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1. INTRODUCTION

In the framework of quantum chromodynamics, color should no longer be confined at high
enough temperature (T ~ 200-250 MeV) and/or high enough quark density (densities well in
excess of five times the nuclear density which is 0.15 GeV/fm3). Under such extreme conditions,
one indeed no longer expects quarks to be bound into colorless hadrons of 107! m, but freely

roam over the whole volume where such conditions hold [1].

The required conditions should be reached in central nuclel_ls-nucleus collisions by convert-
ing the initial relative c.m. energy into internal excitation of a ‘‘fireball’’ formed at rapidities
intermediate between those of target and projectile, provided sufficient beam energy and ade-
quate ‘‘stopping power.”’

In 1986, the first exploratory runs took place using oxygen ions of 60 GeV/N and 200

GeV/N at CERN, and 15 GeV/N at Brookhaven. For reference the data with the proton and pion

beams was taken in the same time. The run with 200 GeV/N sulphur beams took place in 1987 at

'CERN SPS and a proton reference run in 1988.

Presented here are results obtained at CERN SPS by the NA35 Collaboration during all

three of these running periods.

The first part of this report consists of a brief description of the NA35 lay-out along with the
typical observables accessible in the experiment. Further transverse energy distributions and
their relevance to the degree of nuclear stopping and energy density reached in these interactions
are presented, as well as rapidity and transverse momentum distributions bf hadrons which pro-
vide information on the dynamics of the collision processes. Pion interferometry which yields
insight into the space-time evolution of the reaction and possibly the existence of a quark-gluon
plasma phase is discussed. The abundance of strange particles produced in these collisions is

compared to predictions of models based on equilibrium in a plasma phase.



2. EXPERIMENTAL SET-UP

Figure 1 shows the NA35 experimental set-up. The experiment consisted of a 2.0 x 1.2 x
0.72 m3 Streamer Chamber in a 1.5 Tesla Vertex magnet, followed downstream by combined
‘electromagnetic and hadronic calorimeters. These consist of the ‘‘Veto’’ calorimeter, measuring
the leading energy in the projectile fragmentation region (0° < 6,,, < 0.3°), a moderate granularity
*“Ring”’ cﬂoﬁméﬁér and high granularity ‘‘PPD’’ electromagnetic calorimeter, measuring the
transverse energy in the midrapidity region (2.3° < 6, < 12.5°), and an ‘‘Intermediate’’ calorim-
eter in the region 0.3° < 8,,, < 2.3°. The Streamer Chamber was read out by two independent
optical systems: a set of three 70 mm film cameras, each with a high gain 90 mm image intensif-
ier; and a set of three image-intensified charge-coupled device cameras, each with one million

picture elements and 9-bit intensity resolution.

Figure 2 shows one of the spectacular events observed with the streamer chamber. Despite
their great complexity, events are manageable. Targets of Al, S, Cu, Ag, Au and Pb of 1%
interaction length thickness were mounted 8 cm upstream of the fiducial volume of the streamer

chamber.

- A detailed description of all apparatus can be found in [2). Three principal trigger modes

were employed:

— A Minimum Bias Trigger (MBT) selecting essentially all inelastic collisions. It is derived
from a thin scintillator counter placed downstream of the streamer chamber and covering the

projectile fragmentation region. Its threshold is set just below the signal of the projectile.

— A Forward Energy veto Trigger (FET) selecting interactions, for which the total energy depo-
sited in the veto calorimeter is smaller than some threshold energy. It essentially vetos events

with more than a certain number of projectile spectators.



— A Transverse Energy Trigger (TET) selecting interactions, for which the total transverse
energy of the produced photons' deposited in the PPD exceeds some transverse energy thres-

hold.

Figure 3 shows the contour plots of the dependence between transverse energy (E,)
detected in the pseudorapidity region of 2.2 <m < 3.6 and the energy (Ey;) measured in the

forward fragmentation region (1 > 5.95) for the 328 at 200 GeV/N collisions with various targets.
As expected, there is a distinct anticorrelation between E| and Ey ...

In peripheral collisiohs (lower right comer of Fig. 3) where values of E,, are nearly
equal to the total energy of the incident 32S beams (6.4 TeV) there is little E, produced. With
increasing centrality of the collisions (small impact parameter) E, increases and E; ., decreases
(almost all energy ié converted to E, in the upper left comer of Fig. 3).

For most central 32S + Au collisions data extend down to Eypro = 0 (Fig. 3d), whereas for
32S + S interactions only few events are observed for low values of Eyr. Thus, for the lightest
targets, even in the most central collisions, there is always some energy remaining in the projec-
tile fragmentation region, due to ’noni.r‘lteracting nucleons in the dilute corona of the interacting
nuclei.

Generally plots like E, vs. E, . are used for trigger monitoring purposes only. However,

they also contain valuable information on collision geometry.

3. TRANSVERSE ENERGY DISTRIBUTION

The quantity dE,/dy can be measured by calorimetry of NA35 since these calorimeters are
divided radially and the measured energy in each element can be projected onto the transverse
direction.

Figure 4 shows the differential transverse energy (E J_) distribution for 1°0 + Pb at 200

GeV/nucleon, as summed from the PPD' and Ring calorimeters, with thé-magnetic field off [3].



The range of rapidities included in the data is approximately 2.2 <y <38 (there in midrapidity
domain, is a very good correlation between angle and rapidity). A characteristic plateau shape is

observed which can be understood in terms of the impact parameter geometry of the collisions.

do

dE, drops

The transverse energy increases as the overlap of the colliding nuclei increases until

sharply, as the projectile dives completely into the target.

