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Preface
This thesis deals with a branch of nuclear physics in which interactions
between heavy nuclei at high energy are studied. The experiments de-
scribed have been carried out at the Super Proton Synchrotron, SPS,
at CERN, Geneva, in cooperation with several foreign institutes.

The thesis is organized in the following way. Chapter 1 gives an
introduction to the field of high energy, heavy ion physics. The results
presented are from the heavy ion experiment WA80 at CERN. WA80
and its different detectors are described in chapter 2. The analysis of
the data is described in chapter 3. Chapter 4 contains a description
of Multi-step Avalanche Chambers, a tracking detector developed in
collaboration between our group in Lund and a group from the Univer-
sity of Geneva. The thesis is based on the following articles, which are
presented in chapter 5.

1. Self-quenching Streamer-tube Detectors in the WA80 Experiment.
Nucl. Instr. Meth. A276(1989)131.

2. Global and Local Fluctuations in Multiplicity and Transverse En-
ergy for Central Ultra-relativistic Heavy Ion Interactions.
Z. Phys. C45(1989)31.

3. Multiplicity and Pseudorapidity Distributions of Charged Parti-
cles from 323 Induced Heavy Ion Interactions at 200 A GeV. Ac-
cepted for publication in Z. Phys. C. (1992)

The results of this thesis have also been presented at the following in-
ternational conferences and workshops.

• The 6th Nordic Meeting on Nuclear Physics in Kopervik, Norway,
August 10-15, 1989.

• The International Workshop on Relativistic Aspects of Nuclear
Physics, Rio de Janeiro, Brazil, August 28-31, 1989.

• Hadron Structure '89 at Smolenice Castle, Czechoslovakia,
September 25-29, 1989.

• Quark Matter '90 in Menton, France, May 7-11, 1990.

• The International Symposium on High Energy Nuclear Collisions
& Quark Gluon Plasma in Kyoto, Japan, June 6-8, 1991.



• The Fourth International Conference on Nucleus-Nucleus Colli-
sions in Kanazawa, Japan, June 10-14, 1991.

• Quark Matter '91 in Gatlinburg, Tennessee, USA, November
11-15, 1991.

• XXII International Symposium on Multiparticle Dynamics in San-
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1 Introduction
The topic of this thesis is nuclear matter under conditions of extremely
high temperature and density. In order to create these conditions heavy
nuclei are brought to collide with each other at high energies. This field
of research is also very pertinent in cosmology because of the similar
conditions in the early universe.

1.1 The Early Universe
The predominant theory for the evolution of the universe assumes a
beginning with the Big Bang approximately 15-109 years ago. Immedi-
ately after its creation the universe was very dense and hot and expanded
rapidly. It consisted of quarks and other elementary particles. As the
universe expanded the temperature decreased and after a few microsec-
onds the temperature was down to about 2-1012 K. It is believed that a
phase transition took place at that time. The quarks grouped together
to form hadrons. A three-quark combination is called a baryon and the
mixture of one quark and one antiquark is known as a meson.

Today the only known stable hadrons that remain from the Big
Bang are the protons and neutrons found in atomic nuclei. The quarks
seem to be confined to the interior of the hadrons. However, if protons
and neutrons were to be subjected to the same high energy density,
which existed during the first microseconds, one would expect a phase
transition back to the free quark state. The particles which are the
carriers of the force between quarks are called gluons. The free quark
state is therefore often referred to as the quark-gluon plasma, QGP[1].
The difference between the two phases is illustrated in figure 1.

Theoretical calculations indicate that the hadron-quark transition
would indeed occur at an energy density of 1-3 GeV/fm3[2]. At zero
temperature this corresponds to ~10 time6 the density of nuclear matter
and ~1016 times the density of normal matter. These extreme conditions
may actually be found in dense neutron stars[2]. One way of studying
the phase transition would be to observe a neutron star as it is formed. A
neutron remnant of the recent, nearby supernova 1987A would provide
astrophysicists with this unique possibility[4]. Unfortunately it takes
some decades before effects from the core show up on the surface and
can be observed.

The exact nature of the phase transition in the early universe is
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Figure 1: Hadronic matter in which the quarks are confined to the hadrons
and the quark-gluon plasma phase in which they are free to move over dis-
tances which are large compared to the size of hadrons.

interesting since it may have consequences for the later stages of the
evolution. An incomplete phase transition could, for example, give rise
to quark matter nuggets that would survive until today and account for
the dark matter in the universe[5]. Also the primordial abundances of
light elements in the universe might have been affected by the density
fluctuations at the phase transition [6].

1.2 Heavy Ion Collisions

In the late 70's, ideas were put forward, suggesting the use of high
energy collisions of heavy nuclei as a way of producing the hadron-quark
transition [7]. The energies available from accelerators for heavy nuclei
in those days were only a few GeV per nucleon. The highest energies
were found in cosmic rays, reaching several TeV.

