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1. Introduction

Collisions of nuclei at very high energy should create a finite volume of hadronic métter at
high energy density. Results from strong interaction lattice gauge theory [1] suggest that above a
critical temperature in the region of 200 MeV the hadronic state of matter is transformed to a new
phase consisting of deconfined quarks and gluons with an energy density of a few GeV/fm>, to be
compared with that of ground state nuclear matter which is 150 MeV/fm3.v Such extreme condi-
tions could be reached in central nucleus-nucleus collisions by converting 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 adequate stopping power.

A pilot program to investigate the properties of such nucleus-nucleus collisions was begun
at CERN in 1986, with 1°0 beams at 60 GeV/nucleon and 200 GeV/nucleon. In 1987 a second
run was carried out with %S beams at 200 GeV/nucleon. Despite expectations that these runs
would provide mainly a first look at the phenomenology of high energy nucleus-nucleus colli-
sions and a great deal of useful experience, both theoretical and experimental, that would be of
value in a later phase with heavier projectiles and/or higher beam energies a number of surprises

have emerged, including the possible observation of a number of quark-gluon plasma signatures.

2. Experimental Set-Up

Fiéure 1 shows the NA35 experimental set-up. The main components are [2]:

(é) A large-vblume Streamer Chamber, 2 X 1.2 x0.7m3inal5T superconducting vertex
magnet. Targets were mounted directly in front of the chamber. Two principal readout systems
were employed:

A set of 3 film cameras with Zeiss optics recorded images on high-sensitivity 70 mm film.

They were equipped with two-stage magnetic-focusing ITT image intensifiers of about 250-fold

gain. The spatial resolution was of the order of 2 mm. The film is analyzed off line in Berkeley,



Cracow, Frankfurt, Marburg, Munchen, Warsaw, and Zagreb. A typical central 180 + Pb event is
shown in Fig. 2.

(b) A set of 3 CCD digitizing cameras, with TI 1024 x 1024 byte arrays and equipped with- -
two stages of image intensifiers, recorded the events on line. With the help of a micro-VAX
based image processing and display system, events were monitored, and the multiplicity of

charged tracks obtained on line [3]. - I

(c) A set of électromagnétic and hadronié calorimeters. The angular domain 6 < 0.3°
(nuclear projectile fragmentation) is covered by a 4-segment ‘‘veto’’ calorimeter. The subse-
quent interval, 0.3°~2.2°, has a continuous single-cell electromagnetic and hadronic calorimeter.
The larger angle domain is covered in high granularity by a Photon Position Detector (PPD) con-
sisting of alternating layers of lead and planes of proportional tubes read out by 3072 ADC chan-
nels, énd by a Ring Calorimeter divided into 240 cells (24 in azimuth and 10‘in radius with sizes . .

chosen to cover equal units of rapidity at 200 GeV/nucleon).

" This set of calorimeters'is movable: at 200 GeV/nucleon it covered a 2.3°~12.5° angular
rahge COrfespoﬁding'to 2.0<Y < 3.8 and at 60 3G'é.\\'/ﬁuclc':on it covered a 4.3°-20.5° range
corresporidihg to 1.7 < y < 3.3. Some measurements were also made .at other settings. -

Two principal trigger modes were employed. From the Veto Calorimeter various levels of
projectile energy degradation cq‘uld be selected, r_a_nging from, ‘‘minimum bias’’ to ‘‘central col-
lision,"’ the later requiring typically Eye;o < 0.1 Ebem. The other trigger was observed from the
transverse energy of the.produced ph_otons (mainly from n° Idecay), recorded fn &1e i;PD. On fhe
average 3 Steamer Charﬁber events were recorded per extractioﬁ spill, and in additioﬁ ab.out 100
events in the calorimeters without accompanying streamer chamber information. A total of more
than 100,000 Streamer Chamber and 2,500,000 calorimeter events have been recorded, for bedms
of 166 at 60 GéV/nucleoh and 200 GeV/nucleon. A corresponding volume of data was recorded

for 328 beams at 200 GeV/nucleon. In addition data were taken for 60 GeV and 200 GeV



incident protons.’

