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I. INTRODUCTION 
The field of relativistic nuclear collisions has been well introduced by the previous 

speakers, progressive seniors in physics which gave an outlook into the fascinating scenery of 
studying star processes in our laboratory. As a conservative junior I want to guide you on the 
evolution path of experimental data but not rule out the fact that some of the speculative 
expectations are already manifesting themselves in some of the data. 

The big task in the physics of relativistic nuclear collision is to find out whether they 
allow us to study nuclear matter phenomena and whether we are already successful in Ne + Ne 
collision or whether we need U + U collisions. In Figure 1 the equation of state of nuclear 
matter is plotted in all its various forms of speculations. The experimentalist doing nuclear 
collision studies and detecting nuclear fragments at the time long past the primary stage is 
faced with the fact that in all reactions the available kinetic energy is transformed into heat, 
particle production, and perhaps also compression energy. It is necessary to find observables 
directly related to the extreme state of the early part of the reaction and to avoid a dilution 
of the content of information due to the later final state interactions. Another problem is 
the separation of single nucleon-nucleon collisions from multicollision or even collective 
phenomena. This is necessary before talking about matter properties- Thus the extraction of 
the equation of state is not an easy task, but is the main goal of doing relativistic nuclear 
collisions. 

In Figure 2 the schematic picture of the fireball model is shown. This model, developed by 
our collaboration^) several years ago and refined into the fire streak model,') treats the 
reaction under the extreme aspect of total thermalization. The model is going through a 
"renaissance" since theorists find it nractical to study all kinds of aspects (like Coulomb 
effects,3) Blast wave'') . . . ). It is until now the only model which includes full parti
cle production and cluster formation. This report will show the weakness of the fireball/fire-^ 
streak model 2) and try to convince that more complex models are necessary and even available 
to describe the data. 

Specifically the cascade models and the hydrodynamical models will be discussed as to their 
qualitative and quantitative agreement with the data. 

The report will first discuss single particle inclusive data. Then, the anomalous neutron 
to proton ratio will be explained and pion (n +) data presented with a possible indication of 
a long lived fireball. The other topic will be the Multiparticle Correlations (non inclusive 
aata). The energy dissipation in the target nucleus and the process of total disintegration 
(target explosion) leads then over to pressure effects (bounce-off) in the heavy fragment data. 
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II. SINGLE PARTICLE INCLUSIVE DATA 
Nucleons 

Proton spectra of relativistic nuclear collisions show a distinct feature not found in 
p + p collisions. Figure 3 shows proton spectra from the reaction Ar + KCl at 800 MeV/u. 3) 
The arrow indicates where the momentum of the incoming beam is. The momentum distribution 
clearly goes to much higher momenta, more than twice the beam value. The next Figure 4, also 
aata of Nagamija et al., 5) stresses this point and compares it to two totally opposite 
moaels. In a clean knock out model—comparable to the first collision in a full cascade 
model—Hatch and Kooning show that the Fermi motion has to be included to come near the 
data. A total different view point is taken when looking at the thermal picture. Many colli
sions (more than 2) are necessary to justify it. The agreement of data and calculations with 
the fire streak2) (including chemical equilibrium) shows slightly better agreement with these 
data than the clean knock out model with Fermi motion. 

A more aetailed compcison with data is necessary to find out whether the simple thermal 
model really describes the inclusive data. cigure 5 shows proton spectra from the reaction of 
Ne on U at four different energies.7) There is a obvious strong disagreement with the data 
at 30° for all energies and a fair agreement at low energies and large angles which disappear 
at high energies. Objections are voiced against the present fire steak calculations in as they 
neglect the Coulomb force. 8) Coulomb effects are expected to be significant for low proton 
energies and heavy nucleus systems. Therefore looking into the Ztarget dependence the fire 
streak model 2) is compared with data from 400 MeV/n Ne interactions with targets from U to 
Al. 7j Especially the light target of Al should be an example where Coulomb effects are 
negligible and the present fire steak model might work asis. Figure 6 shows proton spectra 
from Ne + U, Ne + Au, Ne + Ag, Ne + Al at 400 MeV/u. The fire streak calculations are fairly 
good at backangles (ignoring a factor of 1.5 to 2), however for all targets the forward angle 
is totally off. 

Thus, the thermal model with its clean-cut geometry cannot describe the data and the model 
cannot be made to fit by introducing the proper treatment for the Coulomb force. 