In order to understand the E, spectrum further, the same measurement was made for p +

Au, using a tagged 200 GeV proton beam.

A 16-fold convolution of the p + Au data was calculated and is shown as a solid line on Fig.
4, where it provides an excellent fit to the ‘‘central collision’’ peak, both as regards position and
shape at high E,. The difference between Au and Pb for the purposes of this convolution is not
expected to be significant. The Gaussian shape of the ‘‘central collision’’ peak is a result of the

central limit theorem.

This result implies that the value of E, for central éollisions is proportional to the number
of nucleons in the projectile, provided that the projecﬁle is small compared with the tal;get
nucleus. Differential cross sections vs. transverse energy for 10 collisions with Al, Cu, Ag and
Au nuclei are shown in Fig. 5a for 60 GeV/N and in Fig. 5b for 200 GeV/N beam energies
respectively. Preliminary results for 32S jons of 200 GeV/N are shown in Fig. 6. The shapes of
these distributions are the same as seen in Fig. 4. Similar results were obtained by other experi-

ments [4,5].
Applying the standard Bjorken [6] expression:

dEl 1

= v 1
dn =Rt M

one can estimate the initial energy density of the reaction. Energy density scales shown in Fig. 5
and 6 were calculated using formula (1) with R for oxygen and sulphur nuclei and T= 1 fm for a

matter formation time. At midrapidity values of ~3 GeV/fm? can be reached at 200 GeV/N. At



60 GeV/N the maximum energy density appears to be smaller. These results are satisfactory in
view of the lattice QCD estimate for the critical energy density of deconfinement (e, = 2.5
GeV/fm?). Summarizing, from the systematics of transverse energy measurements with 60 and

32S projectiles one can leamn that E | increases with:
— increasing beam energy
— increasing mass of the target

— increasing mass of the projectile
and that the energy density reaches values expected for phase transition.

4. RAPIDITY DISTRIBUTIONS

Information about the longitudinal degree of freedom is exiracted from rapidity distribu-
tions of negative hadrons (mostly pions), as well as protons and A-particles obtained from central
160 + Au at 200 GeV/N and 60 GeV/N and 3S + S at 200 GeV/N collisions.‘ The rapidity distri-
bution of baryons isAspecially important, since it is expecfed to provide an estimate of nuclear
stopping power. |

Figure 7 shows the rapidity distribution of negative particles produced in central 166 + Au
interactions. ‘“TET* (Transverse Energy Trigger) at 60 GeV/N corresponds to ¢ = 130 mb
which is 0.038 of tﬁe total inelastic crosé section. “‘FET'" (Forward Energy Trigger) at 200
GeV/N corresponds to 56 mb equivalent to 0.016 of total inelastic cross section. Since the target
was positioned 8§ cm in front of the streamer chamber and since the measuring efficiency becomes
poor in the high track density forward regions, the data is restricted to the rapidity interval of 0.5
<y <4.5. All negatives particle are assumed to be pions. According to Monte Carlo simulations
K~ and p contaminations are negligable (of the order of few %). Spectra were corrected for losses
due to the measurements and reconstruction procedure and for electron cohtamination due to the

photon conversions in the target.



As expected, due to asymmetry of the system, the distributions peak well below the |
nucleon-nucleon c.m. rapidity of 3.0 (2.4) for 200 GeV/N (60 GeV/N) incident energy. The full
width at half maximum Ay = 3.1 is much broader than that for emission from an isotropic fireball
Ay, = 1.8). Itis an indication that the single fireball model is not an adequate description of
these collisions. For comparison curves from the Lund Fritiof model are also shown. The agree-

ment with the_'-daia points in the y > 2.5 region is good.

The rapidity distribution (preliminary) of negatives for the symmetric system 325 4+ 325 at
200 GeV/N is presented on Fig. 8a. The data here pertain to a trigger sample which represents
the most central 2% (34 mb) of the total inelastic cross section (1700 mb). Only the backward
hemisphere of the center of mass frame was analyzed (y < 3), since measurements in the forward
regioﬁ 0, ,p < 2.3° are strongly affected by losses due to the high particle track density. Because
of the projectile-target symmetry of the 32S + S system the rapidity distribution is, on the average,
reflection symmetric about y.,, = 3. The rapidity distribution peaks at midrapidity and its width
is similar to the width of 10 + Au distributions, larger than the value 1.8 expecfed for an isotro-
pic fireball. For comparison the corresponding distribution from p + p collisions [7] is given too.
Although the isospin is different the rapidity distributions of 3§ + S — x~ and p+p—o T« arethe
same within the experimental uncertainties; the shape of the two distributions being the same
indicates that the source of the pions has the same longitudinal phase space characteristics in both
cases.

The degradation of longitudinal energy can be observed directly in rapidity distributions of -
baryons. Figure 8b shows the rapidity ‘‘proton’’ distribution in 32S + S at 200 GeV/N collisions.
For comparison the A-particle rapidity distribution, after extrapolation to full p, acceptance, is
displayed. Experimentally it is available for a limited transverse momentum range (0.5 <pf <2
GeV/c) only. While A particles are positively identified through their charged decays, the proton
spectra in 32S + S collisions are obtained on a statistical basis only: assuming isospin symmetry

for all (strongly interacting) particles and neglecting differences in the differential cross sections



for K* and K~ production the proton spectra are obtained from the differences in the correspond-
ing distributions of positively and negatively charged particles. (This procedure was intensively

tested using Monte Carlo simulations, and results were very satisfactory.)

