densities in these cases.

In a recent paper studying the effects of momentum dependent interactions
(Aichelin et al 1987), it was claimed that the deuteron-to-proton ratio, at least for
heavy systems, is sensitive to the nuclear eos. The theoretical value of (14/7, )mux =
0.62 assuming either a rather hard Eos neglecting momentum dependent forces or a
soft Eos including momentum dependent forces (see also § 6.4 for a discussion of these
effects), is in good agreement with the data at all bombarding energies. However,
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Figure 13. Comparison of the bombarding energy dependence of S/A with the fireball and
hydrodynamic mean-field model. The experimental points cannot be compared directly
with the models because the data show results for finite multiplicities, N/ Ng®=1. [, Nb;
@, Au.
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three-body correlations should also be considered in the formation of deuterons, as
was suggested recently by Brown (1988).

5.3. Multifragmentation

The investigation of intermediate mass fragment (1MF) production 5=<A <30 is a topic
of much current interest and is driven, for example, by questions of how much
excitation energy nuclei can support before they break apart, and how the disassembly
of highly excited systems takes place. The widely differing mechanisms proposed in
various models include fragment formation via purely statistical processes (Randrup
and Koonin 1981, Bondorf 1985, Mishra 1988), emission from a gas of nucleons and
fragments in equilibrium (Mekjian 1977, Gutbrod et al 1976, Csernai et al 1980,
Stocker et al 1983), breakup as a result of dynamic instabilities or partial equilibrium
processes (Bertsch and Siemens 1983, Strack 1987, Beauvais et al 1987), or the
treatment of the expansion on a microscopic level in form of TpHF methods (Strack
and Knoll 1984, Knoll and Strack 1984) or molecular dynamics (Lenk and
Pandharipande 1986, Schlagel and Pandharipande 1987, Kiselev 1987, 1985). Another
group of models, finally, assumes neither global nor local equilibrium but rather treats
fragment formation by methods of percolation theory (Campi et a/ 1984, Bauer et a/
1985) or assumes a cold breakup similar to the shattering of glass (Aichelin et al 1984).
Furthermore, at intermediate bombarding energies of E,,= 1004 MeV, i.e. for
moderate temperatures of the system, the expansion may lead to lower densities and
possibly to a liquid—gas phase transition (Danielewicz 1979, Schulz et al 1982, Curtin
et al 1983, Csernai and Kapusta 1986, ter Haar and Malfliet, Glendenning et al 1986,
Campi 1988). The study of fragment yields thus offers the possibility to investigate the
EOs at higher temperatures and lower densities than the ground state. Collective
phenomena, to be discussed in the next section, should also influence the fragment
formation, since stronger collective flow effects are observed for intermediate mass
fragments than for light particles.

Experimentally, a total breakup of the system into a large number of nuclear
fragments, known as multifragmentation, was first observed in proton induced
reactions at bombarding energies of E,=1GeV (Poskanzer et a/ 1971, Finn et al
1982). In contrast to sequential evaporation processes, multifragmentation may be
characterised by nearly simuitaneous breakup of a nucleus into several pieces. Until
recently, heavy-ion experiments identifying iMF have only studied single-particle
inclusive measurements or few particle correlations (Panagioto et al 1982, Warwick et
al 1983, Kwiatkowski er al 1986, Trautmann et al 1987, Trockel et al 1987).
Furthermore, various theoretical investigations have been able to reproduce qualitati-
vely the fragment mass distributions, and in particular the observed power-law
behaviour of the mass yield curve, o{A4)~A"", which is often interpreted as an
indication of a liquid—-vapour phase transition. However, Aichelin et al (1988) recently
argued that the inclusive mass-yield power-law is purely accidental, as it basically
originates from a mixing of different impact parameter dependent processes and,
therefore, cannot be considered a candidate for revealing a possible phase transition.

To address the questions of fragment formation as a function of impact parameter,
a dedicated run has been performed with the Plastic-Ball detector at 2004 MeV
bombarding energy. In this experiment all elements up to neon could be resolved in
the forward hemisphere of the cm system (Bock et al 1987, Doss et al 1987). In
peripheral collisions, fragments were observed with rapidities close to the beam
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Figure 14. Fragment multiplicity (Z=3) distributions for 2004 MeV Au+ Au (8<30°)
for four multiplicity bins of N, increasing from peripheral to central collisions. The
multiplicities correspond to fragments observed in the forward part of cM hemisphere
only. @, 1. Multiplicity bin; <, 2. Multiplicity bin; B, 3. Multiplicity bin; O, 5.
Multiplicity bin.

rapidity, consistent with expectations for fragmentation of an excited projectile
spectator. Sampling more central collisions reduces the average rapidity of the
fragments to values intermediate between that of projectile and target. In the most
central collistons, finally, they were found to be centred with respect to ycy. The large
acceptance of 2z solid angle for intermediate mass fragments and 4 solid angle for
light fragments achieved in this experiment allows to investigate the properties of the
fragments event-by-event. Multiplicity distributions of fragments with 3<Z<10,
observed in the forward part of the cM hemisphere, are shown in figure 14 for different
bins in participant proton multiplicity. In central collisions, where a large fraction of
the projectile charge is contained in light and intermediate mass fragments, an
average of 3—4 Z=3 fragments was observed at 6, <90°. Extrapolation to 4 leads
to about 8 IMF, with a significant number of events yielding up to 20 fragments. These
numbers are still slight underestimates because of the low-energy cutoff of the
detector. Figure 14 clearly illustrates that multifragmentation is a dominant process in
central collisions of heavy nuclei at this bombarding energy (see also Hahn and
Stocker 1988b).

Warwick et al (1983) investigated the breakup of spectator residues in asymmetric
Ne + Au collisions at bombarding energies ranging from 250-21004 MeV. They
found a heating of the target nucleus even in very peripheral collisions, and subse-
quent deexcitation in form of fission. In central collisions they observed many light
nuclear fragments, but no heavy target residue surviving the collision. The probability
of forming large clusters was found to decrease with increasing bombarding energy,
consistent with the picture of a more violent breakup into smaller pieces as the
deposited energy increases. Comparing different systems in the projectile energy
range of E,,;,~100-20004 MeV, one finds that fragmentation scales roughly as the
total energy of the beam rather than with the energy per nucleon. The onset of
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multifragment emission, i.e. the amount of excitation energy, E,, in the composite
system that is necessary to increase the production cross section of more than one MF
dramatically, was recently reported to be located near E,=300MeV (Trockel et al
1989). Furthermore, this value was found to be almost independent of the projectile~
target mass system.

