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During the past two years, complete events of relativistic nuclear 
collisions are being studied with the Plastic Ball, the first electronic 
nonmagnetic particle-identifying 4» spectrometer!). It is well suited to 
handle the large multiplicities 1n these reactions and allows collection of 
data at a rate sufficient to make further software selections to look at rare 
events. 

The analysis of the data follows various lines covering topics like 
thermalization, stopping or transparency, cluster-production mechanism (—can 
it tell entropy?), search for collective flow through various global 
analyzing methods that allow determination of the scattering plane, 
projectile fragmentation (—fs there a bounce-off?), plon distribution, 
two-part1cle correlations: Hanbury-Brown Twiss, and excited nuclear states 
(—nucleosynthesis at the freezeout point or from chemical equilibrium?). We 
will cover 1n this contribution only two subjects: "stopping and 
thermalization" and "cluster production". 
Stopping and Thermalization in Relativistic Nuclear Heavy Ion Collisions 

One of the major hopes of relativistic nuclear heavy ion physics is to 
study the equation of state of nuclear matter at large densities. For that 
it is of utmost importance to find experimentally a signature that justifies 
the concept of matter properties like density, temperature, chemical 
equilibrium, etc. 

The aspect of full thermalization among the participant nucleons has 
been postulated in the early nuclear fireball model2), which in a later 
version included also chemical equilibrium for pions, mtcleons, and composite 
particles3»4). Discrepancies with data^J lead to the discussion, e.g., 
of the validity of hydrodynamics, the transparency of nuclei, and the mean 
free path of nucleons In these "dense" reaction zones. 

Because thermalization is the randomizing of the longitudinal energy 
over all degrees of freedom, one can look in each event for the momentum 
distribution of the fragments 1n the cm system (for equal mass target and 
projectile combinations the center of mass is identical with the 
nucleon-nucleon center of mass, Ignoring fluctuations). For an Isotropically 
expanding system with N particles, one finds in the center-of-mass frame from 
simple phase space considerations^) 
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or 

A global stopping of the two nuclei at small impact parameters would show up in a ratio R » 1 or even larger if hydrodynamical flow into transverse direction exists. In the presence of transparency this ratio 

(equal partition theorem) 
(1) 
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would always be below 1. Data that fulfill the necessary condition of 
eq. (1) can be said to Indicate a nuclear fireball If, 1n addition, their 
energy spectra are of Maxwell Boltaanann shape In the center of mass. 

Complete events have been measured with the Plastic Ball, a particle-
identifying 4» spectrometer!) for Ca + Ca and Nb + Nb at E/A - 400. Beside 
a minimum biased reaction trigger data were taken requiring the absence of 
particles with projectile velocity 1n a forward cone of e l a b . ±2. This 
trigger enriched the sample of high multiplicity events that domlnantly 
originate from more central collisions. 

In fig. 1 (top) contour lines of 
the yield of events in the plane 
* N ? IPii l/A vs I lpi||l/A are shown 
for the system Ca * Ca, the minimum 
bias trigger applied. Most of the 
yield is far away from the R - 1 
region. The peak at small pĵ  but large 
P|l corresponds to peripheral reactions 
and is dominated by projectile frag
ments. This contribution vanishes as 
the trigger 1s changed to a "central" 
one. Figure 1 (middle) shows central 
trigger events with a charge particle 3 
multiplicity larger than 30. The 3 
maximum of the yield is shifted toward 3 
the diagonal but only a few events j; 
reach R - 1, which, for large multi- •"-
plicities and absence of any two jet —: 
structure, corresponds to a full — 
stopping of the nuclei. In the lower *** 
part of fig. 1 for the reaction of w 

400 MeV/u Nb + Nb the central trigger 
events with charge particle 
multiplicities beyond 55 are 
fulfilling the stopping cc:':dition (R - 1 ±0.05) on the average. 

The observed difference between 
the Ca + Ca and the heavier Nb + Nb 
system allows different 
interpretations: a) The Ca nuclei are 
too small to stop one another, so a 
transparency remains in the 
longitudinal direction, b) Only a 
subvolume is fully stopped and 
eventually thermal1 zed, but the 
surface zones show some transparency 
and therefore the differences are caused by the various surface-to-volume 
ratios of Ca and Nb. 

However, one has to keep in mind that the high multiplicity cuts 
correspond roughly to an impact parameter selection from 0 to 3 fm, where in 
these symmetric systems still large parts of the nuclei might pass one 
another rather undisturbed. Although spectator fragments are excluded within 
elab < 2 with our central trigger condition, there are still some "leading 
particles left outside of e 1 a b . 2*. Any one of these particles strongly enhances the parallel momentum component, thus reducing the ratio R. 

Since both explanations—surface and transparency—are subject to these 
spectator contributions, it is useful to study the perpendicular momentum 
transfer In the reaction at the highest multiplicities. This has been done 
by analyzing proton spectra at e c m , go* with a relativists Maxwell Boltzmann distribution with o 0 and T 0 as tree parameters. 

Nb + Nb E/A = 400 MeV 
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Fig. 1 
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Figure 2 shows T 0 values extracted from proton spectra 
at e C ( n » 90* as a function of the charged particle multipli
city M c. One observes an 
increase 1n T Q with increasing multiplicity for both systems 
measured, but at comparable 
multiplicities the Nb data lie 
above those of Ca. For events 
where the stopping criterion Fi'9 
(eq. (1)) is fulfilled T 0 values have been extracted and are indicated by the shaded areas. Their 90 
proton spectra are presented in fig. 3a and the extracted slope parameter 
T 0 . 76 MeV for Nb + Nb and T 0 - 58 HeV for Ca + Ca can be called the temperatures of these fireballs. 