The search for quark matter in particular, and interactions between
heavy ions at high energies in general, received a strong impetus in
1986. Existing accelerators had been upgraded and started to deliver
high energy beams of heavy nuclei. The Brookhaven AGS reached 14.6
GeV per nucleon and the CERN SPS 60 and 200 GeV per nucleon. They
made possible a jump in beam energy for heavy ions from a few GeV
per nucleon to tens and hundreds of GeV per nucleon. The energies
are still lower than the highest measured in cosmic rays by one or two
orders of magnitude. On the other hand it was possible to improve the
statistics by several orders of magnitude.
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Figure 2: The participant-spectator picture of nucleus-nucleus collisions. Af-
ter the interaction, three distinct regions can be identified: 1. The target
spectator region, 2. The region of interacting participants from both projec-
tile and target and 3. The projectile spectator region.

The main advantage of using heavy ions compared to lighter par-
ticles, such as protons or electrons, is the vast increase in size of the
interacting system. The nucleons can interact several times, and part
of the initial kinetic energy will be transferred to the internal motion of
the system. The large volume-to-surface ratio makes it difficult for sec-
ondaries to escape and the lifetime of the system is increased compared
to that achieved with lighter particles.

In order to explain some of the gross features of high energy, heavy
ion collisions it is very useful to introduce the concept of participants
and spectators. The nucleons which are in the region of geometrical
overlap in a collision between nuclei are called participants. The re-
maining nucleons are termed spectators. The amount of spectator and



participant matter is, to a large extent, governed by the collision geom-
etry expressed by the impact parameter, b. The idea is illustrated in
figure 2.

The spectator paxts are only moderately excited and break up into
fragments. In central collisions at high energies the fragments are mostly
protons and neutrons. The participants form a highly excited system
which cools down by emitting particles. Most of these particles are
short-lived and decay into other particles.

The QGP is expected to be formed in the participant region. In a
central collision the amount of participant matter is large and the con-
ditions for QGP formation are expected to be more favourable than in a
peripheral collision. The amount of participant matter is also increased
if larger projectiles and targets are chosen. A higher energy density may
be achieved by increasing the energy of the projectile.

In the spectator-participant picture the three regions have differing
velocities. The target spectators have a very small velocity. The projec-
tile spectators have almost the same velocity as the incident projectile.
The participant region moves with a velocity between these extremes.
To describe relativistic velocities the rapidity, y, is frequently used. It
is defined in equation 1. The rapidity of a particle depends only on its
longitudinal velocity, vi, i.e. the velocity along the direction of motion
defined by the incident projectile, c is the speed of light. An equivalent
definition is given in terms of the total relativistic energy, E, and the
longitudinal momentum, J>L, in equation 2.

<2>

The main reason for using the rapidity is that it is additive under a
Lorentz boost along the direction of the incident particle, which means
that the shape of a distribution is preserved. This virtue facilitates
comparisons of data taken under different kinematic conditions.

Another useful variable is the pseudorapidity, r), defined in equa-
tion 3.

! e
; r, = -ln(tan-) (3)



The pseudorapidity depends only on the angle 6 with respect to the
beam direction. Equation 4 shows a simple relationship between 1/ and
y-

sinh(ij) = sinh(y) J 1 -|- ( — (4)

For particles which have me much less than the transverse momentum,
px. the pseudorapidity is approximately equal to the rapidity. This
is a good approximation for pions which are the lightest hadrons. At
the energies discussed here the pion is the most abundantly produced
particle. Since the pseudorapidity depends only on the emission angle
of the particle, it is easier to measure than the rapidity.

The violence of a collision is estimated by the amount of energy
emitted from the interaction point perpendicular to the direction of the
beam. It is called the transverse energy, ET, and is defined according
to (5).

AT

mT = (5)

The index i runs over all the N particles from the interaction. Trans-
verse energy is usually measured by calorimeters and then it is conve-
nient to use the operational definition in equation 6.

M

,• sin (6)

Ei is the energy measured in a calorimeter module placed at the angle
$i with respect to the beam direction. The index » runs over the M
calorimeter modules.

1.3 Dense and Hot Matter
The result of an interaction between two nuclei is a number of charged
and neutral particles. A completely analyzed event would contain the
momentum components, the mass and the charge of all particles from
the interaction. To describe such a complicated system with hundreds
of particles in a microscopic model is next to impossible. However, for
a system in thermal equilibrium it is possible to use thermodynamics
and get a simple description with a few relevant parameters. Although



the equilibrium has not been proven experimentally, thermodynamics
is frequently used as a tool to extract physically interesting quantities
such as temperature from the observable parameters. To describe the
time evolution of the system it is usual to employ hydrodynamics in
which the nuclear matter is thought of as a fluid.

If the excited participant region lived long enough to reach ther-
mal equilibrium the transverse momenta of the particles would follow
a Boltzmann distribution. The temperature could then be extracted
through a fit to the experimentally measured, transverse momentum
distribution. If the system is not equilibrated, the interpretation of the
fit parameter as a temperature is not valid. The fit values reported at
the energies achieved at CERN are «200 MeV which, in an ideal gas
of quarks, would correspond to the 2-1012 K mentioned above. Energy
densities of 2-3 GeV/fn?* have been reported by several collaborations.
The energy density, e, in a central collision is most commonly estimated
from the Björken formula[8] below:

dET/di)\ max (7)

iZo is the radius of the smaller of the two colliding nuclei. The formation
time To is usually taken as 1 fm/c, but may have an uncertainty of a
factor of 2. In the derivation of equation 7 it has been assumed that hy-
drodynamics is applicable. In hydrodynamic models it is also possible to
relate the particle density to the entropy of the system[9]. The lifetime
and size of the interaction volume are estimated from measurements of
the interference between identical particles[10]. This technique is anal-
ogous to that utilized in measurements of the size of remote stars[ll].
The experimental results on the size of the interaction volume show that
it increases with increasing particle density [12].