Analysis of the Streamer Chamber data is a difficult, slow, and ongoing process. Results
for 60 GeV/nucleon and 200 GeV/nucleon 10 beams have been published on energy flow [4],
cross sections and multiplicity distn'butions [5], two-pion correlations [6,7]; rapidity and
transverse momentum distributions [8], and strangeness production [9]. Some preliminary results
for 200 Ge V/nucleon 32S beams have also been presented [10]. Reviews of the experiment can
be found in refs. [11-13]. In this report the published results are surveyed briefly and some new,
preliminary, results are presented to indicate present lines of research and interpretation. S.pecial

emphasis is given to study of the 325 + S system which presents some special advantages.

3. General Properties of the Reaction

Here we focus on properties which ;lm directly relevant to the question of whether the con-
ditions produced in the interaction are those in which a quark-gluon plasma might be formed
[14]. Transverse energy spectra are discussed for their relevance to.the energy density produced
in the collision. The transverse momentum distributions of particles are examined for evidence
on whether the temperatures produced are sufﬁciem for quark-gluon plasma production. Finally,

evidence for hydrodyhamic flow is reviewed.

3.1. Energy Density
The energy density in the interaction region at time t after the collision is given by Bjorken
[15] as

o1 1 dEr
TC(I'OAUS)Z t dy

o

The energy is taken as the transverse energy dEt within a rapidity interval dy. The first term in
the expression is the cross sectional area of the interaction zone. The term tdy is the length of the

element dy at time t after the collision.



The quantity dEt/dy can be measured by calorimetry since the NA3S calorimeters are
divided radially and the measured energy in each element can be projected on to the transverse
direction. Furthermore there is a good correspondence near mid-rapidity between angle and rapi- -
dity.

Figure 3 shows a transverse energy spectrumn obtained for the 160 + Pb system at 200
GeV/nucleon. This was the first result obtained from the NA35 experiment in 1986 [4]. A broad
distﬁbuﬁon is dué to variation 'bf the 150 + Pb impact parameter and the shoulder at 80 GeV
corresponds to central collisions in which all the nucleons in the 150 projectile interact with the

target. These are the collisions of most interest. -

For central collisions we can estimate from these results within the acceptance 2.2 <y < 3.8
that dE1/dy = 50 GeV, and for t = 1 fm/c the energy density € = 1.8 GeV/fm?, with fluctuations
up t0 about 2.5 CeV/ﬁhj. Similar measurements for 32S + Au yield values of € abouf 20%
greater; ) |

We may coﬁcludé fmrﬁ these results that there is an a priori case that the energy density of
2 GeV/fm? estimated to be necessary for quark-gluon plasma formation may have been reached.
This estimate of ¢ is, unfortunately, very imprecise for two important reasons. One is that the
choice of t = 1 fm/c is somewhat arbitrary. It is chosen 0 correspond to the hadronization time
T,, the time required to form a hadron. This quantity is not well understood. The other is that the
formula is derived under assumptions appropriate at infinite energies. In particular the formation
time of the hot system is assumed to be zero, and the system after formation is assumed to be a
thin disk. This ié at variance with the actual situation at 200 GeV/nucleon, where the transition

time for an 180 projectile to pass through a Pb nucleus is approximately 2 fm/c.

An interesting result that emerged from this first measurement was that the Et



distribution for central collisions-could be well explained as a convolution of 16 independent p +
Pb Er distributions (actually p + Au was used, but the result should not be very sensitive to the

target mass). This is shown as the solid curve in Figure 3.

Similar convolutions directly relating central 1°0-nucleus collisions to p-nucleus collisions
have been successful (at various levels of accuraéy) also for multiplicities (5), strangeness pro-
duction (9), and p distributions (8). It is not found that a convolution of p-p collisions describes
p-nucleus collisions in a simple way. The success of the p-nucleus to central *®0-nucleus convo-
lution hinges on whether the 16 nucleons in %0 interact independently with the target. '°0 is
rather a dilute nucleus, but some additional help is needed. It may be that nucleon-nucleon colli-
sions contributing significantly to large transfers of tfansverse momentum oOr energy are better
localized than the average, so that for some processes the nucleohs in the %0 nucleus appear

more point-like than for others.’

3.2. Temperature

The next question is whether sufficient temperature is reached in the interaction volume .to
create a quark gluon plasma. This question is not easy to address because any equilibrium
reached is at best transient, and because the system is expected to expand and cool down before
emitting the particles which are observed. The expansion may also be complicated by hydro-
dynamic ﬂbw, of interest in itself.

Relativistic thermodynamics has been developed extensively by Hagedorn [16]. Here we
refer to some of the simpler results, which are worth laying out in detail because some confusion
exists in the literature.

