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ABSTRACT : A new generation of 4K experiments aiming at the investigation
of the properties of compressed and heated nuclear matter produced in
heavy-ion collisions in the incident energy range .1 to 2. GeV/nucleon, is
presently starting at the SIS/ESR facility at GSI-Darmstadt. The most
significant findings in previous studies along with the most recent theoretical
development are briefly reviewed to take stock of our current knowledge on
the nuclear equation of state and the expected improvements from further
investigations. The new 4TT-instrument is described. It has been designed to
be constructed gradually in two phases : i) the phase I. presently operational,
comprises a Plastic-Wall/Cluster-Detector device subtending the polar angles
0 < 30° at full azimuthal coverage, identifying nuclear charges up to Z ;= 20
and measuring their velocities and a box of multiwire-chambers measuring
the charged particle multiplicity beyond 30° and a movable set of Si-CsI
telescopes allowing for a precise measurement of isotope ratios H) the phase
II. expected to be achieved by end-1991. will complement phase I with a
superconducting magnet, an ensemble of tracking devices and a scintillator
barrel. A first experiment, focusing on the production of composite particles in
central and semi-central collisions of19' Au~19< Au at incident energies between
100 and 800 MeV/nucléon, has been recently performed using the phase I
setup. The recorded data are presently under evaluation. The first preliminary
results seem to be very promising. They indicate that the charged particle
multiplicity measurement alone cannot be used to select the most central
collisions and new selection criteria are suggested. They also show the ability
of the detection system to sort out, with reasonable statistics, high degree
multifragment events i.e. events where a large fraction of the total initial
charge is going into a few big clusters (Z > 6).
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" The 4rr—collaboration comprises the following members at present : R. Bock. Z.G. Fan. Z. Fodor.
A. Gobbi (Spokesman), K.D. Hildenbrand. S.C. Jeong, M. Kramer, N. Herrmann, W. Reisdorf, D.
Schull. U. Sodan. K.M. Teh. J. Wessels (GSI Darmstadt), W. JakeL R. Linke, D. Pelte, R. Schlesier.
M. Trzaska, T. Wienold ( Unh. of Heidelberg), T. Blaich (Univ. of Mainz), C. Cerruti, J.P. Coffin.
P. Fintz, G. Guillaume, F. Jundt, A. Houari. C. Kuhn, C. Maguire, F. Rami, R. Tezkratt. P.
Wagner (CRN Strasbourg), J.P. Alard, N. Bastid, M. Crouau, P. Dupieux, L. Fraysse, M. Jorio,
G. Montarou, P. Morel (LPC Cermont-Ferrand), M. Bini, P. Maurenzig, A. Olmi, G. Pasquali, G.
Poggi, N. Taccetti (Univ. and INFN Florence), P. Boccaccio (INFN Legnaro), A. Buta, I. Legrand.
D. Moisa. M. Petrovici, V. Simion (IPNEBucharest), B. Sikora, T. Matulewicz, Z. Wilhelmi (Univ.
of Warsaw;, Z. Basrak. N. Cindro. R. Caplar. S. Hôbling (RBI Zagreb), J. Erô, J. Kecskemeti.
P. Kontz. Z. Seres (CRIP Budapest), LM. Belayev, Y. Grigorian, A. Lebedev, M.A. Vasiliev.
A.L. Zhilin (KIAE and ITEP Moscow). R. Kotte, J. Môsner, W. Neubert, D. Wohlfarth (ZfK
Rossendorf).



I. Introduction

Heavy-ion collisions at bombarding energies ranging from a few tens to several
hundreds MeV/nucleon, offer the unique opportunity to study the properties of highly
compressed (up to 3-4 times normal nuclear density) and heated (up to T ~ 100 MeV)
nuclear matter. If in a high energy central heavy-ion collision the two collision partners
stop (fully or partially) each other, the participant nuclear matter will be strongly
compressed and may not be able to escape rapidly from the interaction zone. The reaction
mechanism behind such high compression and heating can be conceptually described as a
dynamical sequence of three consecutive stages [1] : i) deceleration with emission of hard
bremsstrahlung photons, possibly ê electrons and electron-positron pairs at the highest
energies ii) compression and maximum energy and baryon density, with production and
emission of elementary particles (?r, K, 77, antiproton) iii) expansion and freeze-out, with
emission of mesons, nucléons and complex fragments; each stage being reached only in a
transient state for a very short time scale, and strongly constrained by the previous one.