When data disagree with ones expectation, those data are exciting and surprising. In 1979 
the measurement of single neutron inclusive data 9) showed a surprising difference to the 
single proton inclusive data. For a uranium target the neutron/proton ratio exceeded by far 
the value of -1.6 expected from the neutron excess in the target nucleus. Later neutron data 
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from 2 0 N e on 2 7 A 1 IRef. 10) did not show a large discrepancy to the existing proton data. 
Again, the discrepancy of uranium was tried to be explained by the effect of the Coulomb force 
onto the protons which changes their spectrum.8) 

However, recently Stevenson 1 1) ana independently Stock 1 2) came up with a straight 
forward explanation based on the experimentally observed large cluster production in relati
vists nucleus collisions.') Figure 7 points out for Ne + U reactions the small percentage 
of free protons emitted (~30 percent) versus the large amount of bound protons emitted in 
clusters (up to 60 percent). Since the clusters are dominantly T = 0 fragments—the yield of 
tritons is similar to that of ̂ He—the large n/p ratio for uranium can be easily understood: 
Due to the removal of on-the-average T = 0 fragments a system with a neutron excess to begin 
with will end—in the extreme situation—in a pure neutron system. Stevenson 1 1) shows in 
Figure 8 that there is no anomalous neutron/proton ratio if all neutrons and protons bond in 
the emitted clusters are also counted properly. 

This successful explanation of the neutron/proton ratio leads directly back to the previous 
subject of how to describe consistently the single proton data and how to treat the cluster for
mation. The last question has been tackled by the thermal model via a chemical equilibrium 1' 2' 1 

and by the coalescence model 1 4) which is based on single phase-space arguments. Data on 
cluster emission are plentiful available and more effort is definitively needed on the theore
tical side. The description of the nucleon emission with respect to the single particle 
inclusive data is well under way by several groups some of which take the intra nuclear 

-iioo cascade—some the hydrodynamical picture as based for this 
model. Figure 8 showed results from the cascade calculation 
by Stevenson 1 1) from Berkeley. Figure 9 has on the left 
side the calculations (histograms) of the cascade code of 
Fraenkel and Yariv 1 5) from Rehovot, on the right side is a 
comparison of the summed-change data with two-fluid hydro
dynamics calculations. 1 6) These models do not yet treat the 
cluster emission and are compared therefore with pseudo-proton 
spectra (summed changes), where the proton-, deuteron-, 
triton- and twice the 3He- and 4He-double differential 
cross sections have been added up for given MeV/u bins to 
produce somehow a spectrum close to the primary proton distri
bution. These summed charges of various reactions are fairly 
well described over all incident energies from Z50 to 
2100 MeV/n by both the cascade and the hydrodynamical calcu
lations. In Figure 10 a preliminary cascade calculations of 
Noack 1 7) for protons from Ne + U at 90° lab is compared for 
various combarding energies. The complexity of these calcu
lations unfortunately has not yet allowed to investigate 
thoroughly with statistical significance any deviations and 
their dependence with various quantities or parameters. Thus, 
there is the unusual picture of histograms presenting theory 
and smooth lines presenting data. It is remarkable, however, 

l 0 0 2 0 0 to see the cascade—and the hydrodynamical model to agree with 
EiMev/nuci) ..i >...„. i n factor of Z despite the totally different ansatz of each 

one. lliuro will be more discussions of these two models later 
Figure 7 o n-
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Pions 
Whereas the emitted protons come from the projectile 

and/or target nucleus under going one or many colli
sions, the emitted pions are created in the collision 
and thus carry hopefully the information about the early 
stage of the reaction. The low energy pions are 
expected to be least affected by absorption equivalent 
to a large mean free path as long as their energy is 
below that of. the 4(1232) resonance energy. Out of many 
samples of pion data^) the pion production in the 
reaction of 1.05 GeV/n 4 0 A r or 4 0 C a is chosen 1 9) 
since it has stirred quite some interest. Figure 11 
shows the contours of constant invariant cross sections 
for pions produced in the reaction of 1.05 GeV/n ̂ A r 
or 4 Q C a 1 9 ) and of 730 MeV protons on hydrogen.20) 
The proton data can be understood in terms of the decay 
of an isobar nearly at rest in the center of mass pro
ducing a characteristic forward-backward peaking. In 
contrast to that there is a peak in the midrapidity 
region for 4 0 A r + 4 0 C a . 