For a single (isotropic) fireball, the momentum distribution for emitted particles is given in

the c.m. by:

dn
——3 =const. —ﬁ—i_d- )

dp €



where d = +1, -1, 0 for a Fermi, Bose, or Boltzmann distribution, E is the total energy of the par-,

ticle and T is the temperature. After integrating over the azimuthal angle, this becomes [8]:.

dn privrcoshy

@

dy dor =const.—————emcoshy/,rj:d
or, using the relationship 1 dn 1 dn,
dpr mr my
xfl%cdshy .
dydmy =con emréoshy/‘l‘ +d 3
At mid-rapidity (y = 0) this becomes:
dn m#
- (y =0) =const. —— @
em

dyme 74 d

Comparison of this formula with the rapidity distn‘bu_tion dn/dy [8] shows tha; the distribu-

tion is too wide to be accounted for by a single fireball, for }°0 + Au at 60 GeV/nucleon and 200
GeV/nucleon. This situation is familiar from the study of hadron-hadron collision where
Hagedom introduced [16] an extra function to allow for the longitudinal dynamics: To investi-
gate the effects of this wé have explored the effects of a Gaussian distribution in rapiditﬁr %or fire-
balls all with'the same femperature: * -

o 1 lemey

. = oBr e . | (5)

We find that the data require 6 = 1.0." A global fit ¢an then be attempted using the expression:

1 YOI_)'mesn ! 2 . . )
-5 (—==y mfcosh(y, —
2 T, mreoshGo—y) _ ©)

oo

= const.

dydmr Jdowr ¢ oG 1 g

This work is in progress.
For preliminary investigations we have noted that for a Boltzmann distribution equation 4

takes on a specially simple form;

&



fan—T— (y=0) = const. m#e™T | )

Equations (3) and (6) also become (for a Boltzmann distribution) specially simple after integrat-

ing over rapidity

dn
e const mZ K, (f'ﬂﬂf ) | (8)

where K;(m1/T) is a modified Bessel function, and

40 const m#?e™ T for large my/T ©)
me

Neary =0, %n_ for distribution (6) is closer to ec %,9 than to eq. 7. We have therefore exam- -
T

dn

ined whether m>? is an exponentally decaying function of m/T at large mr.

Flgures 4, 5 and 6 show plots of this type for a variety of particles, in the reactions 1°0 +
Au, %S + S, and p +. Au at 200 GeV/nucleon. Itis remarkable that in every case except for pions
at low mr the data are qualitatively approximated.by a straight line fit wim a temperature of T
200 Mev, similar to that theoretically predicted for formation of a quark gluon plasma. A fit
using eq. (7) instead of eq. (9) would give a slightfy lower temperature.

The c;)nélusion that T = 200 MeV is preliminary, and awaits a more careful analysis. Itis,
however, based on a consisténtly defined thermal model, and is thus distinguished from some
other fits that have been reported in the literature. In a report of our work on strangeness produc-

tion [9], we used the relationship

dn my T,
—— —const. mpe" "
amy co T€ (10)

This was also used in Reference [17]. Equation 10 arises from the assumption that

E do _ const ¢ ™/ Ter an

dp3



which corresponds to different dynamics from that of eq. 2. Unfortunately, it is usually possible
" to fit a variety of different exponential forms to the data. Each leads to a different value of

extracted ‘‘temperature.”’ The use of eq. (10) instead of eq. (9) lowers the extracted temperature

by a factor = (1 + %—). Fitting the entire spectrum may help resolve these differences.
T

3.3. Expansion and Hydrodynamical Flow

The preceding discussion of spectra in terms of a thermal distribution is an oversimpliﬁca-
tion. Complicating factors occur, including the decay of resonances, expansion and cooling prior
to the emission of particles, and perhaps hydrodynamic flow. Itis only at high transverse

momenta that the effects of initial temperature may survive, as suggested in our data.

Among these effects, hydrodynamic flow is specially interesting, since if identified it could
give an indication of the equation of state of the high-density nuclear matter in the interaction
zone. For orientation, we note thz;lt the velocity of sound in an ultrarelativistic gas is ¢/v3. From
this we can estimate that the effects of hydrodynamic ﬂow wbuld be felt in the region
my < 1.22'm, or Pr <07 m, The compén’son of spectra for different mass particles was suégested

by Sieniens é.nd Rasmussen [18] as a wéy to idéntify flow.