The experimental investigation of observables probing these different reaction stages,
like collective flow and particle production (7's, TT'S, K'S) and annihilation rates (di-
leptons), are expected to provide information on the nuclear equation of state (EoS) i.e. the
response of the nuclear medium to these extreme conditions of compression and heating.
The knowledge of the properties of the nuclear EoS at high densities and temperatures is of
fundamental importance, not only for nuclear systems, but also for understanding several
astrophysical phenomena. The structure and dynamics of stars, in particular supernova
explosions and neutron star stability, are strongly dependent on the compressibility of
dense nuclear matter [2,3].

Experimental investigations of this field started more than fifteen years ago. The first
experiments were carried out at the BEVALAC in Berkeley, using inclusive techniques.
These pioneering studies showed that such inclusive experiments were not able to provide
experimental observables sensitive to the dynamics of the collision and ended with the
need for a more complex 4ÎT apparatus capable to identify and measure the momenta of all
particles emerging in each individual collision. This resulted in the design and realization of
three Air devices : the Plastic Ball/Wall [4] and the streamer chamber [5] at the BEVALAC
and the DIOGENE detector [6] at SATURNE. These detectors have served to perform
several experimental works, where various observables have been investigated like pion
multiplicity, collective flow and cluster-to-proton ratio. Following the idea that pion yield
depends only on the thermal energy and not on the compressional energy, ir~multiplicities
measured at different bombarding energies were analysed [7] in an attempt to constrain
the nuclear EoS. These interesting attempts allowed probing the high temperature of the
collision rather than uniquely extracting the EoS. The most direct evidence for the presence



of compression effects came from the discovery, by the Plastic Ball group, of the collective
flow phenomena _Sj as they were previously predicted by hydrodynamical models. Several
flow components have been identified : the bounce-off of spectator fragments, the side-
splash in the reaction plane and the squeeze-out '9,1Ol out of the reaction plane which
allows a more direct access to the compressed and hot participant region. Light cluster
to proton ratios have been measured as a function of the charged particle multiplicity, for
different systems at various incident energies [H]. The results have been discussed [12 in
terms of entropy produced in the system at the freeze-out time.

The enormous progress accomplished by these experimental studies greatly stimulated
widespread theoretical interest in the description of the dynamical evolution of nuclear
collisions 13]. Several microscopic approaches (VUU, BUU, QMD, etc), based on nuclear
transport theories and including mean field effects, have been developed. Common to all
these models are two basic ingredients : the nuclear EoS and the effective nucléon-nucléon
cross sections.

Detailed comparisons between experimental data and model predictions were made.
But, so far, the available experimental results are not able to constrain the theory enough
in order to uniquely extract the compressibility of the nuclear EoS. The main underlying
difficulties are due to the not yet fully understood in-medium effects of compressed and
heated nuclear matter as well as the influence of the final state effects on the particle
production.

Further experimental efforts to surmount these last obstacles on the way towards an
unambiguous extraction of the nuclear EoS, are absolutely necessary. This is the ambitious
task of the new generation of Air experiments which started very recently at the SIS/ESR
facility.

The physics motivations behind this new generation of 4TT experiments will be briefly
presented in the next section. In section III we will describe the different detector
components of the new 4îr-apparatus. In section IV we will report on the first physics
experiment performed recently with the operational phase I set-up of this 4TT instrument
and we will present and discuss some first and preliminary results. In the last section we
will summarize and close with an outlook on the future orientations of our investigations.