Taking these tempera
tures and assuming & source 
moving with cm velocity in 
beam direction the energy 
spectra in the laboratory 
system between eiat, * 20' and 160" are well described, 
slightly better for Nb than 
for Ca. The standard 
fireball model3), size 
independent, predicts a 
temperature of 60-70 MeV. 
The temperature is lowered 
by the pion production and 
increased by composite par
ticle production by several 
MeV through the decrease of 
degrees of freedom. 

The d/p ratios of the 
highest multiplicity events, 

Fi'9- 3 M c . 35 for Ca + Ca and 
M Q « 5S for Nb + Nb, are only 202S larger for the heavier system and therefore can partially cause 

the observed temperature differences/. However, the difference in slope 
parameters T„ at the same multiplicity as well as the higher than fireball 
temperature for Nb can not be explained simply. 

The histograms in fig. 3b are intranuclear cascade calculations7) for 
the two systems. The INC model clearly underestimates the yield fir Nb at 
large pj.. It seems therefore necessary to include nucleon-cluster 
collisions, as suggested by Remler9), which allow the nucleon to scatter to 
larger angles. Similar to the nuclear fireball with chemical equilibrium 
such a model will produce more yield at large p^ contrary to a pure final 
state coalescence model, which dominantly reduces the low momentum proton 
yield for composite particle production. 

Composite Particle and Entropy Production 
Models of relatlvlstic nuclear collisions that include the equation of 

state of nuclear matter predict an increase in entropy for a phase transition 
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at high nuclear densitylO). Recently i t was pointed out' 1) that entropy 
can be related to cluster production, in particular to the ratio of deuteron 
yield to proton yield. This has stimulated a dispute among theorists over 
whether the information about the early state inherent in this ratio gets 
lost during the expansion phase or is disturbed only via second order 
effects, whether the deuteron and proton yields are the proper observables, 
or whether one should use the quantities deuteron-like and proton-like 
definedl2) as d-like - d + 1.5 (3He + 3H) + 3 4He and p-Hke - p + d 
+ t + 2 (3He + *He). Until now these studies have been limited to single 
particle inclusive data, which mix together reactions of all impact 
parameters. With the Plastic Ball/Wall spectrometer for the f irst time 4* 
data are available to investigate this subject. 

For the investigation of entropy 1t is Important to compare protons and 
clusters originating from the primordial interaction zone. Particles coming 
from the late state of the reaction or from the spectator regions are predomi
nantly emitted with low energies*3). An adequate way to eliminate those 
contributions is to apply a lower threshold for 40 MeV per nucleon to the 
data. There is also an upoer energy limit due to the particle identification 
scheme of the Plastic Ball where, 
e.g., the punch-through deuterons 
above -400 MeV are treated as 
protons. Furthermore, this study 
is limited to data at emission 
angles of 9* < e < 160* ignoring 
the small yieTd of mainly spec
tator particles going into 0" to 
9*. Fig. 4a,b shows the mean 
ratio of d/p and d-like/p-like 
as a function of charged particle 
multiplicity for 400 MeV/u 
4^Ca + Ca. Figure 4c,d shows 
these ratios in each event as a 
contour plot. Each plot 
contains approximately 140 000 
events. These cutoffs and 
limits mentioned above should be 
incorporated into comparisons 
with theoretical models since 
values obtained this way for 
ratios of ^MkefPMke a r e 

lower than those extracted from 
the full spectrum. For symmetric 
systems these limits 1n partible 
identification can be overcome 
for extracting mean values by 
integrating in the center of mass 
only the back hemisphere where 
ful l particle identification is 
achieved. Ratios of yields 
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Fig. 4 
Tf-like/f£like extracted in this way are referred to as "backward hemisphere 
values" and should be used for comparison with theoretical models, where no 
experimental bias simulation is easily possible. Those data are used in the 
following discussion on the median size of cluster production. 

The increase in deuteron production with increasing multiplicity can be 
described by the coalescence modell*) but improved by Sato and Yazaki 1 5). It 
takes now into account both the size of the deuteron and the volume of the 
participant region. Tne coalescence radius p Q in momentum space is related 
to the deuteron radius r d and that of the participant volume r. via 
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while r p can be related to the observed charges 

as a free parameter. p1gure 5a shows a fit to 
the backward hemisphere Ca + Ca data with r^tr* » 2.9 for 400 MeV/u and 
r d / r 0 1.9 for 1050 MeV/u. 
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«0MtV/u 

- I U 
10 2 O 3 O < O 6 O « 0 7 O 8 0 9 O 

Fig. 5 
The analysis of the 400 MeV/u and 650 Mev/u Nb data shows in fig. 5b 

approximately the same cluster production as in 400 MeV/u Ca + Ca when only 
events with the same number of participants were compared and not the average 
reaction. The average reaction in both cases is very different because of 
the larger average numbers of participants in Nb + Nb. Furthermore, a 
comparison of the cluster production at different bombarding energies but 
fixed number of participants yields a decrease with increasing energy. Up to 
now conclusions on entropy production in relativlstic nuclear collisions 
were based only on single particle inclusive data and turned out to be quite 
puzzling* 6). Looking at these new 4* data several of these puzzling 
effects can now be understood: 

i) The observed mass dependence 1n "S/N" goes along with a different 
average multiplicity, i.e., different size of the finite systems and 
therefore different cluster production. 

11) The weak increase 1n entropy with beam energylS) is due to the 
comparison of d/p at different average multiplicities for different 
energies. 

ii1) The large entropy values at the average multiplicity must be replaced by 
the asymptotic ones, which are much closer to the calculated 
oneslO.li), and the introduction of new degrees of freedom as suggested in ref. 11 seems not necessary at this point. 
This work was supported 1n part by the Director, Office of Energy 
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