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1. INTRODUCTION

In 1972, the first nuclear beams were accelerated to relativistic
energies in synchrotrons at Berkeiey and Princeton, ushering in a new
field of study for nuclear physicists. At that time the possibility of
producing hot, highly compressed nuclear matter offered great promise for
extending our knowledge of the nuclear equation of state away from the
equilibrium found in finite nuclei. Ten years later, this remains the
principal goal of the field although progress in this particular direction
has been slow. This does not mean, however, that the developing field of
high energy nuclear collisions has moved slowly. Great progress has been
made in our understanding of nuclear collisions and results have been
found that are intrinsically interesting and will also be invaluable for
planning new experiments at higher energies. In this article, we review
the progress that has been made in understanding these processes and give
sbme indications of the directions in which the field appears to be
heading.

We should émphasize that this is an experimental review. Models will
be introduced as needed to aid in interpretation and correlation of the
data, but we hardly touch upon the considerable theoretical work
concerning potential knowledge that may be gained from high energy
collisions in the future. Thus, the reader will find discussions of
hydrodynamics or the abrasion-ablation model but should not expect to
learn in detail about pion condensates, Lee-Wick matter or the quark-gluon
plasma. We have restricted our discussion to data from collisions between

heavy (A>4) nuclei at beam energies up to a few A GeV. High energy



hadron-nucleus collisions have been left out as have the exciting new
experiments at the CERN ISR on collisions of ultra-relativistic light
ions. Even within our restricted field, we have had to make difficult
choices and some important topics, such as target fragmentation and the =
study of anomalons, are not considered.
Before starting this detailed survey, we should like to make some i
general introductory remarks. In nuclear reactions at beam enekgies above
a few 100 A MeV the available energy is much greater than the nuclear
binding energy, so that the collisions are quite dramatic in comparison to
those at low energy. This is illustrated vividly in Figure 1 which
displays an emulsion recording of such a collision (1). The multiplicity
ofxproduct particles is large and the kinematic domain into which they are
emitted is very wide. This is partly due to the larger phase space
available at high beam energiés and paétly to the fact that the reaction
mechanism is basically different from that of low energy nuclear
collisions. In ordinary nuclear matter the density of nucleons is around

00*40.16 fm_3

so that the typical closest-neighbor separation is |

~2 fm. This distance is larger than the de Broglie wavelength of a
nucleon moving with a kinetic energy above a few hundred MeV. Therefore,
at such energies, the projectile nucleons can recognize the individuality
of the target nucleons (and vice versa). At the same energies, the mean
free path A of a nucleon moving through normal nuclear matter approaches
the “free" value Ay = 1/(pooNN) ~ 1.6 fm (where SN is the nucleon-
nucleon interaction cross section which is fairly constant at high
energies). This value is smaller than the nuclear radius

RAwe 1.2 A1/3fmfw 3-7 fm. Furthermore, the diferential cross section



grows predominantly forward peaked. Consequent]y,Aan incident high-energy
nucteon will typically experience a sequence of several collisions with
the target nucleons while tending to preserve its forward motion.

As it has turned out, it is possible to understand many of the main
features of high-energy nuclear collisions on a very simple conceptual
basis in which the colliding nuclei are pictured as two clouds of
individual nucleons which propagate through each other with the nucleons
suffering sequential hard collisions with those of the other nucleus (see
Fighre 2). While certainly simplistic, and in many ways inadequate, this
picture serves to introduce some concepts which have proven very useful in
organizihg and discussing the various characteristic features of these
processes. In particular, the concept of participants and spectators
follows naturally from this picture (2,3). In a typical collision, such
as the one depicted in Figure 2, the outer parts of the two nuclei will
miss and the nucleons in them will not experience violent interactions;
these parts are denoted the projectile and target spectators,
respectively. The remaining two parts interpenetrate and their nucleons
suffer several hard collisions; these particles are called the
participants. [For the empirical validity of this picture see refs.(4,5).]

Thé state of motion of a particle with mass m, momentum 3 = (Sl,p”)
and energy E can conveniently be characterized by the dimensionless
rapidity vector'} = (Sl/mc, y) where y = atanh(p”c/E) is the ordinary
rapidity. (b” denotes the momentum component along the beam and Bl is the
transverse momentum.) Since y is additive under Lorentz boosts along the
beam, contour plots of the invariant differential cross section

Edo/ap ~ do/dy remain undistorted under such transformations. In the



non-relativistic limit ; is simply the velocity-J divided by c.-

The spectator matter, which has suffered only little disturbance
throughxthe collision, will then emerge with rapidities close to those of
the respective initial nuclei, Yp and Yr- This matter will remain
rather cold so_that fairly large fragments may result. Since the |
spectators are characterized by the neutron-to-proton ratio associqted
with their respective primogenitors, the resulting frgments will tend to
carry the same ratio and thus ordinarily be excessively neutron rich for
their mass. This special feature of a high-energy nuclear collision can
be turned into aAvery powerful means of producing neutron rich nuc1ei»far
from the stability line. This topic will be discussed in Section 4._

The fate of the participant portion of the collision system is more
complicated. The nucleons will suffer hard collisions as the two nucleon
clouds interpenetrate. These collisions may excite some of the nucleons,
mostly ihto A resonances, and mesons are produced. Later on, as the
system disassembles, the_longer-range interactions between the emerging
particles are important for the formation of the final fragments.
Clearly, the first important task is to understand the dynamics of such
multiple collisions. Summarizing our basic knowledge of this will occupy
Section 2;

There are many systems in nature where microscopic descriptions such
as the one we have just described are unnecessarily cumbersome. For
example, in studying the behavfor of gases, one does not need to follow
the fate of individual gas molecules in order to learn how a gas will
behave under variation of temperature and pressure; one only needs to know

the macroscopic equation of state. Théoretica11y, various expectations



for matter at high density and temperature have been proposed as the
highlights of high energy nuclear c§1lisions; pion condensation (6,7),
abnormal nuclear matter (8,9), and quark matter (10), as shown in Figure
4, Matter at high density and temperature is a new domain in nuclear
physics, since until now we have been restricted to the region of
densities around Py and temperatures up to 10-20 MeV. An important
caveat, however, is that the system formed must be large enough and live
long enough for such a description to be valid. Experimental efforts
towards this goal will be discussed in Section 3.