II. A new generation of 47r experiments : why ?

As already mentioned in the preceding section, in spite of the enormous progress
achieved so far, there still remain many open questions in this field of relativistic heavy-
ion collisions. The first generation of 4TT experiments gave unambiguous probes for the
presence of compressional effects. It provides, along with the new dynamical theories, the
basic grounds and the direction to be followed in further investigations for enhancing our



knowledge on compressed and heated nuclear matter with the ultimate goal to extract its
underlying equation of state. Based on these considerations, a new experimental research
program has started recently at the SIS7 ESR accelerator, where several large collaborations
are strongly involved, among these collaborations the so called 4TT collaboration which
includes about 60 physicists belonging to 13 different institutions (10 countries).

The 47T collaboration uses a second generation 4TT charged particle detector (see section

III). This new instrument has been designed to provide the best frame for achieving a

physics program mainly focusing on the following aspects :

II. 1 Event sorting

One of the basic requirements that a Air experiment has to match is its ability to

classify the collisions according to their impact parameter b. The selection of small b's

(i.e. central collisions) is of a crucial importance if one wants to address the question of

properties of compressed and heated nuclear matter. Such a selection was, for example,

absolutely necessary for the discovery of collective flow effects. It has been also demons-

trated that a realistic extraction of "experimental" entropy values can be attempted only

if the impact parameter is selected ;llj.

The technique commonly used is based on the correlation between the multiplicity of

participant particles and the impact parameter. As we will see in section IV, this technique

has a serious limitation when used in the small b region : a narrow selection of participant

particle multiplicity may correspond to a rather wide range of b values.

Fig. 1 : Energy spectra of protons emit-
ted into a cone along the flow
axis (filled circles) and into
a cone rotated by <fr = 180°
(open circles) for events with
flow angles between 35° and
55° (from ref. [14]).
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The b selection plays an important role in the comparison of experimental data and

model predictions. Additional criteria could be also used for more severe tests of the

theoretical models, like the flow angle selection which has been suggested by Gutbrod

et al [14j. Figure 1 shows proton energy spectra measured for the Nb(400 MeV/nucleon)



on Nb system, where only events with a flow angle between 35° and 55° have been selected
and only protons emitted into a cone around the flow axis (filled circles) and into a cone
rotated by 0 = 180° (open circles) have been taken into account. Such selections require a
good event characterization in order to provide a realistic estimate of the flow axis.

II.2 Cluster production

At bombarding energies above 100 MeV/nucleon, clusters (Z < 20) are still abun-

dantly produced in central heavy-ion collisions. They are expected to be particularly sen-

sitive to the nuclear EoS at low as well as at high densities.

Au (200A MeV) + Au

Fig. 2 : Impact parameter dependence of the
average mass yield per event for
the Au(ZOQ A MeV)+Au reaction
(from ref. [16]).

The underlying production mechanism is rather complex and not yet fully understood.
Several ideas have been proposed , among them a possible liquid-vapor phase transition
i.e. under certain conditions of temperature and density nuclear matter may exist as
a liquid-gas mixture exhibiting phase instabilities [15]. A schematic picture has been
advanced : a compressed and hot nuclear system is produced, it further evolves nearly
isotropically in the pressure-density plane of the EoS toward a low density region (the
so-called spinodal zone); if the system stays long enough in this unstable region it may
explode due to the fact that any fluctuation, instead of being damped as in normal density
nuclear matter, is enhanced by the nuclear mean field. According to this simple scenario,
cluster measurements could provide information on the low density region of the nuclear
EoS. The observed power law dependence of fragment mass (or charge) distributions
measured in inclusive experiments, has been suggested as a possible signature of this phase
transition. However, recent dynamical calculations [16] in the framework of the Quantum
Molecular Dynamics (QMD) theory, have demonstrated that fragment mass distributions
vary strongly with the impact parameter (as shown in Fig.2) as well as with the bombarding



energy. Therefore 4* exclusive measurements of cluster excitation functions are strongly

required.

Clusters are also very interesting if one wants to investigate the high density region of
the EoS. because their production is expected to be particularly influenced by collective
phenomena. Indeed, recent data 17; on Au(200MeV,nucleon)-rAu from the Plastic
Ball group, the only existing so far, show that fragments exhibit stronger flow effects
than do the lighter particles. This enhancement of flow for clusters is quantitatively
reproduced by QMD calculations 16]. These last calculations also predict that cluster
rapidity distributions do not depend on the EoS, while they are sensitive to in-medium
effects. Therefore, future measurements of these Y-distributions should be very helpful for
determining the in-medium scattering cross sections which, as already mentioned, play an
important role in the extraction of the nuclear EoS.