It is interesting to note that the peak in ‘‘proton’’ rapidity dismbution “‘moved’’ fromy=0
(target rapidity) to y = 1.5 and, interpreting the reflected part of the spectrum, from y = 6 (beam
rapidity) to y = 4.5. The similar shift was observed in pp collisions at 200 GeV/N by NAS colla-
boration [7]. This can be discussed in terms of the nuclear stopping power. It is very important
to realize that interpretation of baryon rapidity distributions in terms of stopping power is much
more reliable than attempts to learn about it from analysis of transverse energy spectra. The A-
particle rapidity distribution (the only other baryon detected directly in experiment) has similar

behavior to the proton one.

Note that the hadron fragmentation model ‘*‘VENUS 2’’ of Werner et al. [26] gives a good '
representation of the data, whereas the well-known Fritiof/Lund model predicts far too little
‘‘proton yield’’ at midrapidity (not illustrated). This is due to the leading di-quark breakup

allowed for in the former model.

5. TRANSVERSE MOMENTUM DISTRIBUTIONS

The mean value of transverse momentum of produced particles (mostly pions) is generally
accepted as an estimate of the temperature of the system [8,9]. However, discussion of spectra in
terms of a thermal distribution is an oversimplification. Complicating factors occur, including the
decay of resonances, expansion and cooling prior to hadronization, and perhaps hadronic flow.
Particles arriving in our detectors are messengers of the freeze-out temperatures, and it is only at

high transverse momenta that the effects of initial temperature may survive.

Figure 9 shows the experimental p, distribution for central 160 + Au at 200 GeV/N. An
interesting effect is observed in the shape of the p, spectrum. Central collision events of both the

%0 + Au (Fig. 9) and the p + Au reaction (not shown) exhibit a steep slope at p, < 0.3 GeV/c and



a shallower decrease at larger p, values. This is a surprise, since none of the models based on
nucleon-nucleon collisions show it. The two components are not seen in minimum bias pp colli-
sions neither {10]. If the spectrum is fitted with two sources in a thermal model, the sources are
found to make roughly 1:4 contributions with temperature of about 43 and 153 MeV, respec-
tively. A statistical analysis of these data on an event-by-event basis shows clearly that the two-
component structure is not due to two different types of events — hot and cold. Both com-
ponents are present in all events. There is some evidence for a similar effect in cosmic ray data
{11], where a combination of thermal excitation and radial flow was suggested to explain the
observations. Such a speculation was also carried out in respect to our data. Lee and Heinz [12]
have recently developed a model of a radially expanding fireball (initial state in thermal equili-
brium at fixed temperature with subsequent hydrodynamic expansion). They have obtained good
fits to n° spectra from WAS0 and 7t~ spectra from NA3S (Fig. 10a). The radial flow ve}ocity
extracted averages ~ ¢/2, the freeze-out temperature is about 100 MeV, and the initial temperature
before éxpansion is about 200 MeV. The central 200 GeV/N °0 + Au spectra of n~, K, A and A
particles and the radial éxpansion fit with radial flow velocity of 0.78 and temperature of 108
MeV are displayed in Fig. 10a—d. The calculation for a radially expanding fireball is consistent
with the p, distribution for K%s and K’s, but the prediction for the p, distribution of A’s has a
slightly flatter slope than the data. It appears that the model fairly sﬁccessfully predicts the p,
distributions for the produced particles (s, K%'s and /—\'s) while it has difficulties describing the
A spectrum. The last one can be explained by the presence of valence di-quarks (ud) in AT SO its
spectrum might still be affected by a nonthermal component. The produced particles n~’s, K”s

and X’s, will be less influenced by dynamics of the incident channel.

The p distribution for negatively charged particles at 2 <y < 3 in the 200 GeVIN 35+ 8
system is displayed in Fig. 11. This distribution is identical, within statistical errors, to that of the
200 GeV/N 60 + Au data displayed in Fig. 10a. This strongly suggests that the observed parti-

cles, near midrapidity, are not affected by the spectator matter inherently present in the %0 + Au



reaction. Predictions of the radial expansion model [12] are superimposed on the pion spectrum
inFig. 11.

While the model of Lee and Heinz reproduces very we]i general features of the p, distribu-
tions of produced particles and permits the extraction of rather precise values for the freeze-out
temperature and for the flow velocity, it is not sensitive to the initial energy density and original

temperature of the system. For this, independent measurements or assumptions are needed.

Sometimes it is more convenient to display particle spectra as a function of transverse mass,
defined as m, = m The use of this variable is motivated by the expectation that thermal- _
ized particles of different mass show distributions of the same shape in m; representation, if they
have the same original temperature [14]. Figure 12a,b shows transverse mass distributions for n~,
K’ p and A in %0 + Au (Fig. 12a) and 3%S + S (Fig. 12b) at 200 GeV/N (results on protons are |

available in 32S + S collisions only).
Here the following parametrization was used:

1 dn
(m)*? dmy

= const x e ™/T

which is form /T > 3 equivalent to [14]:

n
140 const x v x e™/T

py dpy

Except for the pions which shbw deviations fmm the expected scaling, all heavier particles sup-
port the idea of a thermalized sourcé in the fange of my coverjed by the experimental results. The
lower part of the pion spectrum suggests a much steeper slope coﬁesponding to a lower apparent
temperature of the pion source. Such behavior could be due to the formation of resonances which
decay into pions; the momentum distribution of these pions will be strongly affected by the decay
kinematics. Also one has to keep in mind, that at low m, pion spectrum might be strongly
influented by radial flow [12]. 'It is remarkable that in every case the data are qualitatively
approximated by a straight line fit with a temperature of T = 200 MeV, similar to that theoreti-

cally predicted for formation of quark-gluon plasma.
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6. TWO-PION INTERFEROMETRY

In the early fifties, photon interferometry analysis, used in optical and radio astronomy,
showed that the dimensions of the source of emitted photons could be determined from the width
of second-order correlation function (second-order, because correlations are observed in intensi-

ties, not in amplitudes).