<• Ho la toe l u (to no no iso no hey 

Figure 10 
Koonin et al.3) try to describe the observed 

phenomenon with the help of "Coulomb focusing." The two 
nuclei pass each other, the interaction-region forms a 

fireball and after the passage time of more than l O - 2 2 sec the emitted pions see the Coulomb 
fields of the outgoing two remnants besides that of the fireball and are focussed into 90° C M . 
Figure 12 shows, besides the data in the upper left comer, the calculations assuming different 
fractions of the fireball chatge as calculated in the fireball geometry. In the lower right 
side of Figure 12 the authors^) calculated a contour diagram for pion production from a near 
central collision of 4 0 A r or 4 0Ca. Despite this encouraging agreement the authors point 
out that a much more complicated pion emission pattern is necessary to fullfill certain aspects 
of the data. Their exciting conclusion is that "some charge must remain nearly at rest in the 
center of mass after the collision probably dispercing on a time scale of - l O - 2 2 sec." 
Besides such a fascinating aspect of having a glimpse of the NUFO 2*) there is another explan
ation of this midrapidity peak at least as fascinating: Greiner et al. predicted a collective 
hydrodynamic flow which could also account for the preferential sidewise ejection of pions 
observed here. Further calculations are necessary to clear these phenomena and similar data of 
n~ emission in this systt'in 1.U5 U/V/u ''uAr + 4 u C a are needed to clarify the importance of 
Coulomb effects. 
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Another pion data have shown some "bumps" Benenson et al.23) n a v e measured low energy 
Dions at 0° and their data are shown in Figures 13 and 14. For the reaction of 400 MeV/n 
'°Ne + NaF and for 530 MeV/n 4 0 A r + C the n" data show a strong peak, structure centered 
around the beam velocity whereas the ir+ show a suppression at the corresponding velocity. 
The n + - indifference is clearly due to Coulomb effects. The correlation of the pion 
velocity with the projectile velocity and the preferentially zero relative momentum of the v~ 
in the projectile frame furthermore suggests the picture of "thermal pions" in the projectile. 
But it must be clarified how to produce thermal pions without a strong projectile-target inter
action which by itself leads to longitudinal and transvers momenta transfers and therefore 
deviations from the initial projectile momenturn. Thus the quickly-so-obvious explanations are 
on the second thought not so obvious any more and, as stated above, all consequences have to be 
considered and more theoretical insight is needed. Also it would be very helpful to measure 
projectile remnants coincident with the 0° pions and the charged particle multiplicity 
associated with the 0° pion production. 
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Inclusive Data Summarized 

The following has been illucidated: 

— At the kinematical limit the clean-knock-out model with Fermimotion is not too different 
from the thermal model in describing the data. When searching for extreme states and 
looking for collective effects do not search here! 

— The large n/p ratio observed in Ne + U reactions can be explained if the neutrons and 
protons emitted in clusters are taken into account. This only under the assumption that 
cluster emission and nucleon emission are not characterized by totally different event 
types. 

— The thermal models show a strong discrepancy with the proton data, worst at forward 
angles. The cascade models and the Hydrodynamic Models describe fairly well the summed 
charges. 

— The pions hint either towards the existence of a NUFO with T ̂  10~22 s e c o r towards the 
observation of a collective side flow, both obviously exciting effects. There is a Coulomb 
effect together with a not yet fully understood production mechanism in the enhanced 
0°-n~ production. 

— Finally: Without proper knowledge of the reaction mechanism there is no future in single 
particle inclusive data. 

III. MULTI PARTI CLE CORRELATIONS 

Multiplicity Data 
In the search for density effects Greiner et al.24) have predicted a change in the 

equation of state of nuclear matter to be observable in the pion-multiplicity excitation 
function. As a function of incident energy Figure 15 shows in the top part the mean pion 
multiplicity rising differently with different compressibilities assumed for the nuclear 

equation of state. If the reaction allows to test 
higher and higher densities with increasing energy 
the pion multiplicity reflects in a sudden increase 
an existence of a second minimum (due to a pion-

£r<;*(, 4-1 a(. condensate or even a density isomer-middle part of 
Figure 15) which also results in a sudden increase 
in the local temperature of the dense region, as 
shown in the lower part of Figure 15. 

Sandoval et al.25) have tested whether this 
can be observed already in such light systems as 
4"Ar or KC1, triggering a Streamer chamber for 
highly inelastic, so called central events. They 
measured an excitation function for the mean multi
plicity of negative pions and the results are shown 
in Figure 16. Within the error bars there is smooth 
increase of the n~ multiplicity with increasing 
bombarding energy. Without waiting for a full 
analysis of these data, one gets the impression that 
the mass 40 system does not lead to those densities 
where these phenomena occur. Nevertheless it is-
interesting whether a compressibility constant 
for mass-40-matter can be deduced. 