AU the above considerations call for systematic Air measurements of detailed cluster

excitation functions. According to QMD predictions [16], the appropriate incident energy

range to be explored should extend up to about 800 MeV/nucleon. As shown in Fig.3

for the Nb+Nb reaction, the predicted mean cluster multiplicity for central collisions (b <

lfm) increases with the bombarding energy to reach its maximum around 100MeV/nucléon

and then decreases to vanish around 800MeV/nucléon. In section IV we will report on an

experiment performed during the last few months by the SIS-4TT collaboration, where we

have investigated the Au+Au reaction between 100 and 800 MeV/nucleon.

Fig.3 : Excitation function of the average
multiplicity of intermediate mass
fragments for the system Nb-f-Nb
(for more details see ref. [16J).
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II.3 Simultaneous measurement of several observables

The first generation of 4TT experiments has allowed the relevant experimental observa-
bles sensitive to the dynamical properties of relativistic heavy-ion collisions to be identified.
However, so far systematic experimental investigations where several observables are si-
multaneously measured have not yet been possible because of detector limitations. It is
evident that such simultaneous measurements, preserving the correlations between the ob-
servables, are necessary if one wants to reach a complete understanding of the collision
dynamics and to remove the current ambiguities on the nuclear EoS.

Recently, Peilert et al. |16] have demonstrated that substantial progress along this
direction could be achieved if one measures both fragment flow and fragment rapidity
distributions. These two observables are needed in order to disentangle the effects of in-
medium n-n scattering and the nuclear matter EoS. This point, as already mentioned, is
presently being investigated by our 47r-collaboration.

The existing phase I of the 47T detection system can be operated in conjunction with
other devices [181 measuring additional reaction products in a limited solid angle. Two
devices have been already successfully used in this coupled mode : the TAPS photon
spectrometer which measures high-energetic 7-rays and neutral mesons (via coincidences of
decaying photons) and the LAND neutron detector which allows for a precise measurement
of neutron momenta and correlations.

Future experiments with the phase II of the 4TT project will also bring additional
important information : observables connected to pion and kaon production will be
investigated in a nearly 4tr geometry.

III. The 4TT-instrument

The 47r-charged particle detector is one of the major research instruments to be used at
the SIS/ESR facility. It has been designed to fulfill the following requirements : i) coverage
of a dominant fraction of the total solid angle for charged particles ii) sufficient granularity
to handle the expected high multiplicities (for systems as heavy as U -I- U) with low multi-
hit probability iii) full azimuthal symmetry allowing accurate reaction plane estimate and
accurate flow measurements with minimum detector bias iv) good light-particle separation
(7T ,̂ K, p, t, 3He, 4He) and momentum resolution allowing interferometric measurements
v) ability to identify clusters (up to Z=20) and to measure their momenta vi) good
triggering possibilities for central collisions and for the enhancement of rare processes
vii) high modularity allowing coupling possiblities with other devices.

The high modularity design allowed the possibility to implement the construction
of the detector gradually in two phases : the phase I which is operational since summer



1990 and the phase II which is exepected to be achieved by end-1991. In the next two
sub-sections we will describe briefly * the different detector components and report on the
present status of the two phases of the project.

IJI. 1 The existing phase I set-up

Fig.4 shows the presently operational part of the 4TT facility which has been already
successfully used in physics experiments (see section IV).

Fig.4

I

Existing phase I of the Air-facilty : the outer (P) and the inner (Z) part of the Plastic
Wall, the outer (I) and inner (R) part of the Cluster Detector, the AE-E telescopes
(TEL) and the 4 multi-wire chambers (MB). Not shown is the start-detector system.

It consists of the following components :

- The Plastic Wall which measures the velocity of light particles and identifies their

charge. It covers in full azimuth the polar angles between 1° and 30° and is subdivided

in two parts, the inner part (below 7°) and the outer one (above 7°). The outer part

consists of 512 scintillât or strips arranged in 8 radial sectors. The measured position

along the strips delivers the azimuthal angle, the polar one is given by the strip number.