Bose-Einstein correlations between identical particles are analogous to second-order

interference of photons-in optics. For a recent review see Ref. 15.

Interferometry between negative pions was studied by NA35 experiment in 1°0 + Au
GeV/N collisions at 200 GeV/N and published in Ref. 16. Summarized here are the main results.
Bose-Einstein statistics leads to enhanced production of negative pion pairs with small 4-
momentum difference. The enhancement was studied by means of the correlation function

d’o(pr.py)
dp;dp;

do  do
dp; dp;

Cp1pd) =

where the numerator represents negative pion pairs of the events and the denominator the number

of uncorrelated pairs taken as the number of negative pion pairs from different events.

Figure 13 shows for central '®0 + Au collisions and various rapidity intervals the projection
of the correlation function C on the transverse momentum difference Qq evaluated in the *‘16 +
50’ nucleon system (y,,s = 2.5) appropriate for the reaction (i.e. colliding 180 projectile sees on

its way a cylinder of about 50 nucleons in gold target).

Clear correlation peaks are evident in the data near Q, = 0. The shape of the correlation
enhancement contains the information on the pion source parameters. These were extracted by
fitting suitable models, and results are listed in Table 1. The first approach (Table 1) involves a
Gaussian parametrization [16] of the pion-emitting source with R the transverse radius, R, the

longitudinal radius and A the chaoticity parameter. The second one employs another
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parametrization [17] of the source distribution which is Lorentz-covariant aﬁd incorporates the
inside-outside cascade for the collision dynamics. The parameters in this model are'the source
lifetime T, transverse radius R and chaoticity A. A value of A = 1 corresponds to chaotic emis-
sion from the source. Values of A < 1 correspond to decreasing chaoticity, with A = O total

coherence.

Results from Table 1 for pions of midrapidity (1 <y < 3) suggest the formation of a large
(source radius of 8.1 £ 1.6 fm), relatively chaotic (A = 0.77 £ 0.19), long-lived (t, = 6.4 + 1.0
fm/c) source of pions (*‘fireball’’). These conditions are necessary (although not sufficient) for
the possible creation of quark-gluon plasma. Away from midrapidity a srhauer source radius ~ 4
fm was observed, with a chaoticity parameter A ~ 0.3. The radius observed away from midrapi-
vdivty is roughly consistent with theéize of the projectile nucleus. New NA35 data on two pion
correlations for 32S + Ag of 200 GeV/N at the level of vpreliminary statistics qualitatively resem-
ble those of Fig. 13 for '°0 + Au; namely: a sharp correlation is seen at midrapidity 2.2 <y <
3.2), which indicates an R parameter in excess of 10 fm. At 1.2 <y < 2.2 the chaoticity and'the.

transverse radius appear reduced to about half the size.

A first example of a three-negative-pion correlation function is shown in Fig. 16, for 35 + S
data in the full phase space 0.5 < y < 3. The correlation in the 3-parti§1e invariant momentum
difference [19] Q(123) is seen to indeed approach its theoretical maximum value of 6, and to be
somewhat broader than the corresponding 2-pion subcorrelation. The analysis of 2x and 31t.'
correlations including additional dynamical effects (e.g., resonances) is in brogress. Three- and
higher-number correlations have not been analyzed comprehensively as yet except in e*e™ reac-

tions [19].

At this point it is already obvious that the space time evolution of these collisions, with pos-

sible phase transition and subsequent hadronization, is very complicated and clearly needs future

’

investigations.
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7. STRANGE PARTICLE PRODUCTION

One of the earliest, and most discussed, predictions of QGP is strangeness. Because of the
large mass of the strange quark, the abundance of strangeness in ordinary hadronic matter is
suppressed, but it is expected to’increase rapidly and approach the thermal equilibrium value if
QGP is formed as a result of a sufficiently violent collision between heavy ions. Thus enhance-
ment of strange particl*e' production in the nuclear reaction might serve as an indication of QGP

formation ({20], [21], see also S. Nagamiya contribution to this conference).