Recently, the quantum molecular dynamics approach (qQmp) (Aichelin and
Stocker 1986, Aichelin ef al 1987, 1988), an extension of the former classical molecular
dynamics model (Bodmer and Panos 1977, Bodmer ef al 1980, Wilets er al 1978) with
inclusion of aspects of the Vlasov—Uehling—Uhlenbeck model (vuu) (Kruse et al
1985, Bertsch et al 1984, Molitoris and Stocker 1985, Molitoris er a/ 1985, 1988a) has
been employed to Au+ Au at 2004 MeV (Peilert et al 1988, Peilert 1988), i.e. to the
same system as measured with the Plastic-Ball. The calculated charged-particle
multiplicities, the multiplicities of intermediate mass fragments, and their respective
rapidity distributions were found to compare fairly well with the experimental data.
These quantities were reported to be quite insensitive to the eos, but, on the other
hand, to be strongly dependent on the in-medium nucleon—nucleon cross section. The
importance of this quantity which can be adjusted by means of such experimental
data, will be discussed in more detail in §6.4.

6. Nuclear matter flow

The comparison of the observed transverse particle energies with the intrinsic
temperature of the system (extracted e.g. from the pion yields, as discussed in §4.5),
as well as the measured lower specific entropy compared to values of a pure thermal
fireball, revealed the first evidence that only a certain part of the available cM energy
gets converted into thermal degrees of freedom during the collision. Both arguments
are, as in the case of Stock et al (1982), based on a subtraction of the energy
component one considers thermal from the total available kinetic cM energy. A
physical observable that is believed to be directly related to the compressional energy
fraction, is the collective ordered motion, i.e. the flow of nuclear matter in the final
stage of the reaction. This is probably the most obvious manifestation of the £os in the
experimental data.

Collective fluid-like behaviour of nuclear matter in high-energy heavy-ion colli-
sions was first predicted on the basis of hydrodynamics by Scheid et al (1974) and co-
workers of the Frankfurt school (Baumgardt e a/ 1975, Hofman et al 1976a, Stécker et
al 1978). Siemens and Rasmussen (1979) argued that the hydrodynamical flow results
in a symmetrical blast wave associated with the explosion of the system, being
observable by a ‘shoulder-arm’ behaviour in the shape of the energy spectra.
Indications for such effects, which however left the mechanism behind it still open,
have been reported from inclusive experiments (Nagamiya er al 1980) and were
discussed to some extent already in §§4.3 and 4.4. In this section we will now
concentrate on the directed collective sidewards emission, called transverse matter
flow.

The observation of first indications of collective sidewards emission was claimed
early by Baumgardt et a/ (1975) and Stock et al (1980). Their conclusions were drawn
from angular distributions of charged-particle inclusive data. These conclusions,
however, may be regarded premature, mainly because of two reasons: (i) ¢-averaged
energy-integrated angular distributions dependent strongly on the acceptance (i.e. the
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kinetic energy window) of the detector, which has been very limited to higher particle
energies in both cases, and (ii) Coulomb effects may at least partly be responsible for
the observed forward suppression of charged particles. The latter argument is
supported by the measured absence of a forward suppression in neutron angular
distributions (Madey et al 1986) and by recent simple model calculations claiming to
reproduce the observed forward suppression of charged particles mainly by the
presence of Coulomb forces alone (Barghouty and Féi 1987). Because of these two
reasons more exclusive experiments, particularly those with ¢-symmetric coverage,
were needed in order to draw definite conclusions on this topic.

6.1. Sphericity method

Data from 4ur detectors are ideally suited to study emission patterns and event shapes
in high multiplicity heavy-ion reactions. Similar problems of event topology analyses
and jet-finding algorithms have been treated earlier already in high-energy particle
physics. The thrust and sphericity analysis have successfully been applied to those data
(Brandt and Dahmen 1979). Since the thrust vector cannot be calculated analytically,
the sphericity method has generally been used and was also proposed for the analysis
of flow patterns in heavy-ion reactions (Cugnon et al 1982b, Gyulassy et a/ 1982). The
three-dimensional sphericity tensor

Fy=> p(v)p(»)o()

(pd»),i,j=x,y, z, are the cartesian components of particle v and w is an appropriate
weight factor) is calculated event-by-event from the cM momenta of all measured
particles. Choosing w(v) in such a way that composite particles obtain the same weight
per nucleon as individual nucleons at the same velocity, i.e. w(v) = 1/2m(v), yields the
kinetic-energy flow tensor (Gyulassy e a/ 1982). The sphericity tensor approximates
the event shape by an ellipsoid whose orientation in space and whose aspect ratios can
be calculated by diagonalising the tensor. In particular, the polar angle 6 of the major
principal axis to the beam axis is called the flow angle. Although being mathematically
elegant, the sphericity method suffers substantially from finite particle-number distor-
tions for M <100, which only allows us to extract the maximum in the Jacobian-free
weighted flow angle distribution, dN/d cos 8y, and not the mean value as a useful
quantity (Danielewicz and Gyulassy 1983).

6.1.1. Symmetric systems. The sphericity analysis requires each event to be trans-
formed into the cum system. Therefore, it is most uncritical when applied to symmetric
projectile—target systems where the effective cM system of the reaction can, to a good
approximation, be identified with the nucleon-nucleon cMm system. Events from
collisions of Ca+Ca, Nb+Nb, and Au+ Au, accumulated with the Plastic-Ball
detector and analysed in terms of the sphericity tensor (Gustafsson et al 1984b, Ritter
et al 1986), are shown in figures 15 and 16. A net deflection angle, increasing with
multiplicity and different from the zero-peaked flow angle distributions of the Ca
data, is observed for the heavier systems Nb+ Nb and Au-+ Au. This experimental
observation, a typical example of the virtue of 4s detectors, provided the first
conclusive evidence of collective sidewards flow and substantiated the long standing
prediction of the nuclear fluid dynamical model (Scheid er al 1974, Stocker et al 1980,
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Figure 15. Frequency distribution of the flow angle 8¢ for Ca+ Ca and Nb + Nb collisions
at 4004 MeV for five multiplicity bins (Gustafsson et al 1984b). The two right-hand
columns show results for the intranuclear cascade simulation (Gustafsson er al 1984b,
Yariv and Fraenkel 1979) and for the hydrodynamical calculation (Buchwald et al 1984),
respectively. Finite particle number distortions and experimental inefficiencies are taken
into account in both models. Reproduced with permission from Gustafsson et al (1984b).
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Figure 16. Linear contour plot of p,/m as a function of the cm rapidity for semicentral
collisions of Ca + Ca (upper diagram), Nb+ Nb and cascade simulation data (middle and
lower diagram), each at a bombarding energy of 400 A MeV (Gustafsson ef al 1984b).
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Buchwald er a/ 1983). Thus, the key mechanism for an investigation of the nuclear Eos
has been experimentally established. Taking into account the finite particle number
effects of the flow tensor and the acceptance cuts of the experimental apparatus, the
model reproduces the experimental data reasonably well (Buchwald er al 1984) as
shown in the right-hand column of figure 15. Plotted are also results of the same
analysis (Gustafsson et a/ 1984, Buchwald et al 1984) performed with events generated
by cascade calculations from the Yariv-Fraenkel and Cugnon code (Yariv and
Fraenkel 1979, Cugnon et al 1982a) filtered to the Plastic-Ball acceptance. In this case
the distributions are peaked at zero degrees for all impact parameters, leading to the
conclusion that collective phenomena, definitely appearing in higher-mass systems,
are not accounted for by the cascade model (Braun and Fraenkel 1986, Molitoris et al
1986).