Lee and Heinz {19] have recently de(réloped a model incorporating most of these complicat‘-.
ing features, and have obtained good fifs to 7t° spectra from WAS0 and to 1~ spegjtra from NA3S.
The rad'"iz‘ﬂ flow vélocity e’xtrécted averages 4&/2, the freeze-out temperature is aboﬁt 100 MeV,
and the initial tempéréture before expansion is about 200 MeV, consistent with the tentative con-
clusion we drew from data of figs. 4-6. -

In order to confirm the conclusions of Lee and Heinz, we used méir formalism to analyze
simultaneously spectra of n~, K°, A° and A° measured in the reaction O + Au at 200 GeV/nucleon

[13]. The same set of parameters, only slightly adjusted from reference 19, fits all the data



adequately, confirming the existence of flow, previously indicated only by the concave shape of

the =° and ©t~ spectra. The fits are shown in Figure 7.

While the model of Lee and Heinz permits the extraction of rather precise values for the ini-
tial temperature and for the flow velocity, it is not sensitive to the initial energy density. For this,
independent measurements of, or assumptions concerning, the volume of the initial system are
necessary, just as in use of the Bjorken formula, eq. (1). This must, at the present time, be
regarded as an unsolved problem. Measurements of freeze-out radii by means of two-pion corre-

lations will be discussed below.

4. Some Surprises

The conclusion of tﬁe previous sections, that the initial conditions reached in the collisions
are suitable for production of a quark-gluon plasma, is not a surprise: that was the initial motiva-
tion for carrying out the studies. ﬁowever, observation of signatures for production of the plasma
would be a surprise, since it was expected that the size of the interaction volume for light projec-

tiles such as 160 would be too small for equilibrium to be established.

The most striking surprise in the CERN heavy ion program was obtained in the NA38
experiment in which J/y production was observed [20] to have all the properties previously
predicted [21] for quark-gluon plasma formation. Various post hoc explanations have been pro-
posed to avoid the necessity of such a conclusion. |

In the NA35 exberiment two major surprises have been encountered: observation of a
large-radius pion source at mid-rapidity, and observation of a substantial enhancement of strange

particle production in central *2S + S collisions. The latter, especially, finds its most natural

explanation in terms of quark-gluon plasma formation.
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4,1 Observation of Pion Source Sizes

All observed particles are measured only in momentum space, and any information on
source sizes is a result of theoretical interpretation of the spectra. One type of observation is,
hoWever, believed to give information on source size in a relatively direct and model-independent
way. This is the study of Bose-Einstein correlations between pairs of like particle_s, in our experi-
ment négatiye pions. .’I:'he‘simplest‘ analysis assumes a totally chaotic source. An enhancement of
the two vpiop correla_tién by a factor Q_f two should then appear at zero relatjvelmomentum_ of the
bair, the width bf the correlation beiﬁg the Fourier transform of the radial djstribution éf the
source. When this does not work (the enhancement usually being less than a factor of two) a
chaoticity parameter A is introduced to represent the fraction of the source which is chaotic. The
justification for introduction of this parameter is not well established.

| >Furthe; édrhblicatibns arise at very high energieé from the extreme relativistic dynamics of
thé_ soﬁrée, in which ﬁle strong correlation befWeeh position and velocity means that pairs of par-
| ticlés originating in widely different parts of the source may not be able to exhibit Bose-Einstein
enhancement becausé their momenta are too different; For a discussion of these quéstions in the
context of NA35 data, see reference [6]. Further examination has been carried out in particular in
refs [22,23]. ‘

Correlétidhs betwééri pairs of qégative pions fn NA35 were preéented for central 0 + Au
collisions at 200 GeV/nucléon in [6]. Here are sumr_naﬁz_ed the main resuits. Near mid-rapidi'ty,
é'source radius of 8.1 + 1.6 fm was observed, with a chaoticity parameter A = 0.77 £0.19. Away
from mi'd-ra'pidity"a smaller source radius ~ 4 fm was observed, with a chaoticity parameter
A~03. Theé radius observed away from mid-rapidity is roughly consistent with the size of the
projectile nucleus, though the A parameter is not explained. ‘The chao'ticity pararrieter at mid-

rapidity is consistent with a thermal source, whose radius is found to be very large.
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A qualitative explanation of the large radius was proposéd in [6]. The large number of
pions produced in the reaction is such that as the source expands a radius of the order of 8 fm has
to be reached before the pions can be considered to be non-interacting. This defines the freeze-
out radius which is observed in the correlation experiments. Such a model is testable by studying

different interacting systems because the simple model proposed predicts that the freeze-out
radius should depend on ~ /:i% This can be tested by studying different nuclear systems or dif-

ferent bombarding energies.