The analysis of the NA3S streamer chamber films allows to obtain experimental data on A,
KS, A (V° particles) and negatively and positively charged kaons (t decays kinks). In the case of
neutral strange particles (V°) the decay vertex is identified in the streamer chamber, and the
momenta of the positively and negatively charged products are measured. Assuming masses
corresponding to the decays: K® — n*n~, A - pr-, K — pr*, and applying kinematic fitting cxi-l
teria, unambiguous KO, A, A decays were identified and the strange particle momenta determined.
In case of charged kaons analysis was restricted to T decays only. K* and K~ were recognized by
their unique 3-body decay topology (t decay), and momenta were reconstructed. Efficiency
corrections for obscuration of the decay vertex, problems of identification, measuring and recon-
struction inefficiencies, and the finite chamber geometry were applied. Figures 15 and 16 show
invariant mass spectra for A, A and K (Fig. 15) and K* and K™ (Fig. 16) in '50 + Au and p + Au
collisions at 60 and 200 GeV/N. All histograms demonstrate the excellent mass resolution and
the low level of background obtained with the streamer chamber detector. Ratios of the number
of strange particles (K, A, A) to the number of negatively charged particles in '°0 + Au and p +
Au collisions of 60 and 200 GeV/N in the acceptance of the NA35 experiment (Fig. 17) are
presented in Table 2. Prediction of the Lund/Fritiot model [22] taken over streamer chamber
acceptance are in qualitative agfeemem wjth the data for K° and /_\ whereas underpredicts by

approximately factor 2 the A yields.
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Interpretation, however, of these results is complicated by the presence of cold spectator
" matter in the 10 + Au collisions. More: importantly, the Lund/Fritiof model appears to over-

predict the A production in the elementary p + p reaction.

In Table 3 the ratios of particle multiplicities in central 10 + Au and in p + Au collisions
are listed for K2, A, and Aand negatively charged particies. Interestingly, the values are all close
to 16. The triggers selected average p + Au reactions and central '%0 + Au reactions in which all
projectile nucleons interacted. Thus a superposition‘of 16 p + Au collisions seems to reproduce
the particle pmdﬁction’ rates in central '%0 + Au reactions rather well. This observation had

already been made for the transverse energy production around midrapidity [3].

Neutral strange particles analyzed in the symmetric system 325 + S at 200 GeV/N provided
information on the volume dependence of stréngeness production. There are important advan-
tages of using such a system. Symmetry of the collision enables the information on full phase
space to be extracted from measurements in the backward hemisphere alone (6 2 5°), where the
measurements are easier. Also for the central collisions there are almost no spectators, hence no
cold matter to confuse the situation. The yields of A’s and K”'s as a function of event centrality
are displayed in Figs. 18 and 19. Plotted are the ratio of the mean A (K°) multiplicity to the mean
multiplicity of non-strange negative hadrons as a function of the latter for peripheral, intermedi-
ate and central collisions (closed circles). The presented ratios increase with increasing collision
centrality (increasing multiplicities of charged particles correspond to smaller impact parameters

and higher degree of centrality in a geometrical model).

The 3%S + S ratios are compared with the corresponding ratios obtained for N+N interac-
tions at the same energy (open circlés). The level of N+N data is indicated by dashed lines.
Solid straight lines are fixed by N+N (open circle) and central 32S + S (the highest closed circle)
pdints. The ratios for central 32S + S collisions are about 2.5 times larger than those for N+N

interactions. Note that all models based on the superposition of independent N+N collisions
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predict that the ratiosv are independent of the collision centrality and equal to the corresponding
radios for N+N interactions. Thus the observed strong enhancement of A yield is difficult to
describe using standard hadronic processes. ‘‘Naive’’ parton gas model calculations [21], on the
other hand, give the predictions quite close to the observed value of A yield. Within this model,
the énhancement arises from secondary parton-parton inféractions [20]. A similar enhancement
of A production was previously noticed in 10 + Au central oollisions of 60 and 200 GeV/N

(Table 2).

Clearly, evidence for an enhancement of strange particle production in 325 + S central colli-
sions is the most intriguing result. The evidence here is becoming quite solid, independent of
assumptions. The interpretation in terms of a partonic gas seems to be rather insensitive to
assumptions about energy densities and temperatures, the principal variable being the size of the
interaction volume. The symmetry of the 32S + S system enabled a more complete investigation
of strangeness production than was possible in p + Au or 10 + Au collisions, where central colli-
sions are also complicated by the presence of spectator matter. Correlation between the two sets
of data depends on a number of assumptions and on the use of models which are not yet reliable
enough. However, the 32S + S results reach a natural interpretation in terms of a quark-gluon
plasma, and should be interesting for future theoretical study. It should also be interesting to

study these results in the context of existing data and analysis for hadron-hadron collisions.

As to the future perspective, one would expect the production rates of strange particles
which contain more than one strange quark (cascades, omegas) to be a better probe of the strange
quark content in QGP. Of course, this depends on the non-trivial assumption that final yields of
strange hadrons will be strongly correlated with the abundance of strange quarks in the QGP
[20,23,24]. Nevertheless it would be very ixnpénant to get from the experiment direct informa-
tion on production of cascades, omegas and their antiparticles. Figure 20 shows a reconstructed
(with probability 99.99% after kinematic fit) Z~ from '°0 + Au at 60 GeV/c obtained with the

NA3S5 streamer chamber.



15

8. CONCLUDING REMARKS

The first generation of SPS CERN experiments with 10 and 32S beams provided informa-

tion on desired observables.
The conclusions of Sections 3, 4 and 5, that the conditions reached in the '%0 + Au and 325
+ S collisions at 60 and 200 GeV/N are compatible with predictions for phase transition (¢ ~ 2-3
| GeV/fm?, T ~ 200 MeV), were kind of expécted: that was the initial motivation for designing and
running such experiments. However, observation of a large-radius pion source at midrapidity,
and observation of a substantial enhancement of strange particle production in central 325 + S col-
lisions, which both find the most natural explanation in tenns of quark-gluon plasma formation,
32g

was astonishing, since the size of the interaction volume for light projectiles such as 0 and

was not thought to be large enough for equilibrium to be established.