The same group26) measured also in the steamer 
chamber the multiplicity distribution of the protons 
and compared it with calculations of the fire streak 
model.2) It was found that there are more high 
multiplicity events—more total disintegrations of 
the system than predicted by the fire streak model 
(Figure 17). This points towards more energy-
dissipation in the nuclei than described in the 
clean-cut geometries of the fire-models. 

The energy dissipation in large targetnuclei 
like U and Au is the dominant theme of the following 
studies. At first nucleon-nucleon-collision was 
considered to be the basic determining process in 
thu reUtivistic nuclear collisions thus the E/u of 
the projectile was expected to be a reasonable guide 
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line in the comparison of reactions with different projectiles. It was a big surprise when in 
the various experiments more and more the total kinetic energy of the projectile became the 
important quantity rather than the velocity and the size of the projectile independently. 
Figure 18 shows the chargea particle multiplicity distribution associated with a proton of an 
energy of 40 to 200 MeV detected at 90° in the Lab when a U-target was bombarded with 42 GeV 
4"Ar or 42 GeV 20f(ej resulting in nearly identical distributions.?) Further investi
gation yielded the data in Figure 19. The average charged particle multiplicity associated 

with a proton, or deuteron or triton detected 
at 90° lab rises smoothly and, within a few 
units, the multiplicity is independent of 
projectile.^'2') The multiplicities are 
somewhat larger when associated with a deuteron 
or triton than with a proton. The next Figure 20 
illustrates the same findings for the charged 
particle multiplicity associated with the emission 
of slow fragments of Z between 4 and Z > 26.28) 
It is shown that reactions of 8.4 GeV 4He with 
Au—where the incident ^He energy is way above 
the pion threshold—lead to the same destruction 
of the Au nucleus as do 8 GeV 2 0Ne—with the 
incident Ne energy just above the pion threshold. 
It is also shown that at half the energy of the 
incident 4He, the associated charged particle 
multiplicity is much lower. 

This findings suggest that e.g., a 2.1 GeV/u 
4He as well as the slower 400 MeV/u Ne projec
tile get stopped in the large target-nucleus in 
such a short distance that there is enough nuclear 
matter still available to dissipate the deposited 
energy over most of the target nucleus. This 
picture is supported by both cascade calculations 
(Toneev,29) Smith30) and hydrodynamical 
calculations^^) where in heavy targets the 
light projectiles are quickly stopped leading to 
high density region in the early stage of the 
reaction close to the impact zone, and followed by 
an expansion and heating process involving most of 
the target nucleus. 

XBL 797-2052 

Figure 18 
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Attempts made by Yariv and Fraenkel-^) to describe associated charged particle multiplicity 
distribution show at first sight a remarkable closeness to the data, in a second investigation, 
however, the cascade calculations have systematic deviations from the d.ita. More calculations 
and comparisons with the data are needed to clear up the nature of the observed derivations. 

As a side remark: The nearby total reconstruction of the experimental conditions by Yariv 
and FraenkellS) and also Noack^) are a fantastic help to the experimentalist since it 
allows to stay as close as possible near the raw data, a plus which is greatly appreciated in 
multi-correlation experiments. 

High Multiplicity Selected Data 

Since it was shown that single particle inclusive data are generally not very promising for 
studying collective phenomena, an attempt is made to do the next best step possible: to select 
and study spectra from events characterized by a high charged particle multiplicity. In the 
common understanding this restricts the impact parameters to dominantly small ones, if the 
assumption holds that the multiplicity of an event increases with decreasing impact parameter. 
It may well be, by the way, that the multiplicity of charged particles does not change much 
between an absolute central collision and the last possible impact parameter with allows the 
projectile to dive fully into the large target nucleus. Such a selection does not totally rule 
out the contributions of single collisions in the spectra (they occur also in central 
collisions), but greatly enhances the probability for multicollision processes. 

The Figure 21 shows proton spectra for high and low multiplicity events for various 
incident energies of ^He or U.^') When in Figure 5 the 30° spectra did nearly not change 
for incident energies the high multiplicity selected spectra at 30" get flatter with increasing 
Ne energy. The low multiplicity selection shows however again the features of the unselected 
data (Figure 5). When the high multiplicity selected spectra are looked at for various targets 
(Figure 22), 2 /) the stronger suppression of the forward angle in the heavier targets is 
pointed out. This forward suppression is so strong that when looked at in the form of an 
angular distribution for f ixoti fragment momenta even a side wise emission is indicated,32) 
(figure 23). For low momentum deuterons this effect is strongest.27) The hydrodynamical 
calculations describe such a suppress inn and even a strong sidewise emission for very central 
collisions isi;i; ivpurl ot II. ',! ui.krr j. In I vyiiru 21, tin1 ani|iil.ir distribution of summed 
nucluar charyes trmii high multiplicity events at a fixi'il momuutum/nucleon is compared with 
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hydroaynamical calculations^) for near central collisions. The agreement is, within the 
statistical error of the calculation, very good. 