The inner section of the Wall consists of 252 trapezoidal scintillators read out by single

tubes, which form 7 concentric rings around the beam axis. The element identification

* for a more detailed description see ref.18, 19 and 20
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is based on a AE-TOF measurement. The minimum energy required for the particles
to be identified is 45 MeV for a proton and about 85 MeV/nucleon for a carbon. The
wall provides a fast on-line trigger on total charged-particle multiplicities as well as on
their polar and azimuthal distributions. Its complete axial symmetry with minimum
dead zones allows for a precise determination of the product distributions and their
correlations.

- The Cluster Detector which complements the Plastic Wall by providing element
identification of heavier clusters. For practical reasons two different solutions have
been chosen for different angular ranges. In the 6°-to-30° range, an ensemble (called
PARABOLA) of 16 filled-parallel ionization chambers is used . These ionization
chambers are mounted in two rings in front of the outer section of the froward wall;
each of them is subdivided into 8 radial anode sections. The resulting granularity of
128 elements is expected to be adequate in view of the expected multiplicity of clusters.
For the angles between 1° and 6° an array of 60 thin (2 mm) NE102 scintillator paddles
arranged as a petal flower, each petal subtending an azimuthal angle of 6°, is used.
This petal flower array is called ROSACE.

- An array of 8 AE-E telescopes which can be moved in a horizontal plane between
7° and 90°. Ic extends the angular range of the Plastic- Wall/Cluster-Detector device,
identifying with rather low thresholds the charge of clusters up to Z ~ 20 and, for the
lighter ones, also their mass number. Each telescope consists of a mosaic of planar Si
AE-detectors followed by up to 3 blocs of CsI(TL) scintillators as E-detector.

- A box of 4 rectangular multi-wire proportional chambers surrounding the target, which
measures the charged particle multiplicity above 30°.

- A start/halo system placed upstream of the target, used for beam definition and as a
time reference.

The whole set-up (Fig.4) was operated under atmospheric pressure with the beam
leaving the vacuum through a window some 50 cm upstream from the target. In order to
lower the thresholds for particle detection and to minimize the background of reactions
from all other material but the target a big trumpet-like helium bag was placed between
the target and the front face of the wall. In addition we had placed a reaction counter close
to the target to provide a better selection against reactions in non-target material.

III.2 The phase II devices

The phase II will complement the forward part of the phase I, i.e the Plastic-
Wall/Cluster-Detector device, with a Solenoidal Magnet, an ensemble of tracking devices
and a Scintillator Barrel (Fig.5).
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Fig. 5 : Complete 4v-facility. Left side : Cut along the beam axis, the beam enters from the left;
the whole set-up has complete rotational symmetry around the beam axis. P.ight side :
Cut perpendicular to the beam axis. The various components are : P) and Z) outer and
inner part of the Plastic- Wall, J) and R) outer and inner part of the Cluster Detector,
D) Central Drift Chamber, H) forward tracking HELITRON, Y) magnet yoke, SC)
superconducting coil, B) and C) Scintillator Barrel and Cerenkov Detector shell.

The Soienoidal Magnet with its two endplates has an overall length of 3.3 m. The free

inner diameter of the superconducting coil is 2.4 m. The nominal magnetic field is 0.6 T.

The Central Tracking Chamber covers the 30°-to -160° angular range.lt allows

the light particles to be identified via the simultaneous measurement of their magnetic

rigidity and multiple energy loss. This device will be surrounded by the so-called Barrel

consisting of 180 scintillator strips allowing a redundant mass identification via "Bp-TOF"

measurement and an additional shell of the same number of Cerenkov counters especially

conceived to improve the K detection.

The HELITRON is a radial drift chamber of cylindrical shape which covers the

7.5°-to- 30° angular range. It measures the helix-like trajectories of the forward emitted

charged particles which are deflected by the magnetic field of the solenoid. The particle

identification (ir*, K, p, t, 3He, *He) will be achieved by combining the time-of-flight

information given by the Plastic Wall and the measured deflection.