The lafge source radius does not prévide direct evidence of quark—giuon plasma formation.

. If however the radius of 8 fm is a freeze-out radius as interpreted above, it means that at radii of

4 fm, corresponding to the presumed initial volume of the interaction region, the particles in the

system cannot be pions [24]. It is just not possible to fit them all in. Whether the initial system

is better described in terms of a hadronic gas or as a quark-gluon plasma is an open question. It
may in the énd tumn out to be primarily a matter of simplicity and economy of parameters, in

which case a description in terms of quarks and gluons will have an advantage.

The measurements of ref {6] involved a considerable increase in precision over previous
high-energy studies of such systems as e*e”, p-p and ©t-p. In these, radius parameters ~ 1 fm are
typical, and chaoticity parameters A ~ 0.5 are usually found. An eight-fold increase in the radius
implies the necessity for an eight-fold improvement in experimental momentum resolution and in
the ability to resolve close tracks. Also, as the radius increases, the number of pairs close enough
in momentum to fall within the range of potential Bose-Einstein enhancement diminishes, while

the total number of pairs remains the same.

The measurements of ref [6] were possible only because of the high precision of the srea-
mer chamber, and because of the very large number of pion pairs per event (sufficient to extract

radius information even from individual events [7]). In our further studies we have concentrated

on a) improving statistics for '°0 + Au; b) studying other systems to test the /a—y— dependence
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of source radius; ¢) refining the momentum resolution and two-track resolution to study better the

shape of the correlation.

One reason ‘for studying the shape of the correlation is to try to distinguish the possible
effects of resonance production on the results. These effects have been studied in hadron-hadron
collisions, though a major difficulty is finding a suitable model for particle production which
includes resonance production and decay. Resonances can provide ahiﬁcially enhanced radii.
because of their long lifetimes. Thus Iin hadron-hadron collisions p-mesons or A-resonances may
be produced with lifet_imes of 1.3 fm/c or 1.7 fm/c respectively. Pions from the decay of these |
particles might well Q‘ﬁginate from outside the pﬁmary production zone, if it has a radius of 1 fm
or less, and lead to _appAa_rently’ larger radii. o o

In nucleus nucl.eus collisions with observed Bose-Einstein radii of 4-8 fm or more, p-
mesons and A-resonances woul_d provide on_ly mino_r p_enurbations en the results. Of greater
interest is the w-meson (lifetime 23 fm/c). The Bose-_Einste_in correlation between pions from the
decay of (uncorrelated) m-mesons would fall within a momentum difference of about 10 MeV/e,
and would not haye been observed in e*e~ or hadron hadron experiments because of inadequate
momentum resolmion. Ho_wever, otgservation of a radius of 8 fm in NA35',v implies that effects
due to® pv‘roducu?ojn might also be observable. Such qgestions are under present study. While the
resulte vare exceedingly preliminary we show in Fig. 8 a spectrum from the reaction 325 + S at 200
GeV/nucleon. Itis interesti‘;lg to note a possible two-component structure in the' correlation: a
mgh,_narrq_w_, peak superimposed on‘g ﬁat, broader one. The narro»Q component cerresponds to a

radius of about 16 fm and the wider component to a radius of about 4 fm. The latter radius is not

unexpected, but the former is even larger than would be expected from the ~ /d—; dependence

projected from the !0 + Au results. These results are at the moment no more than suggestive,
but they emphasize the precision required in this kind of research, and the pitfalls that may arise

in the interpretation. Information about @ production would be very interesting in its own right,

D3
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but we need much further examination of the data as well as some model calculations of ®-
- production and decay before we can draw any conclusions. Analysis of the results in terms of

only one radius obviously would give a different result.

4.2 Strange Particle Production

An important test of quark gluon plasma formation is to measure the production of strange
particles and to compare it with expectations for a hadronic gas [25]. The theoretically predicted
yields depend on a variety of considerations. Lattice gauge calculations [26] predict an enhance-
ment in an equilibrium situation. However, strangeness production cross sections in hadronic
collisions are low, and it is not expected that equilibrium could be reached in a nucleus-nucleus
collision if only hadronic interactions are involved. If a quark-gluon plasma is produced, several
new processes involving gluons enhance the rate of strangeness production and enable it to
épproach the predicted eduilibn'um value during the limited time of the collision. These con-

siderations have been discussed extensively in ref [27] and in a recent review [28].