The fact that finite flow angles are seen in the data indicates that in those events a
reaction plane exists that is defined by the flow axis and the beam axis. Thus, the event
shapes can be studied in more detail by rotating all events by the azimuthal angle
- @r, determined from the flow analysis, so that their individual reaction planes all fall
into the x-z plane, with z being the beam axis. The invariant cross section in the
reaction plane, do/dy d(p,/m), (Stocker et al 1982, Buchwald er al 1983) where p, is
the projection of the transverse momentum onto the reaction plane, is shown in figure
16 for 400A MeV Ca + Ca and Nb + Nb data together with cascade calculations. The
depletion near the target rapidity is due to the limited acceptance of low-energy
particles in the lab system which enhances the flow angle artificially, as will be
discussed later again. The difference between real and cascade data is obvious and
reflects again the results of the flow angle distributions. Figure 16 also shows the
appearance of another collective effect; the highest level contour which results largely
from the projectile remnants is shifted away from the beam axis into the flow
direction, indicating a definite ‘bounce-off’ effect. Because the flow angle is definitely
larger than one would expect from the position of the bounce-off peak of about
504 MeV/c, one can conclude that the observed strong sidewards flow seen in figure
15 is mainly due to mid-rapidity particles. The data also show that the bounce-off and
side-splash effects appear to be in the same reaction plane. A schematic view of both
effects is depicted in figure 17.

Projectile

Figure 17. Schematic view of the effects of side splash and bounce off.
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Figure 18. Frequency distribution of the flow angle 6y for five multiplicity bins of Au+ Au
collisions at bombarding energies ranging from 150-8004 MeV.

The bombarding energy dependence of the flow angle distributions has been
studied in Ritter er al (1986) for Nb+ Nb and Au+ Au data (figure 18). In both
systems the peak position in the frequency distribution of the flow angle was found to
increase with projectile energy up to about 4004 MeV, followed by a slight fall-off
towards higher energies. These findings are confirmed by high multiplicity 9004 MeV
U+ U events observed in the Bevalac streamer chamber (Beavis et al 1985).

In order to extract the magnitude of the available cM energy being converted into
collective sidewards motion, the 4004 MeV Nb+Nb data were fitted with the
statistical event simulation code of Fai and Randrup (1983), suitably modified to
include the two observed collective phenomena (Gustafsson et a/ 1984b). From these
simulations it was estimated that about 10% of the total kinetic energy available in the
cM system is contained in the directed collective motion. This relative small amount
explains why it is so extremely difficult to observe the effect in inclusive data. It should
be stressed, that this number is not to be mistaken with the higher amount of the total
compressional energy in the system, as this method is not capable of detecting
isotropical flow (§84.4 and 4.5).

6.1.2. Asymmetric systems. Data of asymmetric projectile-target systems have
mainly been accumulated by several Streamer Chamber groups at LBL, Riverside,
and MSU, by emulsion experiments, and recently also by the Diogene detector at
Saturne. This is done not only because of physics motivations, but also because of
technical reasons: in the case of the Streamer Chambers solid targets within the active
volume must be non-conducting or encapsulated in a non-sensitive atmosphere and in
emulsion experiments the target is identical with the primary photosensitive material
AgBr. Finally, the detectors also need to cope with very high particle multiplicities in
collisions of two massive nuclei which are less dramatic in asymmetric reactions with
one light partner. The price one has to pay concerning the sphericity analysis is that
one does not immediately know the velocity of the effective cum system, as it obviously
depends on the impact parameter. Therefore, one needs to achieve almost full
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kinematical reconstruction in each event in order calculate y¢, from the sum of the
momenta of all (observed) reaction products.

Such an analysis has for the first time been performed by Renfordt et al {1984) and
Strébele et al (1983). These data—supporting the previous findings—exhibit also a
definite sidewards deflection of nuclear matter away from the beam axis, and are in
disagreement to simulated events of the cascade code of Cugnon et al (1981),
reflecting again a lack of compressional energy in this model.

6.2. Global transverse momentum analysis

The beauty and some drawbacks of the sphericity method have briefly been men-
tioned in the previous section, already. Because of the strong finite particle number
distortions being most disturbing for the light Ca + Ca system, no decisive conclusions
about the possible presence or absence of the flow effect could be drawn so far for this
system. Only a weak indication has been found in the most central collisions.
Furthermore, since all experimental biases and inefficiencies, and in addition also the
two separate collective phenomena are folded into one single observable, it is
extremely difficult to compare the experimental results of the sphericity analysis with
theoretical model predictions.

To avoid most of these difficulties a novel, more sensitive, method has been
introduced by Danielewicz and Odyniec (1985). In this transverse-momentum analysis
the reaction plane is constructed individually for each single particle x4 from the
transverse momentum components p, of all remaining particles of the same event:

(1) => p.(V)o()

vEL

where w(v) is a weight factor chosen to be * 1 for fragments emitted in the forward
and backward hemispheres in the cmM, respectively. If w(v) would be equal for all
particles, then the transverse momentum vector would result (in case of an ideal
detector) in Q=0 by transverse momentum conservation. In the next step of the
analysis, the transverse momentum vector of particle u is projected onto this
approximated reaction plane by evaluating the scalar product
_ O(u)
pu)=p.(1) o0

yielding in in-plane transverse momentum, p,, which is generally plotted as a function
of rapidity. The definition of @ ensures that autocorrelations are removed and that the
method is sensitive only to dynamic multiparticle correlationst.

This method was first applied to 1.84 GeV Ar+KCl Streamer-Chamber data
(Danielewicz and Odyniec 1985). Although employing the standard sphericity analy-
sis revealed no significant effect for this reaction, the transverse momentum method
evidently showed flow effects, substantially stronger than in the cascade model, but
weaker than in the hydrodynamical model. Comparing 1.24 GeV Ar + Bal, data to
vuu predictions, furthermore, showed good agreement with experimental data when
a stiff Eos (neglecting in-medium effects) is employed in the model.

1 Strictly speaking, the method is sensitive also to well known two-particle Bose—Einstein correlations at
low Ap. Such possible contributions to (p, ), however, can safely be ignored, as they would result in much
weaker correlations than those studied here.



Shock compression of hadronic matter 721

Since averaging in the global transverse momentum analysis is done over particles
and not over events, the method exhibits collective flow effects also in much smaller
data samples than is necessary for the sphericity analysis. In this respect, it is much
more appropriate for the analysis of emulsion and streamer chamber data than the
sphericity analysis (Beavis et a/ 1986).