Measured Quantity
transverse momentum

transverse energy
multiplicity of particles
momentum differences

Extracted Quantity
temperature
energy density
entropy
size and lifetime

In spite of the uncertainties, these results point towards the creation
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of a state of high density and temperature. The prerequisites for the
formation of a QGP seem to be present. To establish whether this also
means that the QGP has been formed in these heavy ion interactions,
a number of proposed, specific signals have to be investigated. Normal
hadronic effects have to be disentangled from the observed behaviour
in heavy ion collisions in order to search for effects characteristic of a
plasma phase. The systematic study of heavy ion collisions as a function
of energy, the centrality of the collision and the masses of the interacting
nuclei provides the knowledge needed to recognize new phenomena.

1.4 Quark-gluon Plasma Signals
1.4.1 The Equation of State

A first order phase transition is characterized by an increase in entropy
at a fixed temperature. With the relationships above in mind, the phase
transition should be visible in a plot of the average transverse momen-
tum, (pr), of the particles in an event as a function of the particle
density, dn/drj{9]. One of the earliest results pointing towards a phase
transition was provided by the JACEE collaboration[13] using cosmic
ray data. They found a rise in the (px) when the estimated energy den-
sity reached 2-3 GeV/fm3. This rise has been taken as an indication of
a new phase. However the JACEE data suffer from poor statistics.

1.4.2 Photons and Leptons

Emission rates of photons and dileptons from a plasma in thermal equi-
librium have been calculated[14]. Photons and leptons interact electro-
magnetically and have low probabilities for interaction with the plasma.
This makes them very good probes of the initial conditions in the
plasma. The photons emitted from the plasma are referred to as thermal
photons. However, a large number of photons are produced as the decay
products of hadrons. This background of photons has to be calculated in
order to be able to determine the yield of thermal photons. The exper-
imental results on dielectrons[15] and thermal photons[16] can, within
the experimental errors, be explained as being due to the decay of other
particles. These signals are, however, still regarded as very interesting.

11



1.4.3 Chiral Symmetry Restoration

The critical temperature necessary for formation of a QGP is of the
order of the mass of the a(strange) quark, which should therefore be
produced abundantly in a plasma. An initial plasma would contain
mostly u and d quarks from the primary neutrons and protons. Due to
the fact that quarks are fermions and obey the Pauli exclusion principle,
it is energetically more advantageous to produce ss pairs, one a quark
and one anti a quark, in the plasma even though they are somewhat
heavier than the uu and dd pairs[17]. Certain particles that contain a
quarks should therefore be enhanced in a plasma as compared to the
scenario where no plasma is formed. The number of antibaryons, which
consist of three antiquarks, is also expected to be enhanced in a plasma.
The two signals can be combined in a search for strange antibaryons[18].
Several experimental results show relative enhancements of strangeness
with increasing multiplicity of particles and as compared to proton-
nucleus data[19]. Similar enhancements have been reported based on
calculations of a dense hadron gas in equilibrium[20]. The experimental
results on K/TT ratios have been reproduced with the RQMD model[21]
which does not include any formation of a QGP.

1.4.4 J/V Suppression

Even heavier than the a quark is the c(charm) quark. A bound state of
cc is called a J/ty particle. In a plasma the interaction between a created
cc pair will be screened by the field from other quarks and gluons[22].
The c and the c quark will not be able to form a Jf^l but instead they
will combine with other quarks as the plasma hadronizes. If the pair
has high transverse momentum it may leave the plasma before the c
and the c quarks are screened from each other[23].

The decrease in the number of J/^l particles produced, normalized
to the background, becomes more pronounced with increasing trans-
verse energy in the collision [24] and less pronounced with increasing
transverse momentum of the J/¥[25]. This is in accordance with the
predictions above. Alternative explanations, assuming the suppression
to be due to interactions of the J / $ with the hot hadron gas have been
put forward [26].

The J/ty signal provides the advantage of having a characteristic
decay into muons which are highly penetrating and experimentally easy
to distinguish from hadrons. Other heavy mesons also have this decay

12



and are expected to suffer the same fate in a plasma, but they are more
rarely produced. It is, however, interesting to study the suppression of
heavy mesons with different radii. The suppression should show up at
lower energy densities for the larger mesons, but be more abrupt if it is
caused by colour screening than if it is due to absorption[27].

The target mass dependence of J/^f and $ ' yields has been studied
in proton-nucleus collisions [28]. A depletion of the yield per nucleon
from heavy nuclei was observed which was similar for both the J / ¥ and
the ¥ ' , although their radii differ significantly.