The NA3S streamer chamber permits measurement of A°, A °, and K¢’ with an efficiency of
the order of 10%, via their pr~, pr* and '™ decays, and of K*, K~ with much lower efficiency

(of the order of 0.1%) via their 3x decay.

Results for central 150 + Au collisions and for p + Au collisions at 60 Ge V/nucleon and 200
GeV/nucleon ha\;e been presented in ref [9]. A general picture of the production process
emerges,' but investigation of the question of quark gluon plasma production is hampered by
inadequate predictions of production via hadronic processes. The standard model, FRITIOF [29]
does not give an adequate description of strange baryon and antibaryon production in hadronic
collisions, and furthermore does not explain the flow-widened pr distributions that are observed.
Extraction of model independent quantities such as particle yield ratios is not possible because

the experimental acceptances in (y, pr) are neither complete nor identical for different particles.
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However, the system IS +Sis spécially amenable to study and we present here some
results at 200 GeV/nucleon. For >%S + S it is necessary to measure only the forward or the back-
ward part of the rapidity distribution (because of the symmetry -of the reaction) and we have been
able to reconstruct a nearly complete picture of the total and differential yields and particle ratios,
as well as to make comparisons with empirical nucleon-nucleon yields, with FRITIOF , and with
other theoretical models.

Figures 9, 10 show the yields of A° and K in 323 + S collisions at 200 GeV/nucleon, as a
function of the n~ multiplicity. The phrg_,e ‘points. plqtted in each figure represent peripheral, inter-

mediate , and central collisions respecpively. The acceptances for A° were:
p>1.15GeV/c ; 0.41GeV/c<pr< 1.0GeV/c ; 54°<8<60° . (A1)
and for K¢
' p >v1.52 GeV/c ; -0.54GeV/c <pr< 2.0GeV/c ; 5.4° < 0<60° ; y<3 . (A2)
The abscissa in figs 9, 10 represents the number of non-strange hadrons observed in the |
streamer _chmber acceptance:
p>0.1GeV/c ; 8<60° : : (A3)
and defined as
<N_>p = <n_> — <ng->

where <n_> is measured and <ng-> is estiméted us’i(ng the measured k° yield and the isospin rela-
~ tionship %nK.o >= 0.5 ( < nK+>.+ <ng->) for 8 + S, and rr;ea'sured values of the reiz;tive yields
for N-N collisions. | o B

The Aé/ r and K/n ratios. shown in Figs 9 10 sﬁow a neajrly linear increase with ml’lltvipli-.

city; and reach 2-3 times the values expected from models consisting of a superposition of -

nucleon-nucleon collisions.
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Gazdzicki and Mrowczynski [30] have analyzed thése results in terms of a partonic gas.
Experimentally, the y and pr distributions of -, A°, and K within their acceptances are approxi-
mately independent of the collision centrality, and the observed deviations from those for N-N
collisions are small. The enhancement of A° and K, production by secondary interactions of
pions with nucleons via the reaction © + N — A° + K° is not expected to be great, and this is con-
firmed by a similar enhancement (not shown) of A° production, which could not be due to such
processes. Thus the enhancements are ascribed to a closer approach to equilibrium in 325 +8
central collisions than in N-N collisions, resulting from the larger size of the interacting system.
The degree of equilibration observed is hard to explain with hadronic collisions, but agrees quan-
titatively with estimates. fora paitonic gas. |

The above resulté do not seem to depend significantly on the A° and K, accepiance of the
experiment. Extrapolation to full phase space from our already large acceptance yields an |
enhancement of at least a factor of 2 for the relative strangeness concentration in 32§ + S com-i L

pared with N-N collisions.

5. Discussion

The experiments at CERN (and Brookhaven) have broken new ground in the characteriza-
tion of ultrarelativistic nucleus-nucleus collisions. The NA35 experiment has provided a broad
survey of the properties of these collisions, and has also provided suggestive evidence of new

phenomena which may be related to quark-gluon-plasma formation.