9. SUMMARIZING REMARKS

All of the so-called ‘‘non-trivial’’ quantities point ‘‘toward the right direction’’ . ..

Namely: the primordial energy density € is of required magnitude (2-3 GeV/fm®), strange-
ness concentration goes up, a large chaotic pion source is seen at midrapidity with dimensions far
exceeding size of target and projectile nuclei and temperatures reached in the collisions are of the
order of ~ 200 MeV. Moreover, rapidity distributions suggest a baryon-poor midrapidity region
and baryon-rich target and projectiles y-areas with significant stopping. However, there is some
indication of possible explanation of ‘‘signatures’’ which do not require the existence of plasma

at all.

Therefore, a second generation of experiments with heavier projectiles is necessary to dis-

tinguish between various plasma signal candidates.
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10. NA35 FUTURE PLANS

NA3S5 is the only experiment of the CERN heavy-ion program which potentially provides
nearly 4% coverage and momentum measurement for charged particles. However, the high parti-
cle density in the forward hemisphere made impossible the analysis of particles forward of mid-
rapidity in the streamer chamber in sulphur-nucleus reactions. Therefore NA3S is building a
Time Projection Chamber (TPC) and installing it downstream of the vertex magnet (see Fig. 21),
where it will cover the pt;ase sbace region not analyzable in the streamer chamber. NA3S5 experi-
ment will run in a configuration with TPC during July and August 1990. The TPC will allow the
analysis of large numbers of events easily and qtiickly, since it will be outside the magnetic field
where track trajectories are straight lines. Using the measured characteristics of the events, the
TPC will serve as a highly selective offline trigger to define interesting event sampies for com-

plete but much slower measurement in the streamer chamber.

The next round of experiments with Pb beams of ~ 170 GeV/N at CERN SPS is planned for
1993-1994. The letters of intent have been submitted to the CERN SPSC. All experiments are
preparing to enter this new domain of physics. The central Pb + Pb collision at top SPS energy is
expected to offer qualitatively different dynamical conditions, leading to a set of clear-cut
answers concerning the candidate signals of plasma formation if such a state exists. The second
generatioh of experiments has .to be designed to cope with the high multiplicity of produced parti-
cles, and to investigate various hadronic signals at the event-by-event level, in a mode which is as
charged-particle-exclusive as possible. The focus on an analysis of macroscopic and microscopic
observables, referring to the individual events, stems from an expecfation that the phase transi-
tion, due to the statistical fluctuations in the collision dynamics, may not uniformly occur in the

average central Pb + Pb collision.

All of these requirements are taken into account in the proposed second-generation detector

system (Fig. 22) of NA35 and WASO.
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The main new feature will be particle identification, either track by track (for =t K%, p, p
and e*, €7, u*, ) or after invariant mass reconstruction (n% ). Depending on an optional exten-
sion of the planned setup it is intended to add neutral strange particle (K, A, X) identification.
The other, fundamentally new, feature of the planned experiment is a consequence of the large
volume tracking devices (that are required due to the very high spatial track density): the identifi-
cation of about 1000 éharged particles per‘central Pb + Pb collision- évent, will allow the extrac-
tion of certain‘collective event features on an event-by-event basis. These are not the previously
accessible integral quantities such as event charged particle multiplicity, transverse energy, for-
ward energy flow etc., but differential, non-trivial observables of individual events, such as the
pion source radii in transverse and longitudinal directiéns '(frorh 217, 2n* correlations), the
entropy produced in the reaction, as measured by the rapidity density and transverse momentum |
inverse slope (temperature) of the pions, the baryon aﬁd antibaryon distributions in rapidity

space, etc.

Figure 22 shows a schematic top view of the experimental layout. The target is placed at
the upstream field fringe of the vertex magnet now employed in NA3S. Charged particle identifi-
cation and momentum measurement forward of midrapidity is accomplished with a horizontal
array of Time Projection Chambers and Ring Imaging éerenkov detectors. A central large
volume TPC analyzes particles of p; ,, 2 6 GeV/c by means of ionization measurements in the

relativistic rise.

Figure 23 shows the active areas of the TPC-RICH elements as projected onto a plane per-
pendicular to the beam, 10 m downstream of the magnet center. This plane coincides with the
front face of the main TPC. The hit pattern obtained with Lund Fritiof event generated for Pb +
Pb, 180 GeV/N central events is shown superimposed. A total of about 1000 charged particles is

accepted per event.
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Two sets of Bismuth Germanate photon high resolution colorimeters (BGO) positioned 13
m downstream of the target will measure n°, 1° and direct photon production. A second set of
photon colorimeters (Pb-glass) is placed about 31 m downstream of the target. More details can

be found in Ref. 25.

So, we are well prepared to face the challenge of a very new energy domain in nuclear phy-

sics!!!
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FIGURE CAPTIONS

Fig. 1. TheNA35 experimental setup.

Fig.2. 325+ Au collisions at 200 GeV/N seen in streamer chamber of NA3S.

Fig. 3. Contour plots of constant cross section as a function of transverse energy E,| detected in
the region 2.2 <M < 3.6 and energy E measured in the forward (0° <6 <0.3% n >
5.95) fragmentation region for reactions of 200 GeV/N § incident on various targets for
a minimum bias trigger. |

Fig. 4. Midrapidity transverse energy distribution for 160 + Pb at 200 GeV/nucleon. The solid
line is a 16-fold convolution of E, distribution for inelastic p + Au collisions at 200
GeV, measured with the same apparatus.