Most of the above mentioned devices are presently installed (or being installed) in

the 4TT target area. The first in-beam tests for the backward angle components (Central

Tracking Chamber + Barrel + Cerenkov shell) are expected to start by end-1991. The

forward angle part (HELITRON) will be finished about 6 months later.
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IV. Cluster production in central and semi-central collisions
of Au on Au between 100 and 800 MeV/nucleon

A first physics experiment aiming at the study of cluster production in central and
semi-central Au-Au collisions was recently achieved using the phase I set-up (see Fig.4)
of the 47T-device. A complete excitation function was successfully measured at effective
incident energies of 100. 150, 250, 400, 600 and 800 MeV/nucleon. The recorded data are
presently under evaluation. The calibration of all detector components, a rather laborious
work because of the high number of detection channels, is reaching at present its final stages
where calibrated and reduced data are produced. The physics analysis of these calibrated
data is just starting now; at the end of this section we will show some very preliminary
results concerning the multiplicity of clusters produced at 100 MeV/nucleon bombarding
energy. The major results which will be presented in this section have been obtained in a
short test run at 170 MeV nucléon performed a few months before the experiment.

IV.1 First results for Au(IlO MeV/nucleon) + Au

Fig.6 shows the charged particle multiplicity (A/c) distribution measured with the
outer Plastic Wall (7° < B < 30°) at 170 MeV/nucleon incident energy. This distribution
exhibits a steep decrease at moderate multiplicities followed by a plateau at higher
multiplicities. Comparisons between target-in and target-out measurements show that only
events with multiplicities \IC > 20 are reliably free from background contributions (i.e.
reactions in non-target material). Therefore, in the following we will restrict ourselves only
to this high multiplicity region. We will use the 3 multiplicity bins (PM3, PM4 and PM5)
defined in Fig.6 to investigate the question of event sorting mentioned in section II. 1.

Fig.6 : Measured charged particle distri-
bution in the outer Wall. The da-
shed part denotes the low-multiplicity
region affected by high background
contributions.
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In Fig.7 we show for these 3 high Mc bins the measured yields in the transverse

momentum per nucléon Pt/mc versus y/yp. Such a representation is useful to derive

qualitative information on the collision type : peripheral collisions are expected to exhibit

a maximum of the yield around the projectile rapidity (y,• yp = 1). whereas for central

collisons one expects the maximum to be located close to the mid-rapidity (t/ yp = 0.5).

This trend is somewhat consistent with the evolution with the multiplicity bin observed

in Fig.7. The highest intensity contour (dashed area) is close to the projectile rapidity

in the lowest multiplicity bin (PM3); it moves towards mid-rapidity and higher pt values

in ihe highest multiplicity bins. However, a closer look at Fig." seems to indicate that

even in the highest multiplicity bin (PM5), where one expects to select the most central

collisions, one does not see a clear marked concentration of the yield close to the mid-

rapidity : the highest intensity contour rather extends from y/yp ~ 1 to y/yp ~ 0.5.

Such an observation suggests that charged particle measurements alone could not allow

the most central events to be selected. This can be qualitatively understood by looking at

Fig.8 showing the correlation between the charged particle multiplicity in the outer Plastic-

Wall angular range and the impact parameter as predicted by filtered QMD calculation

18.20'. The predicted correlation shows that due to enhanced event-to-event fluctuations

in the small impact parameter region (b < Af m) a narrow Mc cut corresponds to a broad

range of b's (0 to 4 /m) .

O

0 2S

0

015

0

015

PMl Pu5

Z - I

2 - 2

Z-J

2-4

Z-S

70

«0

30

20

10

O

-

if/ "

I 111 if Xt.Th *

HnB= S 111 11. ' -

. . . . . . . -«iqpsas •

y/y*

Fig.7 : Measured distributions in the
transverse momentum per nu-
cléon versus rapidity plane for
various multiplicity bins and
fragment charges Z.

0 2 * * • <0 IJ M

b(fm)

Fig.8 : QMD correlation between the
charged particle multiplicity in
the outer Plastic Wall and the
impact parameter (logarithmic
scale).