1.4.5 Light Vector Mesons

The light vector mesons p, u> and <f> have mean lifetimes of 1.3, 25 and 44
fm/c, respectively. The two latter are of the same order of magnitude as
the lifetime expected for hot hadronic matter produced in high energy,
heavy ion collisions. A substantial part of them will decay inside the
hot matter and it has been argued that their mass and width will be
modified[29]. The <f> has a mass which is just above the mass of two
kaons, which is the dominant decay mode of the <f>. Even a small mass
shift of the kaon and/or <f> would change the probability for the two kaon
decay as compared to other decays, for instance, an e+e~ pair. The
question as to whether the probability will increase [30] or decrease [31]
remains unanswered. The (ft is also interesting since it consists of an as
pair and should be enhanced in a plasma[32]. The experimental result
is that the <f> production is enhanced compared to the production of p
and u> as the Björken energy density increases[33]. An explanation in
terms of hadronic rescattering has been proposed [34]. This explanation
demands very high particle densities in the interaction zone and is yet
another indication of dense matter, if not a QGP.

The p\u> ratio in the dielectron decay mode can be used as a "clock"
for the lifetime of the hadron gas phase created[35]. If the two mesons
are produced in equal numbers and decay freely as in pp collisions,
the ratio should be the ratio of the branching ratios, 0.62. The other
extreme is if they are produced and decay in stationary matter at a fixed
temperature, in which case the density of the two particles should be the
same. The latter situation gives a ratio of 11. An experimental value
between these extremes could then be used to estimate the lifetime.

13



1.4.6 Some Other Signals

Jets of particles with high transverse momenta are created in the early
stages of a collision and have to propagate through the matter that
is created. A different energy loss in a plasma as compared to dense
hadronic matter would affect the amount of jet quenching in the two
cases and has been suggested as a signal for the QGP[36].

Similarly to the jets, heavy c quarks are produced in the early stages
of the collision. Due to their large mass the c quarks are slow and it
takes them a long time to leave the plasma, which has time to cool down
and start to hadronize. The c quarks will lose much energy if they have
to pass boundaries between the plasma and the hadron phase. The
spectrum of mesons containing c quarks from a plasma will be "softer"
than the corresponding spectrum measured for pp collisions[37].

Very large fluctuations in the rapidity spectra of charged parti-
cles have been suggested as being due to a violent hadronization of
a plasma[38|.

14
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2 The WA80 Experiment
This thesis is based on experimental data taken with the WA80 setup[39]
at CERN, Geneva, see figure 3. WA80 was a fixed target experiment
in which interactions between heavy ions at high energies were studied.
The projectile ions were accelerated by the SPS to a maximum energy
of 200 GeV per nucleon before they were extracted and aimed at the
WA80 target. Below is a brief presentation of the physics goals, the
experimental setup and the main results of WA80.

Holo
Wall

L A M U 2 / MIRAM1&2 MIRAC
BeQm

Counter^ p ' °st ic Ball

4.1m 11 m

Figure 3: The WA80 setup at CERN.

2.1 Physics Goals
The goals of the experiment were to

• give a survey of global observables relevant in heavy ion reactions
as a function of projectile and target mass, the centrality of the
collisions and the beam energy.

• measure the 7/ir0 ratio as a function of transverse momentum to
search for evidence of thermal photons, which could be a signature
for the QGP.

• estimate the energy densities attained in central collisions in order
to find out whether the conditions for the creation of a QGP are
met.
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• measure photon and neutral pion distributions and calculate slope
parameters.

2.2 Presentation of the Setup

2.2.1 The Multiplicity Detectors for Charged Particles

To measure the number of charged particles in the collisions, streamer
tube detectors[40] were used. They are gas-filled detectors which pro-
duce an electron avalanche when a charged particle passes through them.
The signal from the avalanche is sensed by small, capacitively-coupled
pads. There was a total of 43 000 pads, which gave the detector system
a position resolution of a few cm.

WA80 had four streamer tube detector planes. All of them were
placed downstream of the target and perpendicular to the beam direc-
tion. The two first ones, LAM1 and LAM2, covered the full azimuth in
the polar angle interval 8° < 6 < 29°. The two furthest downstream,
MIRAM1 and MIRAM2, had full coverage for 2° < $ < 6°. The four de-
tectors were placed at distances 227, 268, 501 and 549 cm, respectively,
from the target. Using rectangular cuts in the detectors it was possible
to get full coverage for 2° < 9 < 29°. This corresponds to 1.4 < 17 < 4.2.

streamer tube. wire
\

1111 iirn
readout electronics

-pads

^circuit board

Figure 4: A horizontal section through the multiplicity detectors. The glass-
fibre epoxy plate between the streamer tubes and the pads has been omitted
for clarity.

A section through part of the detector is shown in figure 4. The
streamer tubes were open, extruded PVC profiles. Each streamer tube
was divided into eight subcells 9 mm wide and 9 mm thick. Each subcell
had a central anode wire connected to a high voltage of 4750 V. The tube
was covered by a plastic container. The streamer tubes were mounted

16
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on a I mm thick glass-fibre epoxy plate. Placed on the opposite side of
the plate were the capacitively-coupled pads.

The pads were situated on boards 21x21 cm3 with electronics for
readout. The boards with the smallest pads were placed at the smallest
angles where the particle density is the highest. A discriminator com-
pared the pad signal with a preset level and gave out a " 1", signalling
a fired pad if the signal exceeded that level, otherwise a "0".