6.2.1. Symmetric systems. Figure 19 shows as an example the mean transverse
momentum per nucleon projected onto the reaction plane, {p,/A), as a function of the
normalised cMm rapidity, y/y,.;, for Ca+ Ca, Nb+ Nb and Au + Au collisions, each at
a bombarding energy of 4004 MeV (Gustafsson et al 1988). The error bars represent
statistical errors only and data points are corrected for the deviation from the true
reaction plane, as described in (Danielewicz and Odyniec 1985). The corresponding
values of (cos @), which are determined by splitting each event into two randomly
chosen subevents and calculating their individual reaction planes, typically vary
between 0.82 and 0.98. Particles near midrapidity (y = - 0.1) which are expected to
be only weakly correlated to the reaction plane because of symmetry reasons were
excluded from the summation of Q to reduce fluctuations. The characteristic S shape
of the resulting curves, clearly evident for all systems and in all multiplicity bins now,
demonstrates the traceability of the reaction plane from the fragment momenta and
thus is a clear sign of collective nuclear matter flow. Statistically uncorrelated (i.e.
pure thermal) particle emission would result in a ‘null effect’ or even in a slightly
reversed curve (negative values in the forward cMm hemisphere and positive values in
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Figure 19. Mean transverse momentum per nucleon projected onto the reaction plane as
a function of the cm rapidity for different reaction systems at 400A MeV and different
impact parameter regions, respectively.
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Figure 20. Directed participant flow as a function of the participant proton multiplicity,
N,y/ng™, for (a) Nb+Nb and (b) Au+ Au at different beam energies. @, 8004 MeV; V,
6504 MeV; ¥, 4004 MeV; &, 2504 MeV; ¥, 1504 MeV.

the backward cMm hemisphere) due to transverse momentum conservation (Kampert
1986). The measured in-plane transverse momenta are found to increase with
increasing projectile—target mass and to reach a maximum in semicentral collisions.
The dip in the distributions just below the projectile rapidity in all but the most central
collisions results largely from the bounce-off effect. It directly demonstrates that this
effect is a small sidewards deflection of the projectile remnants into the reaction plane
and should consequentially be distinguished from the side-splash of the participants.
Since the corresponding low-energy target fragments are mainly excluded by the
detector acceptance, the same dip does not show up in the target rapidity region.

Curves of the type presented in figure 19 can directly be compared to event
generating models (after applying the filter simulating the experimental apparatus to
the calculated data) without further reduction of information. It is of further general
interest to extract a quantitative measure of the transverse momentum flow containing
as little of the detector bias as possible from those data, thus enabling us to compare
peripheral and central collisions, and different projectile—target sysems at different
beam energies with each other. The scaling properties of such a variable provides a
crucial test for the origin of the flow and may help to discriminate between different
models (Schiirmann and Zwermann 1987, Schiirmann 1988, Bonasera et al 1988). As
discussed in Doss et al (1986), the maximum of the collective momentum transfer
occurs close to the target and projectile rapidities, where the relative contributions of
spectator and participant particles depend strongly on the impact parameter (see for
example the influence of the bounce-off effect on the (p,/A) distributions in figure 19),
and where experimental biases are most disturbing. However, to a good approxima-
tion all S shaped curves are straight lines near midrapidity, so that their slope,

_(dpd4)
F= (d(y/Yproj)>y=yCM

measured in MeV/c, was proposed as a good measure of the directed participant flow
(Doss et al 1986).
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The dependence of F on the impact parameter is shown in figure 20 for Nb + Nb
and Au+ Au at different beam energies ranging from 1504 MeV up to 8004 MeV. As
already seen from the S shaped curves and the flow angle distributions, the flow
increases with projectile—target mass and scales roughly with A’ between Nb and
Au. The multiplicity dependence shows the directed participant flow peaking in
semicentral collisions. This behaviour is different from the flow angles, which were
found to increase monotonously with multiplicity. There are at least two explanations
for this effect: (i) the sphericity analysis approximates the whole event by one ellipsoid
and is therefore considerably affected by spectators, i.e. particularly by the bounce-off
effect at low multiplicities which tends to reduce the effective flow angle, and (ii) the
transverse momentum method, on the other hand, is sensitive only to ¢ asymmetries
in the event and is unable to distinguish between prolate and oblate event shapes. To
be more precise, the directed flow F and the flow angle 6r are by no means
proportional to each other. Analytically they are connected to each other via the
aspect ratio of the largest to smallest half-axis of the associated ellipsoid, R,3:

re (9P (Ry;—1) sin 6 cos
N dpz p=0— R13C0520p+sin20F

which directly follows from the assumption of ellipsoid shaped events (Kampert 1986)
and as was recently obtained also empirically in the framework of an almost-analytic
transport model (Schiirmann and Zwermann 1987). Therefore, increasing flow angles
and simultaneously decreasing aspects ratios R; (a behaviour that is indeed indicated
when selecting central collisions) can result in decreasing flow values F. Because the
aspect ratios Ri; cannot be inferred from experimental data in a straightforward
manner (Danielewicz and Gyulassy 1983), one might now be tempted to extract this
interesting quantity from the known average flow F and flow angle 6 by applying the
above formula (Schiirmann 1988). However, proceeding in such a way with the
average quantities would be problematic as well, because Danielewicz and Gyulassy
(1983) have demonstrated that only the maximum of the Jacobian-free flow angle
distribution, and not the average value, is a useful quantity. Measurements of the
aspect ratios R; and Ry therefore will have to await still more advanced methods.

The energy dependence of the maximum directed flow, i.e. the mean values of the
third and fourth multiplicity bin, is displayed in figure 21 for all symmetric systems
investigated with the Plastic-Ball. Plotted in this way, the flow increases gradually with
increasing beam energy, rather rapidly up to 4004 MeV and turning into a saturation
curve at the highest bombarding energies. The error bars plotted are of statistical
source only, including the uncertainty from the straight-line fits to the data. If the
impact parameter averaged minimum bias data were plotted instead of the maximum
values in figure 21, then one would find a slight fall-off towards higher beam energies
above 6504 MeV (Doss et al 1986) which can be attributed mainly to the weaker flow
effect in peripheral collisions above 6504 MeV.