Recently, very heavy nuclear beams, such as 139La and 238U, have
become available at the Bevalac in Berkeley and the field of high-energy
nuclear collisions is growing rapidly. Currently, planning is under way
for the construction of accelerators to provide nuclear beams at
ultrarelativistic energies. We hope that the present review may serve to
give a quick impression of the major accomplishments so far and also be

helpful in planning for the future.



2. LIGHT-PARTICLE EMISSION AT LARGE ANGLES

2.1 Energy and Angular Distributions

Energy and angular distributions of protons produced in nearly equal-
mass collisions at beam energies of 800 A MeV (11) are plotted in Figure
4. The c.m. 90° energy distributions are selected, because at this angle
the contribution from spectators should be the smallest, as expected from
the participant-spectator picture shown in Figure 2. The spectra1.shapes
are nearly identical for all the cases, implying that the beam energy'per
nucleon, rather than the total beam energy, determines the basic dynamics
of proton emission. A "shoulder-arm" type spectrum shape is observed with

an approximately exponential form in the high-energy region,

Ev{ﬁ? a exp (—Ec'm'/EO) (1)
In particular, a copiods production of high-energy protons is observed in
the region far beyond the free NN kinematical limit (= 182 MeV in this
case). Even if a proper Fermi motion is included (12), the production of
these high-energy protons cannot be explained by a model in which a
nucleon suffers at most a single one NN collision. Finally, the angular
distribution shows strong forward and backward peakings in the c.m. frame.

Historically, these data were discussed first with a fireball model
(13-17) which assumes tﬁat the total available energy of fhe participants
is completely thermalized. The size of the fireball is given by the
geometric clean cut separation into participants and spectators. While

the overall proton yields are fairly well accounted for, this model has

various difficulties in explaining the data. First, it predicts a pure



exponential shape in the entire kinematic region, which conflicts with the
shoulder-arm shape. Secondly, the predicted'angular distribution is
isotropic in the c;m. frame of the firebal1; in contrast to the obéerved
angular anisotropy shown in Figure 4.

In order to explain the angular anisotropy, two modified therma)
models, the firestreak model (18,19) and the two-fireball model (20), were
introduced. The firestreak model assumes that the barticipant regions are
divided into many tubes along the beam direction and thermal equilibrium
is assumed in each pair of juxtaposed tubes. The cross section is then
given by an incoherent sum of these completely inelastic tube-tube
collisions. The two-fireball model introduces the concept of nuclear
transparency by assuming that only part of the available energy goes to
thermal motion with the rest remaining in translational motion. Both
models qualitatively explain the observed large angular anisotropy, but
still fail to reproduce the shoulder-arm shape. B

In order to make progress on this problem it is useful to also
consider thé‘pions. Pion spectra show an almost pure exponential shépe
(11), but the observed slope Eo(n) is systematically smaller than
Eo(p). This difference cannot be explained in the thermal model which
assumes that both protons and pions are emitted from a common source SO
that théy should be characterized by the same temperature.

This puzzle led to a modified thermal model called the thermal
explosion model (21). It assumes that the system dissassembles in an
explosive manner with a kadially expanding flow superposed on the chaotic
thermal motion. Since heavy, slow particles (nucleons) are affected more

by this flow than 1ight, fast ones {(pions), the spectral shape for protons



deviates substantially from exponential in the lowfenergy region, and is
quitebsimilar to the observed shoulder-arm shape. Furthermore, the model
also reproduces the observed slope difference between protons and pions
for the same reason. However, this model cannot explain the angular
anisotropy.

The various characteristic features of the data can also be fairly
well understood in the microscopic intranuclear cascade picture outlined
in the introduction and illustrated in Figure 2. While several elaborate
implementations of this general picture have been made and employed
(22-29) the main results can be understood in the simple linear-cascade or
"rows-on-rows" approximation in which a given nucleon only collides with
its juxtaposed partners in the other nucleus (12,30,31). In this model
high-energy particles result from multiple NN collisions and are in
approximate agreement with the thermal results. Furthermore, the low
energy part of the spectrum results in large part from single quasi-
elastic NN collisions which yield a peak at E;'m‘ = E%ég&/A = 182 MeV
in the present case, thus producing the shoulder-arm feature. Finally,
the angular anisotropy emerges naturally due to the different velocities
of the various row-row systems, just as in the firestreak model.

A simple model bridging the microscopic rows-on-rows model and the
hacroscopic firestreak model is the phase-space model (32,33). It assumes
that statistical equilibrium is reached in each row-row system
separately. Thus the model can be considered a generalization of the
firestreak model to take account of the finite supply of nucleons and

energy in each row-row system. In addition to reproducing the spectral



shoulder-arm shape and the anisotropy, this model also predicts pions to
be colder than nucleons, due to the energy expended in producing the pion.