2.2.2 The Spectrometer for Charged Particles

A second detector for charged particles was the Plastic Ball[41] which
covered the region around the target. It overlapped with the streamer
tube detectors and together they provided full coverage in the pseudo-
rapidity region —1.7 < t\ < 4.2. Besides detecting charged particles the
Plastic Ball could also identify slow target fragments and low energy,
positive pions that had stopped in the detector.

The Plastic Ball was made of 655 E - AE detector modules. The
AE detector was a CaFj(Eu) crystal with a characteristic decay time of
1 fi& for the emission of the scintillation light. It was mounted directly
on the E detector, which was a plastic scintillator with a fast light
response of about 10 ns. The scintillation light from the E and the AE
detectors were read out through a common photomultiplier. The plastic
scintillator then acted as a light guide for the light from the CaF2(Eu)
crystal. Due to the large difference in decay time of the scintillation
light in the two materials the E and the AE signals could be extracted
by applying different gates to the photomultipler signal.

Positive pions which had stopped in the detector were further iden-
tified by their decay into a positive muon and a neutrino. The positron
from the decay of the muon was easily detectable.

2.2.3 The Calorimeters

The energy of the particles was measured with conventional sampling
calorimeters with absorber and scintillator material interleaved. The
calorimeter modules were divided into electromagnetic and hadronic
sections. The readout of the scintillation light was done separately for
the two sections with wavelength shifters and photomultipliers.

The transverse energy was measured by the midrapidity calorime-
ter, MIRAC[42]. It covered the full azimuth in the region 2.4 < rf <
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5.5 and had partial coverage to 17 = 1.6. The electromagnetic sec-
tion was 15.6 radiation lengths and lead was used as absorber mate-
rial. In the hadronic section the absorber was iron and the thickness
corresponded to 6.1 absorption lengths. The resolution for hadrons
with incident momenta between 4 and 50 GeV/c was <r/E = 0.034 +

O.ZA/JE/GeV. The resolution for electromagnetic showers was trfE =

0.014 + 0.1l/yjE/GeV. A hole through the centre of MIRAC, 1/ >6,
allowed the non-interacting part of the beam to reach the zero degree
calorimeter, ZDC[43].

The ZDC was used to measure the forward energy flow. It served
as one of the main trigger components and was therefore designed
to withstand high count rates and to have good energy resolution.
The other main trigger components were two Cherenkov start coun-
ters, which defined the beam, and a scintillator halo wall which made
possible the rejection of non beam events. Uranium was selected as
the absorber for the ZDC to achieve the desired resolution. The di-
mensions were chosen to provide adequate containment of 200 GeV
protons. The thicknesses of the electromagnetic and hadronic sections
were 20.3 radiation lengths and 9.0 absorption lengths, respectively. A
linear response was found for heavy ions in the range 60-6400 GeV.
The resolution was a\E = 0.013 + O.Z3/yjE/GeV for low intensities

and <r/E - 0.02 + 0.67/yjE/GeV for higher intensities.

2.2.4 The Photon Spectrometer

The photon measurements were made with an electromagnetic calorime-
ter, abbreviated SAPHIR, single arm photon detector for heavy ion
reactions[44]. SAPHIR was designed to measure photons in the energy
range 0.2-20 GeV. It covered approximately 1/6 of the pseudorapidity
region 1.5-2.1, and was made of finely segmented SF5 leadglass modules
with a thickness corresponding to 18 radiation lengths.

The T/'S and TT°'S were measured via the reconstruction of the in-
variant mass of photon pairs. The streamer tube detectors LAM1 and
LAM2 placed in front of SAPHIR provided a veto for the charged parti-
cles in the analysis. The logical "OR" between the hits in the two planes
gave a rejection factor of 98% of the charged particles hitting SAPHIR.
The difference in shape between electromagnetic and hadronic showers
was used to reject neutral particles and charged particles not detected
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by the streamer tube detectors.

2.3 The Main WA80 Results
The forward energy, transverse energy [45, 46] and the multiplicity of
charged particles[47, 48] have been measured over a wide angular inter-
val. These variables have been studied systematically for two projectiles,
namely, 160 and 33S, and targets of C, Al, Cu, Ag and Au. In the case
of 180 two beam energies, 60 and 200 A GeV, were used.

The importance of the collision geometry[49] to explain the shape
of the distributions has been discussed. The significance of the number
of participating nucleons as a scaling factor for the measured yields at
midrapidity was stressed [45, 46].

The measurements of the 7/ir0 ratio[16] with S APHIR set an upper
limit of 15% on the thermal photon contribution in central I60+Au
collisions at a confidence level of 90%. An independent estimate using
MIRAC arrived at a similar number[46].

Exponential fits to the neutral pion and photon yields gave slope
parameters of «200 MeV[50]. The slope parameters increase slightly
with increasing projectile mass, target mass, centrality and beam energy.

Estimates of the average energy density achieved in very central
collisions of 32S+Au gave a value of «2 GeV/fm3. Both the multiplicity
measurements[48] and the transverse energy measurements[46] gave the
same result.

Several results[51] point towards the importance of rescattering for
an explanation of the measured yields of charged particles in the rapidity
region of the target.

19



3 Analysis
The main subject of this thesis are the multiplicity measurements. The
corrections which are applied to the raw data are therefore described in
some detail below. Most corrections do not commute. The description
is chronological in the sense that the corrections are discussed in the
order in which they are applied to the raw data.