The a priori case, presented in Sections 3.1 and 3.2, that the initial values of energy density
and temperaiure reach triose prédicted to be necessary for quark-gluon-plasma formation, is
strong. However, both the estimation of energy density and of temperature depend on untested
assumptions about the collision dynamics. In Section 3.3 we presented evidence for transverse
flow, using a model developed by Lee and Heinz [19] to articulate the collision dynamics. The

width of the observed rapidity distribution [8] could be evidence for longitudinal flow. This is
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supported by analysis in terms of the Landau model [31,32]. However, the consequences of that
model are not entirely clear. Since similar results  are observed in p-p collisions at the same ener-

gies, the conclusion of ref. [32] that the results constitute evidence for a high degree of "stopping

should be regarded with caution.

A similar result would be obtained undef the assumption of ‘‘complete transparency,’’ if
secondary particles are produced only in the volume of space-time when the projectile and target
overlap. The uncertainty principlé then gtiarantees momentum distributions which are wider
longimdinally than trénsversely, reflecting the disk-like shape of the sourée.

In Section-4.1 wé pméented evidénce of a large pioﬁ soﬁf;:e at rilid- rapidity. Thereisa
great-need for improved statistics, which is being accumulated: Once again, the interpretation
depends on an understanding Qf the eXpansibn dynémics, but it'is hard to see how a source which
is coalescing into'pions at a radius of 8 fm could be explained at its original radius more con-
veniently as a hadronic gas than in terms of the dyh'amics of partons. Even if a partonic descrip-
tion is more appropriate, this does not necessarily imply a quark-gluon plasma in an equiijbimm
state. Much more data should soon be forthcoming, bﬁt the accuracy of the measurements wﬁll

enforce a complete understanding of the role of resonance production, if any.

In Section 4.2 evidence was presented for an enhancement of A°, /_&°, and K, production in
25 +5S central collisions.. The evidence here is becoming quite solid, independent of assump-
tions. The interpretation in terms of a partonic gas seems to be rather insensitiye to assumptions
about energy densities and temperatures, the principal variable being the size of the interaction
volume. The symmetry of the 25 +S system e‘nabled a more complete investigation of strange-.
ness production than was possible inp + Aﬁ orO +v Au collisions, where central collisions are
also complicated by the presence of spectator rﬁatter. Correlation between ihe two sets of data
depends on a nﬁmber of gssumptioﬁs 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
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should be interesting for future theoretical study. It should also be interesting to study these
resplts in the context of existing data and analysis for hadron-hadron collisions. Here strangeness
production is usually discussed in terms of a "strangeness suppression factor" A, defined as the
probability to create an ss pair relative to a uu or dd pair. This factor is expected to arise from,

for example, the difference in masses of u, d, and s quarks. Recently Geist [33] has reviewed the
data on A, for kaon production in e*e” annihilation, deep inelastic lepton-hadron, and hadron-
hadron collisions. - The value of A, expected depends on the reaction and on the kinematic domain
wiﬂﬁn a givgn r_egction. The value of A, i_s as large as 0.5 under some conditions. A combined
investigation of strangeness enhancement (and suppression) in nucleus-nucleus collisions and in

the more microscopic collisions may be in order.

6. Futuré Plans

The experiments carried out so far are only a beginning. Further runs in 1990 and 1991 are
planned at the SPS, and most of the experiments will have improved equipment. The NA35 Col-
laboration plans to add [35] ring imaging Cherenkov (RICH) detectors to improve particle iden—
tification near mid-{apidity, and a Timé Projection Cﬁamber (TPC) in the forward direction to
track particles ,wh_ich’ were previously lost because of the high density of unresolved tracks in the
streamer chamber. - The TPC will also allow tests of particle identification using dE/dx measure-
ment in the relativistic rise regimé, and provide information on p, p, K* and ©* yields in the for-

ward direction. The layout for the revised experiment is shown in Figure 11,

CERN has been studying the possibility of extending the SPS program to much heavier pro-
jectiles such as Pb at 170 GeV/nucleon [36]. At present it seems possible that these might
become available in 1993. In anticipation of this, NA35 has proposed to join forces with WAS80
to build a large hadron and photon detector with almost complete coverage and particle identifi-
cation forward of mid-rapidity for Pb + Pb collisions. Because of the collision symmetry, most

of the reaction dynamics should be accessible to such a detector, The tentative layout of the
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detector is shown in'Figure 12. Neither the NA35 streamer chamber or. the 'WAS80 Plastic Ball is
- of use in the increased multiplicity environment (of the order of 2000 charged and 2000 neutral
particles per central collision) and they are abandoned in favor of a large TPC. This TPC, with
100-200,000 channels, when combined with 12 m? of RICH detectors, would track and identify
1000 charged particles. A Bismuth Germanate (BGO) photon detector with 3200 modules is
added to complement the TPC by measurement of =°, n°, and also to look for direct photon pro-
duction, which should be enhanced [38,39]'if a quark-gluon plasma is produced.