Recently, data for K+ production with 2.1 A GeV Ne beams have been
reported (34), as shown in Figure 5. The spectrum shape is again
exponential with the inverse slope of EO = 142 MeV, which is 1akger‘than
E0 for protons and pions, satisfying the relationship

Eo(m) < Eg (p) < Ey (K'). | (2)

This is at variance with both the phase-space and thermal-explosion
models. [The former yields EO(K+) < Eo(n) < Eo(p) because the
threshold energy for K" production is much higher than that for =«
production (35,36), whereas the latter yields EO(") < EO(K ) <
Eo(p) because mo< met < mp.]

A simple argument for the above observation (Eq. 2) has been made in
terms of the mean free paths of the product particles (37). The energy
density of the system reaches a maximum value at a certain time at which
point mesons are expected to be created most copiously. Subsequently the
system expands and cools. Since particles with a long mean free path
would escape more easily from the system, they would reflect the earlier
hot stage of the collision by carrying higher kinetic energies, hence a
larger value of EO. Since the value of the mean free path A satisfies
the relation of a(nr) < a(p) < A(K+) in nuclear matter, we expect the

above relation (2).



Calculations of K" production have been made both within the
microscopic framework (35,38-40) and within the thermal framework
(36,41-43). In view of the small elementary kaon production cross
sections one would not expect the establishment of chemical equilibrium
during the rather short reaction time and indeed the thermal models
overpredict the K+ yields substantially. Contrary to this, the
microscopic calculations reproduce the K+ yield very well. However,
they tend to give fairly cold kaons. This is at variance with the data
which show rather substantial yields at high energies. A possible
mechanism for this feature was suggested to be the elastic scattering of
the produced kaons off the surrounding fast-moving nucleons (38).
Calculations including the contribution from pion-nucleon interactions to
produce K* further improve the agreement with the data although certain
deviations still remain (39,40,43).

Before finishing this section, it is worthwhile to mention recent data
on proton energy distributions at c.m. 90° in 800 A MeV C + C collisions
(44). Data are shown in Figure 6, which cover invariant cross sections
over eight orders of magnitude. The data show downward deviation from the
exponential shape not only below 200 MeV but also above 700 MeV, most
likely due to the limited phase space for emission of high-energy
protons. Cascade calculations (27,28) lead to a slope steeper than the
data in the high-energy region, which may suggest that some mechanism -

other than simple multiple NN collisions is at work.

2.2 Large-Angle Two-Particle Correlations

Measurements of two-particle correlations further clarify the reaction

-10-



mechanism. The in-plane to out-of-plane coincidence ratio for two protons
has been measured in 800 A MeV C + C collisions (45,46). Here, the first

Lab _ 40° and the angular

proton was detected at a fixed angle, o
distribution of this ratio was measured as a fuhction of the angle of the
second proton. As shown in Figure 7, the ratio is larger than unity for
C+ C and it peaks at e = 40°, implying that two protons tend to be
emitted at 8 =8y = 40° on opposite'sides, as illustrated in the
upper right cornef. These kinematics are exactly what we expect from pp
quasi-elastic scattefing (pp QES), and therefore, the data show the
existence of the direct knock-out component in high-energy nuclear
collisions. From detailed analysis of the peak height it was estimated
that in C + C collisions at EEZ§m= 800 A MeV, about 40% of protons
emitted at Eg’m' = 182 MeV experience only a single NN collision.

Roughly speaking, the probability that a nucleon does not suffer an
additional collision after the first one is given by exp(~-R/r), where
A and R are, respectively, the mean fkee path and the radius of the
interaction zone. For C + C collisions, the estimated vélue of R, based
on the participant-spectator model, is about 2 fm. On the other‘hand,
recent experiments determined the value of A to be 2.4 fm at 800 MeV
(47). Therefore, we have exp(-R/r) = 0.4, which is in agreement with the
data. This number also agrees with several theoretical calculations
(26,31,32,48,49). In addition, this result supports the -intuitive
expectation, described in Section 1, that a nuclear collision at high
energy consists mostly of hard NN collisions, not only single but also

multiple, because, even in light-mass systems, more than half the nucleons

experience at least two hard NN collisions.

=11~



For Ar + Pb collisions the angular distribution of the coincidence
ratio shows a completely different pattern fromrthat observed for C + C
collisions, as seen from Figure 7. The ratio is smaller than unity at
small angles (e < 70°). This was first ascribed to nuclear shadowing, as
illustrated in the lower right corner (45,46). However, the observation
of ratios largér than unity at large angles (e > 80°) cannot be explained

by this mechanism. This puzzle will be discussed later in Sec. 3.3.

2.3 Composite Fragments

Particles emitted from the participant region are mainly single
nucleons and, to some extent, single pions. This is expected since the
energy transfers in the primary hard NN collisions are large in comparison
with typical nucleon separation energies and often also large enough to
produce a pion. There is, however, also a significant yield of light

3He, and a.

composite nuclear fragments, especially d, t,
It has been found that the spectral shapes of the light composite

fragments are related by a simple power law to the observed proton spectra

(11,50,51),
A
[£(%2 )], - cA{md—i )Jp} (3)
b dp
for BA = A 6p’ This feature is illustrated in Figure 8.

A simple interpretation of the above relationship has been made in
terms of a coalescence model (50-54), according to which primordial
nucleons produced sufficiently close in momentum space may coalesce into

a composite fragment due to their final-state interactions. In such a

=12~



picture, the probability for observing a deuteron with a specified
velocity is proportional to the product of the probabilities for having a
neutron and a protron with that same velocity. Since the primordial
neutron spectra are expected to be nearly proportional to the proton
spectra the above relation (Eq. (3)) follows, with the normalization
constant CA being adjustable for each fragment species. It should be
noted, though, that the coalescence model relates the observed composite
spectra to the primordial proton spectra while the empirical relation is
between observed spectra only. When the local composite yield is small
in comparison with the local proton yield there is little difference
between primordial and observed proton yields. But there are cases where
this perturbation condition is not met (55). This fact cast some doubt
on the general validity of the coalescence picture.