Fig, 5. Cross section versus transverse energy E| in (a) 60 GeV/N and (b) 200 GeV/N oxygen
collisions with Au, Ag, Cu, Al nuclei. A scale for the estimated energy density € (see
text) is also shown.

* Fig. 6. Preliminary cross sections versus transverse energy ET in 200 GeV/n sulphur collisionéL _
A scale for the estimated energy density € (see text) is shown.
Fig. 7. ~ Negative particle density versus rapidity y in %0 + Au collisions. Curves from the Fri-
- tiof model are shown for comparison.

Fig. 8. (a) Rapidity distn'bution of negative particles from 328 + S at 200 GeV/N. (b) Rapidity
distributions of protons (open circles) as obtained with the subtraction method (see text)
from 32§ + S collisions at 200 GeV/N. For comparison closed circles show — rapidity
distribution of A in the same reaction (see text).

Fig.9. Nommalized distribution of L AN for central 160 + Au collisions at 200 GeV/N.

pL dp:

Curve shows fit to a thermodynamical 2-component model distribution.



22

Fig. 10. Transverse momentum distributions for central 160 Au collisions at 200 GeV/N for

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

(a) negatively charged particles at2 <y < 3,

MK atl7<y<28,

©A°atlsS<y<24,

(@) A°at1.5<y<24.

Also shown are predictions of the radial expansion model of Lee and Heinz (see text)

with parameters adjusted to fit the spectrum of negatives.

Transverse momentum distributions for central collisions of 200 GeV/N 32§ + S for

negatively charged particles (2 < y < 3). Also shown are predictions of a radial expan-

- sion model fitted to the distribution of negatives in Fig. 10a as described in the text.

(a) Transverse mass distributions of various particles in central 160 + Au collisions at
200 GeV/N. Acceptances are indicated. The lines are to indicate the slope correspond-
ing to a temperature of 200 MeV. (b) The same as for Fig. 12a, but for 32S + S colli-
sions at 200 GeV/N. The rapidity intervals for A°, p, K, =" are 0.8 <y <2.0,15<y<
30,14<y<2.7, 1.5 <y<3.5, respectively.

Correlation function of negative pion pairs versus transverse momentum difference Q;
averaged for Q< 100 MeV in central 0 + Au collisions at 200 GeV/N. Curves are
from fits with a Gaussian source model (see text).

Three negative pion correlation observed in central 3%S + S collisions of 200 GeV/N

plotted as a function of 3-particle invariant momentum difference.

Invariant mass distributions of V° decays for K, A and A mass hypotheses in 200
GeV/N 0 + Au (A—c), 60 GeV/N 10 + Au (d—f), 200 GeV p + Au (g—i) and 60 GeV
p + Au (j-1) reactions.

Invariant mass distributions of K* and K™ in '°0 + Au (a) and p + Au (b) collisions at

60 GeV/N.
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Fig. 17. Acceptance regions of strange particles in transverse momentum p, and rapidity y at:
| (a) %0 + Au at 200 GeV/N
(b) '°0 + Au at 60 GeV/N
(c) p+ Au at 200 GeV/N
(d) p+ Au at 60 GeV/N
Fig. 18. Ratio of mean A multiplicity to the méan multiplicity of non-strange negative hadrons

as a function of <n_>_; see text.
Fig. 19. The same as Fig. 18 but for K;.
Fig. 20. =~ decay in 0 + Au reaction of 60 GeV/N register in NA3S streamer chamber.

Fig. 21. Layout of the 1990-91 NA-35 experiment, showing the location of the NA-35 TPC in
the forward direction, and the new RICH detectors.

Fig. 22. Large Acceptance Hadron and Photon Experiment layout for Pb + Pb at 170 GeV/N.

Fig. 23. Active area of the central and lateral TPCs, the RICH detectors (dashed) and the BGO
arrays, as projected onto a plane 10 m downstream of the magnet center, superimposed

on ch. particle hit pattern.
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TABLE CAPTIONS

Table 1.

Table 2.

Table 3.

Pion source parameters extracted from analysis of the 200 GeV/N %0 + Au — nr +
x correlation data for various rapidity intervals.

Average multiplicities of produced strange particles and ratios with negatively
charged paﬁiélés in the p; rapidity regioﬁs shown in Fig. 17. Predictions from the
Fritiof model are also listed.

Ratios of K{, A, A and negatively charged particle multiplicities in central 150 + Au
and pAu reactions at 200 and 60 GeV/N energy. The p,, y regions are those of the