Experiments with Pb beams will present a difficult challenge to the éxperimentefs. The
challénge already presented to theorists to understand thé already existing results with 160 and
323 beams will be intensified, or perhaps reduced by the observation of qhalitaﬁvely new
phenomena characteristic of large nuclear systems as opposed to the present results which may be

more closely related to smaller systems such as p-p or p-nucleus.
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Figure Captions

The NA35 experimental set up.

Streamer chamber picture of a central 160 + Pb collision at 200 GeV/nucleon,
together with the angular acceptance of the mid-rapidity calorimeters (PPD and Ring)
and the leading fragment calorimeter (Veto).

Mid-rapidity transverse energy distribution for 160 + Pb at 200 GeV/nucleon. The
soli.d line is a 16-fold convolution of the distribution for inelastic p+ Au collisions ét

200 GeV, measured with the same apparatus.

Transverse mass distributions of various particles in central 325 + S collisions at 200
GeV/A. The rapidity inte;va]s for A°, p, K, &~ are 0.8 <y <,2.0’. 1.5<y<3.0,
14<y<2.7,1.5 <y<3.5, respectively. The lines are to indicate the slope |
corresponding to a temperature of 200 MeV. - - |

The same as for Fig. 4, but for 150 + Al{ collisions at 200 GeV/A. Acceptanées are
indicated.

The same as for Fig. 4, but for p + Au collisions at 200 GeV/A. Acceptances are
indicated.

Transverse momentum distributions for central 50 + Au collisions at 200 GeV/A for

(a) negatively charged particles at2 <y < 3;
K at1.7<y<2.8;
(c)A°atl5<y<2.4;

(@A°at1.5<y<24.

Also shown are predictions of the radial expansion model of Lee and Heinz [19] with

parameters adjusted to fit the spectrum of negatives, as described in the text.
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Correlation function (g-invariant) for central *2S + S collisions at 200 GeV/A in the
rapidity interval 1.5 <y <2.5. These results are in a very preliminary stage of
analysis and are shown only to illustrate the possibilities which have to be investi-
gated as the analysis proceeds. o

Rates of the mean multiplicity of A° in the acceptance A1 (defined in the text) to the
multiplicity of non-strange negative hadrons as a function of the latter. Closed cir-
cles correspond to >28-S collisions at 200 GeV/A, whereas thebopen one is for

nucleon-nucleon interactions.
The same as for Fig. 9, but for K, in the A2 acceptance.

Layout of the 1990-91 NA35 experiment, showing the location of the NA35 TPC in

the forward direction, and the new RICH detectors.

Tentative layout of the large hadron and photon detector presented by NA35 and
WARQO in their Letter of Intent to the CERN SPSC, for the anticipated program using

Pb beams at 170 GeV/A.
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Fig: 1. The NA3S experimental set up.
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Mid-rapidity transverse energy distribution for !0 + Pb at 200 Ge V/nucleon. The
solid line is a 16-fold convolution of the distribution for inelastic p + Au collisions at

200 GeV, measured with the same apparatus.
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Fig. 4. Transverse mass distributions of various particles in central >2S + S collisions at 200

GeV/A. The rapidity intervals for A°, p,K,, " are 0.8 <y < 20,15<y<3.0,
14 <y<2.7, 1.5 <y < 3.5, respectively. The lines are to indicate the slope

corresponding to a temperature of 200 MeV.
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(a) negauvely charged particles at 2 < y < 3;
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dA°at1l5<y<24,

Also shown are predictions of the radial expansion model of Lee and Heinz [19] with
parameters adjusted to fit the spectrum of negatives, as described in the text.
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Correlation function (q-invariant) for central 325 + S collisions at 200 GeV/A in the
rapidity interval 1.5 < y < 2.5. These results are in a very preliminary stage of
analysis and are shown only to illustrate the possibilities which have to be investi-

gated as the analysis proceeds.
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Tentative layout of the large hadron and photon detector presented by NA35 and

WARSO in their Letter of Intent to the CERN SPSC, for the anticipated program using

Pb beams at 170 GeV/A.
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