An alternate framework for discussing the yield of composite
fragments is the chemical equilibrium model (16,17,56,57). In this
picture, the participant source is considered as a gas of fragments ih
thermal and chemical equilibrium. The ensuing rate equations determining
the equilibrium species composition then lead to relations of the form of
Eq. (3) between the observed spectral shapes. This fact would seem to
favor the chemical equilibrium model. However, the model predictions of
the relative yields are too large by nearly an order of magnitude (58).
Thus the mechanism of composite fragment formation is still not well
understood.

Recently, systematic studies of the d/p ratio as a function of event
multiplicity have been performed by the LBL-GSI group (59) at the

Bevalac, using a multi-detector device called the Plastic Ball/Wall

-13-



(60). Typical results are shown in Figure 9. As event multiplicity
increases, the d/p ratio increases as well. This is understood as due to
the finite size of the fragments (59,61). Accordingly, the ratio
approaches a constant at high multiplicities and only in this regime can
thermal models be properly applied. However, a quantitative comparison
has not yet been made.

Since the d/p ratio can be related to the phase-space density in the
source, it has been noted (62) that the specifit entropy S can be
extracted by the use of the relation S = 3.95 - In (d/p). The inherent
assumption of isentropic disassembly is supported by various theories
(21, 63-65). Thus, a measurement of S would probe the entropy associated
with the initial hot stage of the collision. However, the validity of
the above simple relation has since been questioned (66) and,
furthermore, it has been demonstrated that the observed d/p ratio can be
quite different from the primordial value, due to the break-up of
unstable fragments (67). Consequently, the question of entropy

production is still wide open.
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3. SEARCH FOR NEW FORMS OF MATTER

3.1 Efforts to Probe Density and Temperatﬁre

In order to elucidate the extent to which nuclear matter is compressed
or heated up during the course of a nuclear collision, we now discuss
attempts to deduce the density and temperature experimentally.

Concerning the density, p, if we measure both the multiplicity of
nucleons emitted from the interaction region, My and its volume, V,
then we can extract it from the relation o = mN/V. Since the
measurement of my is rather straightforward (for charged particles at
1east), the question is how to determine the source volume. We recall
that stellar radii can be measured by yy interferometry, exploiting the
Hanbury-Brown/Twiss effect (68). This idea was applied to high-energy
collisions for the purpose of determining the size of the interaction
region (69-71) using identical pions rather than photons. Assume that
particles are emitted statistically from a source with a certain
space-time structure p(¥,t). The quantum correlations between two
identical particles emitted from the source then produce a structure in the
observed two-particle cross section dzo(ﬁl,ﬁz)/dﬁldﬁz, where
-51 and 52 are the momenta of the two particles. The scale of this
structure reflects the space-time extension of the source via the
uncertainty relation. Specifically, if the source p(;,t) is assumed to be
a Gaussian characterized by the radius R and life-time f, then, for
identical bosons, the enhancement in the two-particle counting rate
relative to the product of the two one-particle counting rates is given by

(72,73)

-15~



d?o(py.p,) 14 dp,
g - - -+ -
0 [do(p;)/dp,] [da(p,)/dp,]

1+ exp (-q2RZ/2 - w212/2) (4)

-

where q =-51 --52 and o = E1 - EZ' Thus the structure of the

correlation between two identical particles with nearly identical
four-momenta can be used to extract information about the space-time
structure of the emitting source. Figure 10 shows recent data (74) of

n = correlations in 1.8 A GeV Ar + KC1 collisions, in which there is

a clear enhancement at small g. From these data the source radius R was
determined to be 3.2 £ 0.3 fm. Recently, more data have appeared not only
for two pions (75) but also for two protons (76, 77).

It is worthwhile to note that Eq. (4) holds only if the pions are
emitted randomly. If pions were produced coherently (78-81), then the
form of C2 would be substantially distorted (81). For example, in the
presence of a pion laser (78) the value of C2 becomes exactly one in the
entire range of-a. Currently, however, no definite signals for such a
change in C2 have been reported. |

In order to determine p, it is necessary to measure My in
coincidence with this two-particle detection. Unfortunately, no such
measurements have been reported so far. However, using the estimated
values of my an attempt to extract the value of p has been reported (82,
83). For Ar + KC1 collisions at 1.8 GeV the density thus estimated is
NZpO when the system was probed by protons and:x0.6p0 when it was
probed by pions. This difference between protons and pions appears

reasonable, as mentioned in Section 2.1, pions would tend to probe the

-16-



coldest and, thus, the most expanded low-density stage of the collisions.
In this regard, future measurements of Kt interferometry in

coincidence with my are particularly interesting for probing the density
at the initial hot stage of the collision.

Concerning temperature, it is not a simple task to define and extract
the temperature of the system, as mentioned in Sec. 2.1. However, the
quantity EO as defined by equation (1), is closely related to the
average kinetic energy carried by product particles and, thus, indicates
how the nuclear matter is heated up at the stage when these product
particles are emitted. We therefore may use EO as an effective
temperature.