11



On the other hand, according to QMD predictions [16] one should still expect rather
sizeable differences between events in the b < -if m region, as it can be shown in Fig.2 in the
case of the fragment mass distributions. VVe have therefore searched for additional selection
criteria to achieve a finer impact parameter selection in the 0-to-4/m region. We found
that a significant improvement can be obtained by introducing the quantity R = S
summed over the particles with y > ycm (ycm is the center-of-mass rapidity).

PM5. RJ

0.25 -
Z - I

PM3 PM4 PM5

Z=2

R1

Fig. 9 : Contour plot of R (see text for
the definition) versus the mul-
tiplicity Mc.

Fig. 10 : Measured distributions in the
transverse momentum per nu-
cleon versus rapidity plane for
clusters with Z= 1,2J and 4
in the highest multiplicity bin
PM5 and for two different R-
cuU Rl and R2 (see Fig.9).

Contour plots of the quantity R versus the outer Wall multiplicity are shown in

Fig.9 together with straight lines delimiting different cuts in R (Rl.R2.R3) and in \IC

(PM1,PM2,PM3). We interpret events with a large value of R as events where the reaction

plane is relatively well determined because the collision was more peripheral. In contrast,

events with an R value approaching zero due to high azimuthal symmetry around the

beam axis, when combined with the request of high multiplicity, are taken to indicate high

centrality.

12



For the highest multiplicity cut. PM5, Fig.10 shows contour plots in the pt vs. y plane.

Compared are events with a relatively high azimuthal symmetry (bin R1-PM5) to those

with a relatively stronger planarity (bin R3-PM5). For all clusters, it is seen that this

double selection method leads to events much more concentrated towards mid-rapidity.

This suggests that higher centrality has indeed been achieved in this way. It is worth

recalling that these interesting findings are derived from data recorded during a short test

run: they must, therefore, be confirmed by further analyses of the more recent data, taken

in the physics run. which should in particular allow for the distributions of Fig.7 and Fig.10

to be extended towards lower rapidities.

The same OMD calculations which were used to generate the correlation between the

charged particle multiplicity and the impact parameter (Fig.S) lead to a good agreement

18.20 with the general experimental trends observed for the multiplicity distribution

(Fig.6) as well as for the rapidity distributions presented in Fig.7. However, due to the

relatively low QMD statistics used in these calculations (about 2500 events), realistic

comparisons with the data were not possible when double selections in R and in A/c

were required (Fig.10). Therefore, more detailed QMD calculations with higher statistics

should be performed in the future. In addition, these calculations should be done assuming

different assumptions on the nuclear EoS and the momentum dependence of the nucleon-

nucleon interaction.

IV.2 Multiplicity of clusters emitted in Au(IOO MeV/nucléon) -r Au

We present here some very preliminary results from the data we have taken more

recently in our main physics run, which are of much higher quality : much better statistics

and lower detection thresholds (due to the use of the He-bag mentioned in section III).

At 100 MeV/nucleon, the lowest measured incident energy, the rapidity threshold is below

y/yp — 0.5 for all products with Z < 8, i.e. for those the whole cm. forward hemisphere is

covered.

Element distributions measured at 100 MeV/nucleon with the Plastic-Wall/Cluster-

Detector device (7° < 9 < 30°) are shown in Fig. 11; they correspond to 3 different Mc bins

recorded by the Plastic-Wall. These distributions show that clusters with atomic numbers

up to Z — 15 are produced. Their shape does not change significantly with increasing

A/c bins. This last trend could be simply the consequence of impact parameter averaging

effects, as it has been revealed by the data presented in the previous sub-section. Therefore,

further analyses using the new suggested double selection criteria (R and A/c) are required

if one wants to investigate the predicted dependence 1̂6] of these Z-spectra as a function

of the impact parameter.
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Fig. 11 : Element distributions measu-
red at 100 MeV/nucléon, wi-
thin the"" -to- 30° angu-
lar range, for 3 different Mc

bins. The break at Z = 15 is
due to a software cut: above
it only a very few products
are observed.
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Fig.12 shows the multiplicity distribution for all Z > 3 fragments detected in the

7° - to - 30° angular range, gated with Mc > 10, i.e. on semi-central and central events.