160 + Au data (see Fig. 17). Predictions of the Fritiof model are also shown.
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Table 1. Pion source parameters extracted from analysis of the 200 GeV/N %0 + Au — nx +
x correlation data for various rapidity intervals.
Rapidity Gaussian Kolehmainen-Gyulassy
Interval Rr(fm) Ri(fm) A Rr(fm) | ro(fm/c) A
l1<y<4(41104)31+07/-04031+007/-003]36+03{29+07/[0.29+0.05
1<y<2(43106 26 £ 06 0.34 +0.09/-006 {40+ 0.7 {25+100.30 £0.12
2<y<3(81+16[56+12/-08 0.77 £ 0.19 73+16(64+10)|084 %015
Table2.  Average multiplicities of produced strange particles and ratios with negatively
charged particles in the p, rapidity regions shown in Fig. 17. Predictions from the
Fritiof model are also listed.
pAu, 200 GeV OAu, 200 GeV/nucleon
Data FRITIOF Data FRITIOF
< K¢ > 0.044 £ 0.008 0.043 0.665 + 0.086 0.710
<A> 0.081 & 0.009 0.029 1.507 £ 0.111 0.583
<A> 0.006 + 0.002 0.005 0.098 + 0.026 0.092
<K¢>[<h™> 0.150 + 0.029 0.149 0.142 £ 0.022 0.152
<A>[<h™> 0.153 £ 0.019 0.059 0.179 £ 0.017 0.073
<A>/<h™>. 0.028£0.010 - .0.024 0.025 £ 0.007 0.028
pAu, 60 GeV OAu, 60 GeV/nucleon
: Data - FRITIOF Data FRITIOF
< K> 0.035 £ 0.012 0.021 0.473 £ 0.107 0.378
<A> . 0.090£0017  0.02 1.407 £ 0.174 0.504
<k> 0.003 + 0.002 0.0014 0.037£0.017  0.043
Ke>[<h™ > 0.254 + 0.108 0.126 0.150 + 0.039 0.145
<A>[<h™ > 0.267 £ 0.070 0.075 0.244 £ 0.038 0.100
<A>/<h™ > 0.024 £ 0.016 0.015 0.014 % 0.007 0.020
Table 3.  Ratios bf K,, A, Aand negativelyvcharged particle multiplicities in central ‘66" + Au

and pAu reactions at 200 and 60 GeV/N energy. The p.r, y regions are those of the

160 + Au data (see Fig. 17). Predictions of the Fritiof model are also shown

200 GeV 60 GeV ,
Data FRITIOF Data FRITIOF
Ris 151434 165+08 128+ 4.8 188+1.0
R 186425 20.1 2.1 14.6 £ 3.0 21.241.0
Rx 163+ 7.0 18.4 + 3.8 13.7£ 7.0 19.6 3.3
R- 15912 16.2 3 0.3 23.04 3.6 16.4 £ 0.2
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Fig. 1. The NA35 experimental setup.

Fig. 2. 328 + Au collisions at 200 GeV/N seen in streamer chamber of NA3S.
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Fig. 3. Contour plots of constant cross section as a function of transverse energy E, detected in
the region 2.2 <N < 3.6 and energy E_, measured in the forward (0° <6 <0.3°% 1 >
5.95) fragmentation region for reactions of 200 GeV/N S incident on various targets for

a minimum bias trigger.
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Fig. 4. Midrapidity transverse energy distribution for %0 + Pb at 200 GeV/nucleon. The solid
line is a 16-fold convolution of E, distribution for inelastic p + Au collisions at 200

GeV, measured with the same apparatus.
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collisions with Au, Ag, Cu, Al nuclei. A scale for the estimated energy density € (see

text) is also shown.
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Fig. 7. Negative particle density versus rapidity y in '°0 + Au collisions. Curves from the Fri-

tiof model are shown for comparison.



32
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Fig. 8. (a) Rapidity distribution of negative particles from 325 + S a1 200 GeV/N. (b) Rapidity
distributions of protons (open circles) as obtained with the subtraction method (see text)
from 32S + S collisions at 200 GeV/N. For comparison closed circles show — rapidity

distribution of A in the same reaction (see text).
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Fig.9. Nommalized distribution of Fl- :—:— for central %0 + Au collisions at 200 GeV/N.
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Curve shows fit to a thermodynamical 2-component model distribution.
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Also shown are predictions of the radial expansion model of Lee and Heinz (see text)

with parameters adjusted to fit the spectrum of negatives.
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Fig. 13. Correlation function of negative pion pairs versus transverse momentum difference Qp
averaged for Q < 100 MeV in central %0 + Au collisions at 200 GeV/N. Curves are

from fits with a Gaussian source model (see text).
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Fig. 14. Three negative pion correlation observed in central 32§ 4+ S collisions of 200 GeV/N

plotted as a function of 3-paru'c'1c invariant momentum difference.
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Fig. 15. Invariant mass distributions of VO decays for K,, A and A mass hypotheses in 200

GeV/N 60 + Au (A—), 60 GeV/N 90 + Au (d—f), 200 GeV p + Au (g-i) and 60 GeV .

p + Au (j-1) reactions.
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Fig. 16. Invariant mass distributions of K* and K™ in '%0 + Au (a) and p + Au (b) collisions at

60 GeV/N.
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Fig. 17. Acceptance regions of strange particles in transverse momentum p, and rapidity y at:
(a) 1°0 + Au at 200 GeV/N
" () '50 + Au at 60 GeV/N
(c) p + Au at 200 GeV/N

(d) p+ Au at 60 GeV/N
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Ratio of mean A multiplicity to the mean multiplicity of non-strange negative hadrons

as a function of <n_> ; see text.
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Fig. 19. The same as Fig. 18 but for K,

e
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Fxg. 20. = decay in '%0 + Au reaction of 60 GeV/N register in NA35 streamer chamber.
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Fig. 21. Layout of the 1990-91 NA-35 experiment, showing the location of the NA-35 TPC in

the forward direction, and the new RICH detectors.
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Fig. 22. Large Acceptance Hadron and Photon Experiment layout for Pb + Pb at 170 GeV/N.
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Fig. 23. Active area of the central and lateral TPCs, the RICH detectors (dashed) and the BGO
arrays, as projected onto a plane 10 m downstream of the magnet center, superimposed

on ch. particle hit panem;
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