With these assumptions, values of density and effective temperature
can be determined directly from experiments, albeit with considerable
uncertainty. One can then plot these observed values in the plane of »

and E If we connect the experimental points, we can deduce how the

0°
nuclear collision evolves in time in this plane, using the different
particles. From such a plot it appears (82,83) that matter at high
density and temperature seems to be created in high-energy nuclear
collisions. We wish to emphasize that such measurements in the future
should be done under the bias of a fixed value of My e This is important

for direct extraction of the value of p. It is important also for thé

determination of Eo’ since EO increases as my increases (84,85).

3.2 Pion Multiplicity

Measurements of pion multiplicity have been performed extensively

during the past few years using a streamer chamber (86-88), with which

=17~



negatively charged tracks, which are mainly from o, can be identified
easily. Also, the average pion multiplicity, <m_>, has been measured
with a magnetic spectrometer (11) from determination of the total
integrated pion yield Tiot which is related to <m_ > b}

Tiot = <M >0, where o is the geometrical cross section. The pion
multiplicity increases monotonically with beam energy as shown in Figure
11 which also illustrates various theoreticél.predictions.

In the past, most theoretical models have succeeded in explaining the
absolute proton yield but not the pion yield. This is not surprising
since the proton yield is determined mainly by the collision geometry,
that is, the nucleon number associated with the participant region,
whereas the pion yield directly reflects the collision dynamics. As shown
in Figure 12, the thermal model (as well as the phase-space model)
overpredicts the pion yield by a factor of 2-3. However, if part of the
available energy remains in translational motion due to nuclear
transparency or is tied up in macroscopic flow such as a radial explosion,
then only the remaining energy is available for pion production, so that
the pion yield is reduced (20,21,64).

Recent cascade calculations (88) also yield pion multiplicities that
are higher than the experimental ones at all the beam energies, as shown
in Figure 11. A reason for this discrepancy has been suggested recently
(88). The basic postulate is that part of the available energy is
expended as potential energy associated with the compression of the
nuclear matter and this part of the energy is thus unavailable for pion
production. If this potential energy is equal to gC indicated by arrows

in Figure 11, then the results of cascade

-]18-



calculations would be consistent with the data. In Figure 12 this energy,

eC

, is plotted as a function of the calculated density, o, where the
latter was extracted from cascade caiculations. These "data" points fall
on a curve of the expected equation 6f state of nuclear matter with a
compressibility coefficient K = 240 MeV. Therefore, it was concluded that
measurements of pion multipliicity may probe the equation of state of
nuclear matter. This is the first attempt at actually measuring the
nuclear equation of state in high-energy collisions. It must be
emphasized, though, that the method relies on the cascade code being
correct in all respects other than the neglect of compressional energy.

Since this assumption has been widely criticized (89-91), further

investigation is called for.

3.3 Collective Flow

Let us consider an experiment of head-on collisions between
U and U. Since the thickness of the U-nucleus (~15 fm) is significantly
larger than the mean free path of nucleons (» =~ 2 fm) in nuclear matter,
each nucleon will experience successive NN collisions and, as a result,
the local nucleon density should be increased substantially above normal
during the collision. On the other hand, the NN potential contains a hard
core which counteracts the creation of a local high-density region. Thus,
the colliding nucleons may seek to escape from the interaction region into
a region in which less nﬁcleons exist and thus give rise to a collective
flow away from the beam direction (92-100).

The first hint of such collective flow was seen in a broad sideward
peak observed in 393 A-MeV Ne + U collisions (101), as shown in Figure

13. In low-multiplicity events the angular distributions are farward
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peaked, whereas in high-multiplicity events the forward proton emission is
highly suppressed. In addition, for low-energy protons (ELab =12 MeV) a
broad peak is observed at o = (70—90)°1 This broad peak has been
interpreted as due to the effect of the collective:side splashﬁof nucleons
(97). It has been noted (102)‘that this sideward peak is predicted only
with the hydrodynamical model (100) but not with the cascade (23,25,29),
thermal (19), and thermal-plus-direct (49,103) models.

A second hint of a side splash is suggested by the two-proton
correlations in 800 A MeV C + Pb and Ar + Pb collisions (46,104). As
described in Sec. 2.2, the observed value of the in-plane to out-of-plane
coincidence ratio for detection of two protons is larger than unity at
e > 80° in Ar + Pb collisions. From detailed analysis of energy and
angular correlations between these two protons (104) it has been found
that the ratio is smaller than unity at small angles (e <.70°) mainly
because two high-energy protons tend to be emitted on the same side,
whereas it is larger than unity at large angles (e > 80°) mainly because
two protons, one at high energy and the other at low energy, tend to be
emitted on opposite sides. These features are what we expect from a fluid-
dynamical bounce-off (97), as shown in Figure 14 since the projectile
matter induces fast-fast correlations on the same side, while the
projectile-target matter induces fast-slow correlations on opposite sides.

In spite of the intensive work that has gone into these two
measurements, the collective effects are still weak and somewhat
speculative. First, in the case of 1ight-mass projectiles the basic
assumption involved in the fluid dynamical model, i.e., A << R, is not

well justified even after selection of high-multiplicity events.
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Second, the fluid dynamical calculations overpredict both the sidewards
peak (Figure 13) and the proton-proton correlation.

In the future this topic will be revolutionized by the use of
sophisticated 4 détectors such as the Plastic Ball/Wall. Early results
from this detector are already showing its power for global analysis of
complete events. One problem is to find a parameterization of events in
which as many as a hundred particles may be detected. An attractive
approach is to use the kinetic tensor, Fij =X, pi(v)pj(v)/Zm(v)
which approximates the event shape by an ellipsoid whose orientation in
space and aspect ratios can be calculated by diagonalizing the tensor.
The orienfation of the ellipse away from the beam is called the flow
angle. Results obtained from Ca + Ca collisions are in reasonable
agreement with cascade calculations, but preliminary data from Nb + Nb
collisions (105) show clear evidence for flow angles far in excess of the
predictions of these calculations as seen in Figure 15. Such behavior is
predicted by fluid-dynamical calculations (106). Results from heavier
systems such as Au + Au are eagerly awaited by theorists and

experimentalists alike.