6.2.2. Asymmetric systems. The global transverse momentum analysis may directly
be applied to data of asymmetric systems, because it does not necessarily require a
transformation of the event into the effective cM system. One simply needs to estimate
Yeu, €.2. on the basis of the fireball model, and to assign the weight w(u)=0 for all
particles within a certain rapidity window, yoy—0<y.o{u) <ycy+ 0, where 0 is



724 K-H Kampert

240 j ) T j T

- Au+Au
5
5 160F
2
g ]
= Nb + Nb
3
; 80r . '
2 Ca+Ca

0 400 80 ' 1200

Beam energy (MeV/4)

Figure 21. Flow of semicentral collisions as a function of beam energy. The error bars are
of statistical nature only including the uncertainty from the straight-line fits, as described
in the text. The full curves are to guide the eye.

sufficiently large to ensure that only particles of the forward and backward hemis-
phere, respectively, are taken into account with their proper signs for the reaction
plane calculation. As usual, {(p,/A) as a function of y,, is plotted where the crossing
point should lie well inside the 0 window around the estimated ycy, otherwise one or
both quantities need to be readjusted and the analysis repeated. If full particle
information cannot be achieved in an experiment, one even might replace the ‘true’
rapidity of a particle by its pseudorapidity, n = —In(tan(6/2)], or the ‘real’ p, by the
‘pseudo’ p, =p,.; - tan 8, as done for example with emulsion data in (Csernai et al
1986, Jain et al 1988). However, such an analysis can in general provide only
qualitative results.

Figure 22 shows an example of a transverse momentum analysis of 1.24 GeV
Ar + Bal, data (Keane et al 1988). The curves exhibit the same trends as discussed
before; however, they are not symmetric around the effective cMm rapidity.
Comparisons with vuu predictions show the same qualitative multiplicity trend as the
experimental data and generally favour a medium to stiff range of the eos (Keane et a/
1988). Intranuclear cascade predictions, when compared to the same data, however,
yield too low values, demonstrating again the lack of flow in this model (Beavis et a/
1988). Similar results for asymmetric systems have been obtained at comparable and
lower bombarding energies (Gosset ef al 1987, Danielewicz et a/ 1988), and also at
higher bombarding energies up to 3.374 GeV (Kampert 1986, Bialowska et al 1986).

6.2.3. Flow of intermediate mass fragments. Up to now we have discussed collective
flow effects only for the entire event, by averaging over protons and composite
particles with a proper weight factor. However, several calculations capable of
producing nuclear fragments with A >1 predict that a stronger flow effect should be
observed for nuclear fragments than light particles emitted in the reaction (Stocker et
al 1981, Csernai et al 1983, 1984). This effect has in fact been expected rather early
(Baumgardt er al 1975) by the simple argument that heavier clusters have relatively
lower (undirected) thermal velocities than light particles. In order to gain more insight
into which particles are predominantly contributing to the in-plane momentum



Shock compression of hadronic matter 725

200 {a) (5] ()
—~ 100 fsih) v;:.g%
“ L ’ . ’ R RN
: SRR
E o: L m@d’ d:dj
: R [ +
5 -100%@ 3
N P T T PN T N R

0 0.5 1 0 0.5 1 0 05 1
% = Nab /ybenm

Figure 22. Mean transverse momentum per nucleon in the reaction plane, as a function of
rapidity. The different curves show vuu predictions assuming different compressibilities.
(a) 45>M'=33, (b) 59>M'=45, (c) M’ =59. Full curve: K= 380 MeV; broken curve:
K=200MeV; chain curve: supersoft. Reproduced with permission from Keane et al
(1988).

transfer, the (p,/A) distributions have been analysed differentially as a function of the
mass of the fragments. Results of such an analysis are shown in figure 23 for the
reaction Au+ Au at 2004 MeV and the multiplicity bin containing between 50% and
75% of Nj** (Kampert 1986, Gustafsson et a/ 1988). Fragments heavier than ‘He were
only measured in the forward cM hemisphere, as discussed above. The data clearly
show an increasing transverse momentum flow per nucleon as the fragment mass
increases. This rise amounts to more than 40% when comparing Z=1 to Z=6
fragments, and is particularly exciting since the ¢ averaged transverse momenta per
nucleon, (p,/A), were found to decrease with increasing fragment mass. The stronger
flow of intermediate mass fragments becomes even more pronounced if the correla-
tion is studied in position space rather than in momentum space. This is clearly visible
in figure 23(b). Here the same data have been analysed, but plotted is now the fraction
of the particle’s transverse momentum that lies in the reaction plane, (p,/p_. ). If the
particles were emitted exactly into the reaction plane, then this alignment function
would yield plus or minus one for ideal positive or negative alignment, respectively.
Similar results were obtained from the ¢ distributions of different fragments measured
relative to the reaction plane (Doss et al 1987).

Comparing the relative increase of the alignment in momentum and position space
in figure 23, one might interpret the increasing transverse momentum flow with
increasing fragment mass as at least partly being caused by the substantially stronger
spatial correlations of the intermediate mass fragments. This would be in line with the
simple idealised interpretation of the fragment mass dependence of the collective
flow, where one assumes nucleons and fragments stemming from a common therma-
lised source, characterised by a certain temperature, being on top of a common
collective asymmetric expansion velocity caused by the inherent asymmetry in the
pressure in non-zero impact parameter collisions. (imMF, in fact, should even be
characterised by a lower effective ‘temperature’, as they get more easily destroyed in
multiple thermal collisions, thus dropping out of the observation ensemble.) The
thermal energy component thus defines the A independent thermal energy per
particle, whereas the flow energy, i.e. the originally built-up compressional energy, is
determined by the expansion velocity and therefore should have a linear A depen-
dence. The flow energy therefore gains an increasingly larger fraction of the fragments
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Figure 23, Mean in-plane transverse momentum per nucleon (a) and fraction of the
particle’s transverse momentum that is emitted into the reaction plane (b) for different
fragments as a function of the cmM rapidity for Au+ Au collisions at 2004 MeV. (a) @,
Z=1,0,Z=2,V,Z2=26.(b)@®,2=1,0,Z2=2;,0,Z=3; A, Z=6.

energy, and the random undirected thermal motion becomes less important, as the
fragment mass increases.

The dependence of the directed flow on the mass of the emitted fragment has
recently been studied in the framework of the oMb model by Peilert er al (1988).
Figure 24 shows a comparison of the calculated (circles) and measured (triangles) in-
plane transverse momenta per nucleon as a function of rapidity for Au+ Au at
200A MeV. The increase of the p,/A values with the mass of the fragments is fairly
well reproduced by these calculations, and good agreement to the data is found when
employing a stiff Eos. Furthermore, the difference between the soft and hard gos is
most significant for the intermediate mass fragments (Z=6), where it amounts to a
doubling of p,/A when going from the soft to the hard Eos. Since the increased
transverse momentum flow p,/A may result both from a stronger spatial correlation of
the iMF and/or from higher average transverse momenta p, in directions of the
reaction plane, it would be interesting to see whether the strength of the azimuthal
alignment, p./p,, comes out consistently with the data when the same hard Eos is
employed in the model.
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Figure 24. Mean in-plane transverse momentum per nucleon of light and intermediate
mass fragments obtained from omp calculations for the reaction Au+ Au at 2004 MeV
(b=3 fm) (Peilert et al 1988, Peilert 1988) compared to the experimental data. The left-
and right-hand columns have been obtained for a soft and hard Eos, respectively.
Reproduced with permission from Peilert er al (1988).