The way the pseudorapidity distribution of transverse energy is cal-
culated from the measured signals in the different calorimeter sections
has been described in reference [46].

3.1 Multiplicity Corrections
3.1.1 Readout Errors

The readout of the pads on the streamer tube detectors was done serially
through Streamer Tube Controllers, STC's. The STC's are CAMAC
modules and contain acquisition logic, address and data memory, control
logic and CAMAC readout. Each fired pad was given an address which
consisted of the STC module number and a number 0 to 2023 which
gave the position in the readout chain. The last pad of each chain was
connected to a fixed voltage which was above the chosen discriminator
level. This means that the number of the last pad of each chain was
always registered. In this way it was possible to check that the readout
chains were not broken. The numbers assigned to the preset pads were
removed in the analysis. Sometimes the STC's gave out the wrong
addresses, due to electronic noise or temporary malfunction. To check
that the readout was working properly five checks could be made on
the address level in the off-line analysis; 1. The addresses should always
come in ascending order. 2. There should be no negative numbers. 3. No
numbers which are higher than or equal to the number of pads in that
chain should show up. 4. No address should occur more than once.
5. The number of the last pad in each chain should always be present.
Most of these errors could be corrected in the software. The events with
STC errors did not seem to be correlated to any special kind of event
class, but for safety were excluded from the analysis. About 2% of the
total number of events had STC errors.
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3.1.2 Pad Rejection

The streamer tube detectors are arranged pairwise. In this way it is
possible to reject track candidates which do not point back to the target
by making it a requirement that the pads in the two detector planes
should overlap geometrically. The target is assumed to be the vertex
and the pads of one plane are projected onto the neighbouring plane.
Pads that do not overlap with any pads in the other plane are rejected
and not further used in the analysis.

3.1.3 Clustering

From test data[52] taken with the streamer tube detectors it is known
that a particle which traverses the tubes sometimes causes several pads
to receive a signal which exceeds the threshold. This is particularly
common when the particle hits very close to the border between two
pads. Each fired pad can therefore not be regarded as corresponding to
one particle. All the fired pads that have a common border are therefore
at first connected, even when they are located diagonally to each other.
Together they form clusters of pads.

3.1.4 Splitting of Large Clusters

Sometimes two or more particle tracks will be so close to each other
that the pads fired by the particles will end up in one cluster. Clusters
containing only one or two pads are regarded as caused by one particle.
Clusters with three or more pads are assumed to have been produced by
more than one particle and are split into smaller clusters. The way the
splitting is done depends on the shape and size of the cluster as well as
on its orientation. Due to the vertical orientation of the streamer tubes
it is more common that a streamer gives rise to a cluster elongated in
the vertical- rather than in the horizontal direction. After the split-up
of the clusters the remaining smaller clusters are referred to as hits. The
hit position is calculated as the centre of gravity of the cluster with all
pads of the cluster having equal weights.

3.1.5 Correlations between Detectors

Each detector plane has a large number of hits. In order to decide which
belong to physical tracks, the hits on the neighbouring planes are used.
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The hits on plane 1 are projected onto plane 2. For every projected hit
from plane 1 all hits in plane 2 within a certain correlation distance of
the projected hit are assumed to be possible candidates in the recon-
struction of the tracks. The correlation is always made between LAM1
and LAM2 together, and MIRAM1 and MIRAM2 together. For each
event a list of all possible combinations of projected hits and candidates
is made. The combination with the smallest distance between the pro-
jected hit and the real hit on the second plane is then chosen as the first
track. Then the pair with the second smallest distance is chosen, and
so on. After each step the chosen hits are removed from the list thus
making sure that each hit is not used more than once. The hits that
remain after this procedure are not used in the analysis. After the cor-
relation procedure all that remains are well-identified tracks, and the hit
information is not further used. The direction of the track is calculated
from the two hits by taking the average of their positions projected on
plane 2.

The combinations of hits which have the smallest pads generally
give smaller correlation distances than the combinations with the bigger
pads. To avoid picking the combinations of hits with the smallest pads
first, the distances are counted in units of pad size.

The correlation distances were determined with data from periph-
eral 32S+A1 collisions in which the particle density is low. For every hit
in plane 1 the distance from the projected position in plane 2 to each of
the hits in plane 2 within 10 cm was calculated. This was repeated for
about 10000 events. The number of pairs as a function of the distance
was plotted. A clear peak, corresponding to the hits originating from
the same track appears on top of the background corresponding to the
false combinations of hits. A fit was made with a Gaussian peak on top
of a constant background level. The correlation distance was then fixed
to three standard deviations obtained from the fit. Correlation distances
were determined as functions of vertical and horizontal distance on the
detector as well as of pad size. In general the correlation distances were
smaller in the horizontal- than in the vertical direction. The streamer
tubes were arranged vertically, which prevented discharges from spread-
ing in the horizontal direction. The correlation distances were also larger
for the biggest pads since the inaccuracy of the hit position was largest
in this case. The correlation distances ranged from 1.8 cm to 6.4 cm.