3.4 Cooperative Process

If nuclear matter is suddenly compressed along the beam direction as
happens in a high-energy nuclear collision, the energy density may
increase. This may induce meson production below the threshold energy of
free NN collisions. Therefore, pion production below 290 A MeV (107-109)

and K~ production below 2.5 A GeV (110) have been studied extensively.
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Furthermore, pion spectra at kinetic energies beyond the free NN
kinematical 1imit have been studied (111,112). A local high-density
region may produce particle emission in the very high-p; region (44) or
in the backward direction (113-115). Such phenomena of particle emission
far beyond the kinematical limits associated with free NN scattering may
be called cooperative processes, since they require the cooperation of
several nucleons.

Let us present an example in which cooperative particle emission is
clearly observed. This is an experiment of pion production close to the

e + BLi collisions (111,112).

- absolute kinematic 1imit in 303 A MeV
The data cover the region up to the absolute kinematical 1imit at which
all the available energy is converted into a single pion while forming the

9C, as shown in Figure 16. In

ground state of the compound nucleus,
this phenomenon, called pionic fusion, the available energy carried by
individual nucleons is concentrated into a small region to create the
pion. The mechanism behind this process is not yet understood and further
experimental studies are desirable to see if pionic fusion can occur at

different beam energies or for much heavier projectile-target combinations.
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4. FRAGMENT EMISSION AT FORWARD ANGLES

In Sections 2 and 3, we focussed our attention on the fate of the
partigipant nucleons. However, some of the earliest experiments using
relativistic nuclear beams were concerned with a quite different class of
events. These reactions result in the break-up of the projectile, or
projectile spectator, into fragments, one or more of which are moving at
close to the original beam velocity.

The inclusive yield of fragments in reactions of this type has been

12C, 16O and 18

studied in a series of experiments using 4He, 0

beams of 1 and 2 A GeV (116-119). The momentum distributions of the
fragments are found to be Gaussian in the projectile frame with widths
that are small (typically 200-300 MeV/c) and that do not vary appreciably
with bombarding energy, leading to the introduction of the concept of
1imiting fragmentation in analogy with high energy physics. It is also
observed that the cross sections for production of individual isotopes

can be factorized in the following way:

F
O(B 9F9 T) = YB YT (5)
where yE depends solely on the projectile B and fragment F and e

is a function only of the target T.

4.1 Models of the Fragmentation Process

The observation of factorization prompted the development of a
statistical model (120,121) for the reaction process in which it is

assumed that the nucleus breaks up as a result of a direct reaction
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between target and projectile. It was subsequently shown (122) that this
model can account nicely for the variation of the measured momentum
widths with the mass of the fragment if it is assumed that the fragment
is formed by picking the nucleons from a Fermi gas distribution and
calculating the dispersion in their momentum. This leads to an

expression for the width o of the form
02=.1_p2x£.(£__F_). ‘ (6)
5 B-1
where B and F are, respectively, the projectile and target masses and

Pp is the Fermi momentum in the nucleus and can be measured

ihdependently by, for example, electron scattering. The success of this
description can be seen in Figure 17. However, it was also shown that
the same dependence would be observed if the fragments were to arise from
the statistical decay of an excited projectile [a model that has been
applied successfully to describe the relative abundence of the different
fragments (123)] and does not necessarily reflect the ground state Fermi
momentum. Therefore, the measurement of momentum widths alone may be
less sensitive to the reaction mechanism.

Whether the mechanism is direct break-up or excitation followed by
decay, the initial interaction between projectile and target has been
treated purely phenomenologically. A more complete description of the
reaction is provided by the abrasion-ablation model (3,124-127). In its
earliest form (3), the model assumes that the reaction can be divided
into two stages, a fast one in which the participant nucleons are sheared
off (abrasion), followed by statistical decay of an excited projectile
remnant (ablation). This simple picture has been much refined and

calculations of the abrasion stage have been made using Glauber's multiple
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scattering theory (124-127) and using cascade codes (128,129). These
calculations have been successful in describing 12C and 160
fragmentation (117) and also the fragmentation of 40pr at 213 A Mev
(130).

Despite the success of these relatively simple models, it is probably
premature to infer that fragmentation is well understood. This has been
emphasized by several theorists who have attempted to obtain precise
agreement between theory and experiment. For example, the measured
momentum widths are narrower than would be expected from inelastic
electron scattering by as much as 30%. At least part of this discrepancy
may arise from neglect of loca) correlations between nucleons (131,132).
A second example is the fact that factorization seems to hold much better
than would be expected from the impact parameter dependence predicted by
the abrasion-ablation model (133,134). It has been suggested that the
process is more peripheral than can reasonably be predicted using this
model (119) although it has been suggested that this may be a fortuitous
consequence of measuring an inclusive cross section (135). Finally,
there are obvious Coulomb effects that become important as the bombarding
~energy is reduced below 100 A MeV (136-138), indicating that 1imitjng
fragmentation is only valid above this energy.