The mean value of this distribution is 3.1; this is the average number of emitted clusters

per event into the respective angular range. Mean and shape are remarkably similar to the

results of the Plastic-Ball group at 200 MeV/nucleon 'Hl, the only existing measurement

of Au-Au where clusters have been studied so far. Extrapolating into the angular range

below 7° (not yet analyzed) and taking into account that we cover about the forward

hemisphere , the total number of clusters emitted should be a little more than a factor of

2 higher.

o
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Fig.12 : Multiplicity of fragments
witk Z > 3 detected bet-
ween 7° and 30°, gated
with Mc > 10.
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Similar multiplicity distribution, where only fragments with Z > 6 are considered, is

plotted in Fig.13. The dominating part of these events has low multiplicities (the mean

being 1.2). but there are cases where 6 or more fragments are emitted within the ~° — to—30°

angular range, each being at least a carbon nucleus. The summed charge carried away by

these fragments can be depicted in Fig.14 for which a gate has been set on the events of

Fig.13 with multiplicity of 4. This distribution extends from Z3 = 24 (corresponding to

the minimum expected i.e. 4 fragments with Z = 6) to about Z, = 44; its mean value is

found at Z5 = 30.9. These findings suggest that events, where a significant fraction of the

total charge is carried away by a few heavy fragments, are produced.

Fig. 14
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Au + Au, 100MeV /n

hr.i . n. I
10 20 30 50

Distribution of the sum-
med charge of the 4 heavy
clusters detected in one
event. It has been ob-
tained by gating on the
events in multiplicity 4
of Fig.13.

Future analyses will have to study such events in greater detail; statistics should allow
us to look at them with finer impact parameter selection using the new proposed selection
criteria. The present preliminary simple results are just to illustrate that many aspects of
cluster emission, which have not been addressed so far can be studied in the future. These
aspects should be stringent tests for models giving quantitative predictions such as the
QMD '16] or the quantum statistical model [12].
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V. Summary and outlook

The physics program of the 47r-collaboration at SIS/ESR has been briefly presented.
It is extending the previous successful investigations of the properties of highly compressed
and heated nuclear matter produced in heavy ion collisions at incident energies going from
100 MeV, nucléon to 2. GeV/nucleon, with the ultimate goal to determine the underlying
nuclear equation-of-state.

The new SIS/47T facility has been described. Its phase I, operational since summer
90. comprises a Plastic-Wall/Cluster-Detector device subtending the polar angles 6 < 30°
at full azimuthal coverage, identifying nuclear charges up to Z = 16 and measuring their
velocities, a box of multiwire-chambers measuring the charged particle multiplicity beyond
303 and a movable set of Si-CsI telescopes allowing for a precise measurement of isotope
ratios. The phase II will complement the existing setup with a superconducting magnet,
an ensemble of tracking devices and a scintillator barrel.

A first experiment focusing on the production of composite particles in central
and semi-central collisions of 191Au -j-1 9 7 Au at incident energies between 100 and 800
MeV/nucléon, has been recently performed using the phase I setup. The first preliminary
results seem to be very encouraging. They indicate that the charged particle multiplicity
measurement alone cannot be used to select the most central collisions and new selection
criteria are suggested. They also show the ability of the detection system to sort out, with
reasonable statistics, high degree multifragment events i.e. events where a large fraction
of the total initial charge is carried awtty by a few heavy clusters (Z > 6). Detailed and
careful analyses of these data are starting now. Several topics will be addressed such as
the search for better event selection criteria, the collective flow and the in-medium effects
as well as the entropy determination.

Future experiments with the full 47r-facility, expected to be operational in 1992, will
allow all charged products including pions to be detected in a nearly 4ir geometry. This
will open up new possibilities for studying correlations between all kind of particles and
the associated observables.

It is by combining the whole experimental information which will be delivered by these
experiments, and others not mentioned here, that we could define systematic and decisive
tests for the various proposed dynamical models. This should hopefully lead to achievinge
a substantial progress on one of the fundamental questions in nuclear physics, namely the
nuclear matter equation-of-state.
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