6.3. Further alternatives on collective flow analysis

The sphericity and global transverse momentum analysis have so far been the most
commonly applied methods for analysing data in terms of collective flow variables.
However, one might argue that in the transverse momentum method the exclusive
multiple particle information is only used to obtain the azimuth of the reaction plane,
whilst the sphericity analysis reduces all available information to a one-dimensional
observable, i.e. the flow angle. Therefore, it is appropriate to devote some sentences
to alternative approaches and to compare their respective results.

Analysing azimuthal multiparticle correlations in terms of random flight theory
was proposed in Beckmann er al (1987a), where the exclusive variable, W

W PL(V) E 5. (v)]

m(V) m(v)
is constructed from the transverse momenta of all charged particles, or from restricted
groups of particles (e.g. the forward and backward hemispheres (Beckmann er al
(1987b), or light and intermediate mass fragments (Bock et al 1987)). A reference
distribution based on random flight theory is generated in addition to the data
distributions in order to determine the amount of collective azimuthal alignment
between the groups, or within the groups of particles, respectively. This method yields
approximately the same results as the transverse momentum methods, as far as the
multiplicity dependence is concerned. However, the method does not show an effect
for the Ca + Ca system, as it may be not sensitive enough, and it exhibits the same
bombarding energy dependence as the sphericity method, because the whole event

has after all again been reduced to one single parameter, in this case to the azimuthal
asymmetry, ¥ (Beckmann et al 1987a).
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Recently, it has been proposed (Welke et a/ 1989) to study azimuthal distributions
relative to the reaction plane (such an analysis was performed in Doss et a/ (1987)) as
being a quantity that is sensitive to the EOs. Such an investigation is motivated by the
fact that the in-plane transverse momentum distribution measures only the average
magnitude of p,, but does not say anything about the dispersion \/pﬁ normal to the
reaction plane ((p,) is of course zero because of reflection symmetry).

Common to all, except the W method, is the requirement to first determine the
reaction plane of an event in order to have the necessary reference frame for
measuring triple differential cross sections. Based on experimental results and the
theoretical required sensitivity, it has been estimated that this determination needs to
be done with an accuracy of A®=<35-45° (Féi et al 1987). That requirement is
achieved, e.g., by identifying the reaction plane with the azimuth of a heavy projectile
remnant scattered into a narrow cone of 8, <2° (Kampert 1986). This small angle
deflection of the projectile fragment directly demonstrates the bounce-off effect
appearing in the same reaction plane as the side-splash of the participants. Moreover,
it provides the opportunity to determine the reaction plane by employing a rather
small solid-angle detector at forward angles and to study flow effects by means of the
transverse momentum method even with a single arm spectrometer (Kampert 1986,
Féi et al 1987). A drawback, however, is that this definition of the reaction plane
breaks down for central collisions where no heavy projectile remnant survives the
collision. An experiment of this kind is just starting at the Bevalac (Madey 1987)
complementing the available data on collective flow of charged particles by important
neutron flow data (Keane 1989).

6.4. ‘Squeeze-our’ of particles: another component of collective flow

The group of methods discussed above does not yet exhaust all information that is in
principle available from 4m spectrometers and allow only for an investigation of
collective phenomena appearing in the reaction plane. In particular, the successful
global transverse momentum method results in {(p,)=(p,) =0 at yc\y=0 because of
symmetry reasons. On the other hand, it is anticipated that strong collective pheno-
mena take place at midrapidity, because of the large compression effects achieved in
these reactions, and as was discussed by Scheid et a/ (1974). The direction perpendicu-
lar to the reaction plane is the only coordinate where nuclear matter might escape
during the whole collision time withput being hindered by either the target or
projectile nucleus. As a consequence, this might lead to a jet-like emission pattern,
also referred to as ‘out-of-plane squeeze-out’ (Stocker ez a/ 1982, Buchwald et al 1983,
Stocker and Greiner 1986), and allow an unique investigation of the interior of the hot
dense region of the collision.

An indication of an out-of-plane peak in the particle distribution at mid-rapidity
has recently been reported by the Diogene group for Ne-induced reactions (Hote
1988). In order to look for such effects in data of symmetric systems, a novel analysis,
combining aspects of the sphericity and transverse momentum analysis, has recently
been proposed and applied to 4004 MeV Au+ Au data by Gutbrod et al (1989). In
this approach, intended to reveal new information about the three-dimensional event
shape, the ¢ distributions of particles are analysed in the coordina‘e system given by
the principal axis of the energy flow tensor. A schematic view of the three-dimensional
event shape and its orientation in coordinate space is depicted in figure 25. As
indicated in that figure, analysing the ¢ distributions of particles around the beam axis
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Figure 25. Schematic view of the event shape illustrating the orientation of the event in
coordinate space, and indicating the difference between the azimuthal distributions ¢ and
@', respectively.

with respect to the reaction plane tests only for the in-plane flow effects. However, if
one is interested in the event shape at midrapidity, one needs to account for the well
known non-zero flow angle, i.e. one has to measure the azimuthal angle of particles
around the major principal axis of the flow tensor (denoted ¢’ in figure 25). Because
each event is now rotated not only by — g into the reaction plane, but also by - 8;
into the major symmetry axis of the event, the method allows us for the first time to
superimpose several events without effectively distorting and smearing out the
characteristic individual event shapes. Thus, it evades the difficulty of the standard
sphericity method to extract aspect ratios because of finite particle number distor-
tions. Moreover, average ratios of the associated half-axes may now be inspected also
as a function of rapidity.

Figure 26(a) shows, as an example of this analysis, the ¢’ distribution as a function
of the normalised momentum per nucleon along the major axis of the ellipsoid, p;. A
projection of the ¢' distribution at p,=0 is, in addition, plotted in figure 26(5). These
data clearly demonstrate that there is indeed a preferential emission of particles into
the out-of-plane direction (¢’ = =90°, 270°), and that this pattern even extends over
the entire p, range. Large distortions at projectile and target rapidity are also visible in
figure 26(a), showing up as a depletion at ¢’ =0° and p,<0 due to the target cuts, and
as a peak structure at projectile momentum and ¢’ =180° caused by the bounce-off
particles. Figures 26(c) displays in addition the azimuthal dependence of the trans-
verse momentum per nucleon (p’,/A). Again, the same anisotropy in ¢’ at p,~0 is
observed, revealing that not only the density of particles is enhanced in the out-of-
plane direction, but that these particles are also emitted with a higher average
transverse momentum per nucleon!