Small but significant deviations of this kind have led to the
introduction of a new, peripheral, model (139) for fragmentation that
includes effects of absorption of the fragments by the target. In this
model, the separation energy of the fragment becomes the most important
physical parameter in determining the momentum width. This model has
succeeded in describing simultaneously the detailed structure of the

momentum widths, in particular the variation in width of different
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fragments of the same mass, the relative isotopic yields and the Coulomb
effects. In summary there is a clear need for further experimental
information to elucidate the reaction mechanism of projectile
fragmentation. The more detailed information that will come from studies
using multi-particle spectrometers will obviously be important, but
further inclusive experiments using heavy projectiles should not be

neglected.

4.2 Electromagnetic Effects

So far, we have assumed that the interaction between projectile and
target is a purely nuclear one. This is inadequate in some cases, in
particular for those reaction channels where the corresponding
photo-nuclear cross section is large and when the charge of the target is
high. The cross sections for this process can be calculated using the
Weizsacker-Williams theory (140) to obtain the virtual photon spectrum
and coupling this to the appropriate photo-disintegration cross section.
Unfortunately, this process is essentially indistinguishable from a
nuclear process leading to the same final state. This problem can,
however, be overcome using the factorization property of fragmentation
reactions if the yield is measured from a series of different targets.
In general, the electromagnetic process will only contribute strongly to
a few channels, in particular those leading to single particle removal.
One can therefore obtain the target factors, Y7> using channels for
which electromagnetic dissociatién is negligible and thence estimate the
nuclear background for the channels of interest and subtract it from the

experimentally observed cross section. This procedure has been used with
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considerable success in studying the fragmentafion of 160, 180 and
56Fe (141-143) and is illustrated in Figure 18. The absolute cross
sections are in good agreement with the Weizsacker-Williams predictions
and with those of more sophisticated models (144) for the virtual photon
spectrum,

Another example of electromagnetic effects is seen in pion production

20Ne and 40Ar

at forward angles. Figure 19 shows the n yield for
induced reactions (145,107). The » yield has a strong peak (and the
corresponding w+ yield has a dip) at the projectile velocity. This
feature is understood as resulting from the Coulomb forces of other

projectile fragments on the light-mass pion (146).

4.3 Applications of Fragmentation Reactions

The results of fragmentation reactions are having important
additional consequences. The most exciting example is the very
considerable potential for fragmentation reactions to increase our
knowledge of nuclear structure. We have already noted the wide range of
nuclear fragments that are produced in these reactions. Indeed almost
any combination of the neutrons and protons inside a projectile will be
emitted at some level. The important question is whether nuclei far from

34Mg will be produced

the valley of stability such as 8He or
sufficiently often to be measurable in the laboratory This question has
been answered empirically by experiments using high energy nuclear beams
that have discovered a variety of light neutron-rich isotopes (147-149).

It is important to note fhat whereas the cross sections are comparable to

those of other techniques, the beam intensities are
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typically five orders of magnitude less, demonstrating the very high
efficiency of the fragmentation technique. This comes from the excellent
coltimation of the fragments in the beam direction and the ability to use
thick targets.

The persistence of velocity also enables the fragments to be used in
secondary beam experiments'with very high efficiency. Many conventional
aspects of nuclear structure study can then be extended to unstable
nuclei with half lives as short as a few milliseconds and that are
innaccessible to conventional techniques. Some half-life measurements
have already been made (150) and several novel experiments are planned
including studies of mirror magnetic moments, electromagnetic
dissociation and reaction cross sections.

A further example of the application of our knowledge of
fragmentation reactions is in cosmic ray physics. The species
distribution of cosmic rays detected on earth or by satellite may be
substantially different from that at their source because of reactions in
the interstellar medium. Measured fragmentation cross sections can be
used to correct the observed yields.

A final example is in the use of heavy ion beams for medical purposes
such as tomography and radiotherapy. In the latter case, one is taking
advantage of the fact that the ionization by a heavy ion is greatest at
the end of its range which can be used to reduce the radiation damage to
healthy tissue. However, the incident beam can break up before coming to
rest and a precise knowledge of fragmentation systematics is needed to

calculate the dose distribution correctiy.
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5. SUMMARY AND FUTURE PERSPECTIVES-

As stated in the Introduction, the field of high-energy nuclear
collisions is in a state of rapid development. During the past 5-10 years
a large body of experimental data has been accumulated. In particular,
single-particle and two-particle inclusive distributions have been
measured for a variety of projectile and target combinations at beam
energies from 200 A MeV to 2 A GeV. From these studies it has become
clear that a high-energy nuclear collision is a non-equilibrium many-body
process which includes not only the primary NN collisions but also
icollisions between the product particles, such as pions, and the
surrounding nucleons. With the exception of a few experimental variables,
such as the d/p ratio and pion multiplicity, it seems that the dominant
reaction mechanism can be described quite well using multiple-collision
theories with very reasonable theoretical assumptions.

Cﬁrrent]y, the following three subjects are being studied
intensively. The first one concerns the creation of hot, dense nuclear
matter and its properties. As discussed in Sec. 3.1, it is likely that
such nuclear matter is created in high-energy nuclear collisions. We have
seen that attempts to study its properties matter have started from the
analysis of d/p ratios (Sec. 2.3) or pion multiplicity (Sec. 3.2) although
the conclusions are still controversial and the subject of lively debate.

The second subject is the search for new dynamic modes that are
produced during the course of a ﬁuclear collision. This has been -
discussed in Secs. 3.3 and-3.4. Some preliminary results are already

available that indicate the presence of nucleonic flow and this is one
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field where one really can expect to make significant progress in the near
future. Sophisticated detectors designed specifically to measure
multiparticle final states such as the Plastic Ball/Wall and HISS (151),
are just coming into use as are the heavy beams needed for these studies.
Particle emission beyond the free NN kinematical limit is another
indication of cooperative behavior between nucleons. We have noted the
phenomenon of pionic fusion for light-mass collisions, in which the total
available kinetic energy in the c.m. frame is converted to emission of a
single pion. We have also mentioned subthreshold pion emission and
high—pT particle emission. From these studies it is clear that

processes certainly exist that cannot be explained by the superposition of
.incoherent NN collisions.