Correlations Between Fast and Slow Fragments 

All the thermal models, so far, have not incorporated any transverse momentum transfer from 
the reaction zone into the spectator matter. Thus the observation of the spectators would 
yield definite information on such an energy anu momentum flux from the early stage of the 
reaction. The apparatus, shown in Figure 25, used for this experiment"^) i s a thin wall 
scattering chamber surrounded by 80 scintillation detectors coupled to photomultipliers which 
form the multiplicity detector for fast charged fragments with a lower energy cutoff of 25 MeV 
for protons due to the wall thickness. This apparatus was also used in collecting the pre
viously discussed inclusive data with associated charged particle multiplicities. Inside of 
tne scattering chambei a thin ionization chamber measured the energy loss aE of slow fragments 
ana built-in silicon detectors stopped the fragments. Via this nE-E scheme fragments were 
identified as to their charge, energy and emission angle up to a Z = 26. Possible slow 
coincident fragments were looked for in the opposite 5 silicon detectors. 

Uf interest is whether there is any correlation in space in the multiplicity pattern with 
respect to the reaction plane defined by the target and the telescope. 
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Figure ?6 shows the correl-ation 
function of fragments of various Z from the 
reaction of 400 MeV/n 2 0 N e +• Au (lower 3 
portions) and of 400 MeV/n 2 0 N e + U for 
Z > 26 fragments which were identified as 
predominately fission products associated 
with a very low multiplicity.28) There 
is a clear 180° in-plane correlation vis
ible for the two middle cases for fragments 
with 13 £ Z £ 26 and Z > 26. A heavy frag
ment gets pushed out to e.g., 90° whereas 
many fast fragments are emitted into the 
opposite direction in t. This finding is 
to be e<plained of course, with momentum 
conservation, however, it clearly points 
towards the link between the fast and the 
slow fragments. (A long range Coulomb-
repulsion of a second large body like in a 
binary fission process car be ruled out). 
Such a bounce-off-effect has been pointed 
out earlier-^) to be visible in the 
hydrodynamical model calculations^) and 
recently Stbcker et al.31,35) n a v e d 0 n e a 

thorough theoretical analysis (Figures 27 
and 28) discussing the deflection of the 
projectile as a function of a impact para
meter. They point out (see St'bcker, these 
proceedings) that this bounce-off effect 
could be a good method of studying the 
equation of state since it is 3 measure of 
the pressure produced in the reaction zone, 
be it from compression or be it from the 
heat. There is much more information in 
the spectra of the slow fragments") than 
could be discussed in this report, espe
cially the temperature of their emitting 
system, the Coulomb peaks for light frag
ments and their associated charged particle 
multiplicities all of which focus again on 
the important role the total incident 
kinetic energy plays in the process of the 
target explosion. 

Summary 

Relativists nuclear physics has 
reached a new level. The new inclusive 
data have shown that too simple models have 
to be pu* to rest, lhey had their merits 
in focusing onto certain aspects of the 
reaction mechanism and will remain 
certainly of great pedagogical value. 

The pion data remain quite exciting— 
meaning they are not yet fully understood— 
whereas the formerly excitingly high 
neutron/proton ratio is now a solved puzzle 
when the many protons bound in the emitted 
clusters are taken into account. The pro
duction process of the clusters is another 
interesting item. The multiplicity data 
and the slow fragment data point out the 
existence of a very fast dissipative 
mechanism which makes in the energy range 
of 200 MeV/u up to 2 GeV/u the total 
kinetic energy the most important and 
unifying quantity in determining the size 
of tin} tjnjt'l explosion. For U itr.ofms a 
limit has IIUL yet been reached at bovalac 
enenj ies. 
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Figure 28 Figure 27 

The bounce-off-effect is expected to be a good experimental tool to look for density 
effects as it is considered to be a clear pressure effect. 

Finally, the revolutionary Bevalac did not provide the physicists with immediate harvest of 
knowleage about extreme states in nuclear systems. As in all revolutions the expected goals 
can only be reached in long and sometimes tidious evolutions. The ongoing preparations for the 
next generation of very complex experiments are to be looked at in that sense. 
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