The anisotropy in ¢’ corresponds to an elliptical distribution of the particles, both
in position and momentum space. Thus, fitting the distributions of figures 26(b), (c)
with f(¢') <1+ a cos(2¢’), with a being the free parameter, yields the aspect ratio of
the two shorter half axes of the associated ellipsoid as extrema of f. Figure 27 shows
the multiplicity dependence of this aspect ratio at midrapidity for the position density
(full circles) and the average momentum per nucleon (open circles). Both ratios
exhibit the same tendency; they are found to reach a maximum in semicentral
collisions, resembling the impact parameter dependence of the directed in-plane flow.
In the limit of impact parameter b =0 (which cannot be reached in practice) symmetry
requires that the ratios become equal to one. These data provide, together with the in-
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Figure 27. Aspect ratio of the associated half axes of an ellipsoid describing the density of
particles (filled circles) and the momentum per nucleon (open circles) in a slice normal to
the major symmetry axis of the event (see figure 25) at p, =0 as a function of multiplicity.
The full curves are to guide the eye.
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plane sidewards flow, an impressive confirmation of strong local non-equilibrium
effects in the system, and beautifully reveal even the details of the event shape in
position and momentum space.

6.5. Comparison with theory and implications on the EOs

The unambiguous experimental confirmation of the existence of dynamic collective
flow phenomena, extracted in several ways from the data, establishes the formation of
highly compressed nuclear matter. However, although observables for investigating
the properties of high-density matter have been identified, the most important
problem remains, namely how to derive quantitative information about the nuclear
eos from these data. This task can in principle be accomplished via detailed
comparisons with model predictions assuming different equations of state. Because of
substantial non-equilibrium effects in the data, this aspect may best be investigated in
the frame of microscopic approaches, which require neither global nor local equilib-
rium (for detailed reviews on microscopic theories the reader is referred to Stocker
and Greiner (1986), Bertsch and DasGupta (1988)). Such approaches are in particular
the time dependent Dirac equation (Cusson et al 1985), the Newtonian force model
(t.e. classical molecular dynamics) (Molitoris et al 1984), the Vlasov-
Uehling—Uhlenbeck (vuu) approach (Kruse et al 1985, Molitoris and Stécker 1985,
Molitoris et al 1985, Molitoris et al 1988a, Bertsch et al 1984), and the quantum
molecular dynamics approach (emp) (Aichelin and Stocker 1986, Aichelin et al 1988,
Peilert et al 1988). In fact, non-equilibrium nuclear transport theories including mean-
field aspects have become fundamental to nuclear physics in the Bevalac energy
regime. Different from the fluid dynamical model, the nuclear Eos serves not as
immediate input to these models, but is simulated by different parametrisations for
the density dependent potential field, U(p). Common to all these approaches is that
the observed flow is caused by the nuclear compression energy resulting from the
short-range repulsion of the nuclear force. A net sidewards flow can in principle also
result in the absence of high compression as has been discussed by Schiirmann et al
(1987), however, those values are considerably too small as compared to the
experimental data.

The vuu model, for example, predicts an almost linear dependence of the in-plane
transverse momentum spectrum p,.(y) on the ‘stiffness’ of the eos (Molitoris and
Stocker 1985, Molitoris ef al 1985). From a quantitative comparison with the observed
flow angles and p, slopes at ycy= 0 it has been concluded to be evidence for a stiff Eos
(Stocker and Greiner 1986, Molitoris et al 1988a). Instead of running immediately into
the still on-going discussion about the ‘best-fit’ ros, we rather will first try to
differentiate between the predictive power and performances of various models by
looking at their predicted scaling properties of collective flow variables. Such an
analysis, recently pursued by Schiirmann and Zwermann (1987) and Bonasera et al
(1988), reveals that at present only transport models (vuu, BUU, QMD, etc) on the one
hand and viscous hydrodynamics on the other, remain to be consistent with the
observed bombarding energy and projectile-target mass dependence. It should be
emphasised that the increasing flow values measured at constant bombarding energy
with increasing projectile—target mass do not a priori imply increasing maximum
densities reached in the system. The observed rise is rather an effect of the increasing
number of collisions fragments suffer before they escape from the reaction zone (thus
explaining the observed ~ A"* dependence between Nb and Au), while the maximum
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density is determined mainly by the Eos (Molitoris ef al 1987). An example of vuu
results, demonstrating the influence of the Eos to the p, distributions is shown in figure
28. A comparison of these results with experimental curves shows a good agreement
when assuming a stiff eos (Molitoris et a/ 1987). However, the same EOs results in an
overprediction of the Plastic-Ball data at higher bombarding energies (600 and
8004 MeV). This discrepancy might at least partly originate from substantial detector
inefficiencies at these high bombarding energies. Moreover, momentum dependent
interactions (see below) could raise the p,/A values even further at high projectile
velocities.

An interesting observation demonstrating the influence of the bombarding energy
dependent interplay between the nuclear mean-field and nucleus—nucleus collisions to
the in-plane transverse momentum distribution, p,, has been reported by Molitoris et
al (1987, 1988b); at very low bombarding energies of E,,, =50A MeV the p, distribu-
tions were predicted to be inverted compared to the well known shape of positive
slopes found at higher bombarding energies. This transition from the nucleon-
nucleon dominated dynamics of high-energy reactions to mean-field dominated
dynamics at low-energy reactions was expected to occur at incident projectile
velocities comparable to the Fermi velocity when Pauli-blocking becomes very
effective. This negative angle scattering (well known also from deep-inelastic reac-
tions at energies of a few MeV above the Coulomb barrier) was in fact confirmed
experimentally by measuring the circular polarisation of y rays, emitted from the
residual nucleus, in coincidence with light particles from “N +'**Sm reactions at 20
and 354 MeV (Tsang et al 1986). The point of highest bombarding energy where
observations of collective flow effects have been reported from is at present set at
3.37A GeV (Bialowska 1986). However, as already indicated when going to the
highest Bevalac energies, the amount of collective flow seems to decrease at these
high projectile velocities. It would be of particular importance and interest to extend
these studies further to Brookhaven (14.54 GeV) and CERN-SPS energies (60—
200A GeV) and to find out whether the occurrence of flow is a phenomenon limited to
a certain window in bombarding energy.
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Recently, it has been recognised (Aichelin er al 1987b, ter Haar and Malfliet 1985,
1986, Ainsworth et al 1987, Bertsch er al 1987, Koch et al 1988) that in-medium effects,
which until then had largely been ignored, lead to drastic consequences in the
extraction of the eos. The largest correction results from the inclusion of momentum
dependent interactions (Mp1). This causes an additional repulsion because of the large
momentum difference between projectile and target nucleons in the initial stage of the
reaction, and hence simulates a stiffer Eos. Another important in-medium effect is the
reduction of the effective nucleon—nucleon (NN) cross section because of the Pauli
principle (ter Haar and Malfliet 1987). At present, all effects might still not be taken
into account, as was pointed out in a recent article (Bertsch er al 1988) where, similar
to earlier suggestions of Ruck et al (1976), it is argued that the inelastic NN cross
section may be enhanced again by pion collectivity in the nuclear medium.