The third subject is related to physics of projectile fragments, as
discussed in Sec. 4. Although there are some unknowns in the production
mechanism of these fragments, physics of projectile fragments is a unique
feature of high-energy nuclear collisions. Strong Coulomb interacfions
induce a large photo-nuclear cross section as well as a large n'/n+
ratio. A fascinating aspect of projectile fragments is the production of
unstable nuclei far from the stability line and their application to
nuclear physics. Since these nuclei are emitted in a very restricted
kinematic domain they can be used as high-quality secondary beams as well,

One of the ultimate goals in the research of high energy nuclear
collisions is to create and study matter which is different from the
normal nuclear matter seen in stable nucléi. High energy nuclear
collisions may transform the nucleons into other baryons, such as a, N*,

A, and also create mesons, such as w,p, K, so we may expect the production
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of matter containing these particles. Their quantum numbers differ from
those of the nucleons and they may be considered as impurities in the
nuclear matter. For example, the behavior of a p meson imbedded in
nuclear matter is of interest for the understanding of nuclear forces.
Another example is the formation of a projectile fragment in which a
produced particle is trapped. Such hypernuclei have been studied rather
extensively with mesonic probes, but nuclear collisions offer the
possibility of forming hypernuclei with multiple strangeness. If the
impurity level is high enough, then the matter may change its character.
For example, at 700 A MeV 50 of the NN collisions create A's, which might
then result in an interesting new form of baryonic matter containing
mostly A particles (152).

Recently there has been wide discussion of a more dramatic change in
the properties of nuclear matter that may take place in a high energy
nuclear collision. It has been suggested that a phase transition from
hadronic matter into a quark-gluon plasma may occur at high density and
pressure (153,154). This transition would involve simultaneously the
break-down of quark confinement and the formation of a new type of
many-body system and is of fundamental importance to both nuclear and
particle physics. At the present stage, the exact form of the transition
and the way in which it would become manifest are unclear. However, there
does seem to be a consensus that the presently available energies are too
Tow and new experimental facilities are currently being planned. We feel
confident that the experience already gained from the studies described in

this review will prove invaluable for this new venture.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Recording of a collision between a 1 A GeV U projectile
nucleus with a target nucleus in an emulsion (1).

Participant-spectator separation expected in high%energy
nucleus-nucleus collisions.

Theoretical expectations of new phases for hot and dense
nuclear matter.

Left: Proton energy spectra at c.m. 90° in collisions of
800 A MeV C + C, Ne + NaF, and Ar + KC1 (11). Dashed curve
indicates the calculated result from the single NN collision
model with a Gaussian type Fermi motion included (12).

Right: Angular distribution of protons in the c.m. frame in
800 A MeV Ar + KC1 collisions for three different proton
energies (11).

Energy spectra of K+ in the c.m. frame in 2.1 A GeV
Ne + NaF collisions. The figure is made from the data
reported in ref. (34).

Recent data of proton energy spectra at c.m. 90° in
800 A MeV C + C collisions (44).

Energy-integrated angular distributions of the in-plane to
out-of-plane ratio, C, for two protons emitted in

800 A MeV C + C and Ar + Pb collisions. Figure made from the
data reported in refs (45,46,104).
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Figure 8

Figure

Figure

Figure

Figure

Figure

Figure

Figure

9

10

11

12

13

14

15

Deuteron and triton spectra in 800 A MeV C + C collisions, as
compared with the second and third power, respectively, of the
observed proton spectra (11).

Ratios of dLike plotted as a function of the value of
PLike Data were taken by the plastic Ball-Wall (58,59).
Here, dLike is defined Ng * 1.5 (Nt + N3He) + 3 Ny
whereas PLike S defined Np FNg PN 2 (N3He + Na).
Taken from ref. (85).

Two-pion interferometry observed in 1.8 A GeV Ar + KC1}
collisions. Data are taken from ref. (74).

Observed pion multiplicities as compared with the results of
thermal (FB), hydrodynamical (with various viscosities), and
cascade calculations for central collisions of Ar + KCI.
Figures taken from refs. (155) and (88).

Values of EC, defined in Figure 11, plotted as a function of
the calculated mean baryon density. Dashed curves are based
on conventional equations of state. Figure taken from ref.
(88).

Proton angular distributions for high-multiplicity (upper) and
Yow-multiplicity .events in 393 A MeV Ne + U collisions (101).

Hydrodynamical side splash (upper) and bounce off (lower)
predicted in ref. (97).

Flow angle distributions for different multiplicity bins in

400 A MeV Nb + Nb collisions (105). Also shown are the
predictions of cascade calculations (156).
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Figure 16 Pion momentum spectrum measured at 0° at around the

kinematical 1imit of pion emission in 303 A MeV He + ©

Li
collisions. Data are provided by Aslanides et al. (112).

Figure 17 Momentum widths of the isotopes produced in fragmentation of
160 at 2.1 A Gev (117).

Figure 18 Relative cross sections for isotope production by

180 at 1.8 A GeV showing the enhancement

fragmentation of
due to electromagnetic dissociation in one and two nucleon

removal channels (142).

Figure 19 =~ spectrum at 0° for 280 A GeV 2ONe + 12¢ (145,146).
The theoretical curves (146) are shown for three different
choices of fragmentation velocity and dispersion parameter

000
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