The direction of a track had an uncertainty, typically of, half a pad
size in the vertical and the horizontal directions respectively. When the
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particle yield was studied as a function of the pseudorapidity, a random
number was picked in the interval -0.5 to 0.5. This number was then
multiplied by the size of the pad and added to the track position on the
detector surface. If the pad size was different in plane 1 and plane 2 the
largest value was chosen. The track position on the detector surface was
in this way smeared out over an area the size of a pad. This is necessary
when the resolution of the detector is comparable to the size of the bins
used in a histogram, as otherwise large fluctuations can occur from bin
to bin.

3.1.6 Production of Secondary Particles

The distance between the target and the streamer tube detectors was
several metres. The primary particles could interact with air or the
material in the WA80 setup over this distance and produce secondary
particles. Neutral pions decay mostly to two photons and these pho-
tons can also interact, mostly via pair production, since they have high
energy.

The charged, secondary particles were also detected by the streamer
tube detectors. To determine the true yield the contribution from the
charged, secondary particles had to be calculated and corrected for.
About 5-10% of the total number of charged particles measured in
the WA80 streamer tubes originated from secondary interactions in the
setup.

In the WA80 setup secondary interactions could occur in the target,
the target chamber, the beam pipe, air and the streamer tubes them-
selves. The targets used were thin, 200-250 mg/cm2, and the interaction
probability for heavy ions was about 0.1%. The target chamber was
made of aluminium and only 0.35 mm thick. The downstream beam
pipe was evacuated to avoid interactions between the non-interacting
part of the projectile nucleus and air. It was made of 0.5 mm carbon
fibre. The low Z of carbon gave a low probability for pair production
from high-energy photons. Since the distance to be traversed between
the target chamber and the detectors was several metres, the interac-
tions of the primary particles with air also had to be taken into account.
The upstream detector, LAM, was placed between the target and the
downstream detector, MIRAM. Primary particles interacting in LAM
therefore gave additional secondaries in MIRAM.

Since the interaction probabilities were of the order of a few percent
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they could be calculated as the ratio of the material thickness and the
corresponding interaction length of the material. For the hadronic in-
teractions the absorption length was used. The absorption length is the
mean free path before a non-elastic interaction takes place in a given
medium. The probability for pair production by a high-energy photon
is approximately given by 7/9 of the ratio of the material thickness and
the radiation length of the material.

An e+e~ pair will have a small opening angle when it is created by
a high-energy photon traversing material. The average opening angle is
given by equation 8[53].

6 =
mec

3

(8)

A photon energy of 1 GeV translates into a separation of 3 mm in the
MIRAM detector. The electron and the positron were therefore assumed
to hit the same or neighbouring pads in the streamer tube setup and
be detected as one particle. They were also assumed to go in the same
direction as the original photon.

Particle production from the secondary hadronic interactions was
more difficult to correct for since several particles may be produced in
the interaction between the primary particle and the material. The
opening angle between the secondaries is also larger than in the e+e~
case. The problem was somewhat simplified. First, all secondaries were
assumed to be charged pions. Second, a mean transverse momentum
of 0.34 GeV/c was assumed for the primaries. Third, the direction of
the primary particle was used also for the outgoing secondaries. The
validity of these assumptions can be challenged, but since the correction
was of the order of 5-10% even a 20% error in the correction would be
only a 1-2% effect in the absolute yield. Several neutral pions were
created in the secondary interaction, most of which decayed to two
photons, which could give rise to pair production. This was, however,
a second order effect, which was neglected here. The assumption of a
constant transverse momentum, pr, meant that the momentum, p, of
the primaries was determined by the angle 8 with respect to the beam
direction; p = pr/ sin 6. This momentum was then used to calculate
the mean multiplicity with a parameterization from data by Albini et
al.[54j. First the mean number of charged pions from a pion-proton
collision was calculated. The mean number of collisions in a given target
nucleus was then derived assuming the absorption cross section of pion-
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proton to be 20 mb. Finally, the number of shower particles in a pion-
nucleus collision was calculated. "Shower particle" is taken from the
terminology used in emulsion analysis. The shower particles are singly-
charged particles with a velocity, v > 0.7c and at midrapidity correspond
approximately to the produced particles. The third assumption above
may seem strange since the particles most probably would not hit the
same pad. To get the correction for secondary hadronic interactions
the absorption probability was multiplied by the average number of
secondary particles produced. By correcting in this way the fact that
the particles hit different pads was on the average taken into account.
To get the pair production correction the pair production probability
was multiplied by unity since both the electron and the positron most
probably ended up in the same pad. The crucial part of the third
assumption is that the average number of secondary particles produced
should be constant or vary slowly over the typical pseudorapidity range
covered by the secondaries. This means that the secondaries that are
scattered out of their parent region are compensated for by some other
secondaries being scattered back from a different region.

At the high energies used here most of the particles that are de-
tected at midrapidity are pions. In addition, most heavier hadrons de-
cay strongly to pions. It is reasonable to expect that there will be about
equal amounts of positive, negative and neutral pions since their masses
do not differ much. The neutral pions decay mostly to two photons.
The particles hitting the setup should therefore be to about equal parts
charged pions and photons. Since the streamer tube detectors were sen-
sitive only to charged particles there is no first hand information on the
number of photons. The FRITIOF model[55] was used to extract the
ratio of photons to charged particles as a function of pseudorapidity.
The ratio was close to 1 over the pseudorapidity range covered by the
streamer tube detectors. No dependence of the ratio on centrality was
seen. A polynomial fit of the ratio from the simulated data was made
and used to extract the number of photons in the real data once the
number of charged particles had been determined.