The sensitivity of global observables thought to be relevant for the eos to in-
medium effects has recently been studied by the Frankfurt—Heidelberg collaboration
(Aichelin et al 1987, Rosenhauer 1988, Peilert et al 1988, Peilert 1988). These
investigations have shown that in-medium effects influence most strongly observables
connected to particle production, e.g. 7, K and A yields, ny/n, ratios etc, and are less
substantial but nevertheless significant to the flow observables. Inclusion of momen-
tum dependent interactions leads to an increase of flow variables at bombarding
energies E,,=4004 MeV and is negligible at lower energies. The reduction of the
effective NN scattering cross section, on the other hand, tends to decrease its values at
all energies. Simultaneous inclusion of both in-medium effects results in decreasing
flow values at all bombarding energies. However, it has been demonstrated recently
that the measurement of particle rapidity distributions, dN/dy, can serve as an
unambiguous tool for determining the effective NN in-medium scattering cross section
experimentally. Since these distributions are different from the flow variables in that
they do not depend significantly on the EOs, one might proceed in that way to adjust
first the NN cross section by means of rapidity distributions, plug in this result, and
finally adjust the Eos to fit the flow variables. This should be done simultaneously for
all systems at different bombarding energies and preferably also by selecting IMF
rather than nucleons, because fragments have been proven to exhibit the predicted
enhanced sensitivity to the nuclear collective flow. Their measured p,/A values exceed
the predicted model values by a factor of two, if the soft Eos is employed, and are well
reproduced with standard NN cross sections, reduced by Pauli blocking of the final
states, and a hard eos (Peilert et al 1988, Peilert 1988). The new calculations with in-
medium corrections included demonstrate that the stiffness of the eos or an increase
in the NN scattering cross section, as discussed by Ruck et al (1976) in the vicinity of a
phase transition, would be needed to explain the data on the directed transverse
momentum flow.

Another very important piece of information recently became available from the
observation of the out-of-plane squeeze-out of particles. New viscous fluid results
exhibit a dramatic dependence of this effect on the nuclear viscosity: for large values
the directed emission is damped out, and a maximum is no longer visible in dN/dg
(Schmidt 1989). Thus, such data will be essential in determining this unknown
property of hot nuclear matter. The same sensitivity is also found in microscopic
calculations (vuu, omp), where dN/dg depends strongly on the Eos and o, i.e.
parameters which enter directly into the coefficients of the viscosity (Hartnack 1989).
It will be most interesting in the near future to see whether these microscopic models
can consistently, i.e. using the same EOs and o.4, describe the p,./A, p./p,, dN/dy and



734 K-H Kampert

dN/de" distributions. This would be a large step forward in the ultimate goal of
relativistic heavy-ion collisions, namely the determination of the bulk properties of
nuclear matter.

6.5.1. Comparison to astrophysical evidence on the Eos. Heavy-ion reactions probe
the Eos at high temperatures (W(p, T>0)). Astrophysical objects, on the other hand,
are composed of rather cold nuclear matter. An EOs necessary to describe such
objects can therefore not immediately be compared with the Eos from relativistic
nuclear collisions. In fact, it was claimed that the Eos necessary to blow up stars and
achieve an explosion energy as high as that seen in SN1987A, the supernova event of
early 1987 (Baron et al 1987), is considerably softer than the Eos necessary to explain
the experimental data, discussed in this article.

Nuclear in-medium corrections were originally suggested to account for these
different nuclear environments, and thus to explain the apparent discrepancy.
Although inclusion of such effects indeed brought results obtained via the two
different paths to the EOs closer together, their discrepancy clearly remains. As
emphasised recently by Glendenning (1988), the problem could equally well lie on the
astrophysical side, because there are many uncertainties in the physics of prompt-
bounce mechanisms in supernovae explosions. For example, as recently pointed out
by Hillebrandt et al (1988), the early calculations of Baron er a/ (1987) have to be
modified substantially in various respects, so that the early conclusions seem to be
premature: (i) the neutrino transport algorithm had to be modified, so that the sN no
longer exploded in their simulations, (ii) the assumed Eos does not necessarily support
known neutron stars with masses greater than 0.9 My, although sn as massive as
1.8 Mg, have been identified, (iii) the calculated core masses were too high by about
10% due to neglected Coulomb forces, i.e. less energy would be eaten by dissociation
of the iron core, and would be available for the blast, (iv) delayed shock revival—
completely independent of the initial core bounce—does provide a possibility to
explain sN explosions without the star ever reaching nuclear density at all, and (v) two-
dimensional simulations of the collapse show dramatic deviations from spherical
symmetry once the angular momentum of the initial star is taken into account. Thus,
in total, it seems clear that much more elaborate work is still needed particularly on
the astrophysical side and that one is much further from being able to draw
conclusions about the EOs than in high-energy heavy-ion collisions.

7. Summary and conclusions

In this paper we have reviewed some exciting recent progress made in our understand-
ing of the fundamental physics of relativistic heavy-ion reactions in the bombarding
energy range from about 100-2000 MeV per nucleon. It was shown that statistical
concepts and the assumption of a (global) thermal equilibrium achieved during the
collision can be used as a guideline in describing the bulk properties of nuclear matter.
However, a large body of experimental evidence has now been accumulated which
validates the picture that a large amount (=40%) of the available centre-of-mass
energy is being converted into compressional degrees of freedom in the moment of
highest density, demonstrating the presence of strong compression effects. These
conclusions have been drawn independently from different observables, such as
(strange) particle production (7, K, A) yields, composite-particle-to-proton ratios and
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their related specific entropy, transverse particle energies as compared to the intrinsic
temperature of the system, and collective sidewards deflection of particles away from
the beam axis, referred to as flow. The nuclear Eos determines the fractions of
available energy going into thermal and compressional degrees of freedom. Since the
first group of the observables listed above is influenced by the produced thermal
energy, while the flow observables are connected to the compressional energy, it is
hoped that their measurements provide some information about the underlying Eos.
The quantitative discussion, however, is heavily aggravated by a number of not yet
fully understood in-medium effects of hot dense nuclear matter as well as by final-
state effects influencing mainly the particle yields. Although all obstacles have not yet
been completely surmounted, enormous progress has been made during recent years,
both theoretically, in describing the dynamical evolution of the highly excited strongly
interacting system and experimentally, by delivering the necessary exclusive 4x
observables. The most outstanding discovery of nuclear collective flow effects, which
confirmed theoretical expectations of shock-wave phenomena from nuclear fluid
dynamics, must be considered the manifestation of the key mechanism for heating and
compression of nuclear matter. Thus, it provided the grounds for extracting first
information on the equation of state of hot and dense hadronic matter from data of
high-energy heavy-ion collisions; the results, as they appear at this stage, are large
viscous effects and a surprisingly stiff EOs.
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