3.1.7 Detection Probabilities

The detection probability of a detector for a special kind of particle
consists of the acceptance and the efficiency folded together. The accep-
tance is a purely geometrical concept, whereas the efficiency is coupled
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to the physical processes used for the detection of the particles. The
difference is easier to understand if the streamer tube detectors with the
pad readout are taken as an example.

As explained in the section on the streamer tube detectors the tubes
are made in such a way that they sit together in groups of 8 subcells, see
figure •*. Between the subcells there is a thin wall, about 1 mm thick.
The tube itself is about 9 mm wide. A particle that passes through
the streamer tube detector entirely inside the thin wall would not pass
through the sensitive part of the detector. The average acceptance
for one layer of streamer tubes for perpendicularly incident tracks is
therefore about 89%. Tracks which pass at an angle different from 90°
are not as likely to pass through the whole detector inside the wall and
the acceptance therefore increases with increasing polar angle. Since
the tubes were oriented in the vertical direction the acceptance was
almost constant in the vertical direction of the detector, but significantly
changed in the horizontal direction. At an angle of 30° the acceptance
was about 98%.

The readout boards mounted on the downstream side of the streamer
tube planes sensed the streamer in the tubes and signalled a fired pad if
the signal exceeded a set threshold. The signal from the streamer varied
from particle to particle due to the statistical nature of the streamer.
The set threshold could also vary slightly from board to board although
they were adjusted to the same value before the data taking. If there
was a malfunction of the electronics the threshold might have assumed
a ridiculously high value and the pads would very seldom give a signal.
These effects are connected to the physics processes used to collect the
signal, and folded together gave the efficiency of the boards. The ac-
ceptance for the readout system is not 100% since there are some small
spaces between the boards as well as some thin insensitive regions be-
tween the pads. The estimated average detection probability for the
boards is 93%.

This number was arrived at from a measurement of the overall detec-
tion probability of the multiplicity detector with the angle-dependent
tube acceptance folded away. The measurement could only be per-
formed in limited regions of the multiplicity detectors where there was
an overlap between three planes. To avoid the combinatorial problems
with high multiplicity events only peripheral 32S+Au collisions were
used. For each event the target was taken as the vertex and a linear
extrapolation was made from each hit in plane 1 to plane 2. If a hit
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was found within 1 cm of the predicted position in plane 2 the hits in
planes 1 and 2 were assumed to belong to the same track and together
they denned a real track. For each of the real tracks an extrapolation
was also made to plane 3. An area within a certain radius around the
prediction in plane 3 was then searched to see if at least one hit could
be observed. The local efficiency of plane 3 can then be determined as
the ratio of the number of times at least one hit was found in plane
3 and the number of real tracks identified from plane 1 and plane 2.
However, even with low multiplicity events it was still possible to get
some admixture of false hits in plane 3, i.e. originating from a different
particle than the hits in planes 1 and 2. This would give too high a
detection probability. To correct for this effect a second region was cho-
sen in plane 3, with the sign of the x-coordinate opposite to predicted.
The number of hits found in this second region gives an estimate of the
number of extra hits in the first region, which could be mistaken for the
real hit. An improved method used also the information from the hits
found in the second region.

3.1.8 Multiple Hit Probability

Due to the finite pad size of the streamer tube detectors, particles could
end up in the same pad. The pad signal was discriminated and the pulse
amplitude was not used. It was therefore not possible to say whether
two or more particles passed through a fired pad, only that it was at
least one. The size of the multi-hit correction depended strongly on the
multiplicity of the event. For low multiplicity events there was hardly
any correction at all.

The pseudorapidity- and multiplicity-dependent correction factor
was calculated from a computer simulation of the detector response
and the actual pad configuration. The events used in the simulation
were taken from a Gaussian pseudorapidity distribution with standard
deviation of 1.5. The peak position was allowed to vary from 3.2 to 2.7,
depending on the multiplicity of the event. These values are close to the
values found in the data. The multi-hit correction is, however, not very
sensitive to the exact values used in the simulation. The azimuthal an-
gle was taken at random from 0° to 360° for each track. The simulated
event multiplicities of charged particles ranged from 20 to 1020 in steps
of 40. A linear interpolation had to be made to get the appropriate
correction for all other multiplicities.
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The point of impact on each detector plane was calculated. The
programme picked a random number in the interval 0 to 1 to determine
whether the particle was to be detected or not. If the random number
was less than the detection probability the particle was assumed to be
detected in that plane, otherwise it was regarded as lost. It could of
course still be detected in one of the other planes. The pad placed at
the hit position of the detected particle was flagged as a fired pad. In
addition, up to three of the neighbouring pads were also flagged as fired,
depending on the exact position of the particle on the first pad. This
was to simulate the real behaviour of the detector in which one particle
sometimes caused several pads to fire if it hit close to a border between
pads. The size of the border region that caused several pads to fire was
chosen in such a way that the probabilities for 2, 3 and 4 pads were
the same as in the test data[52]. The pads that had been flagged were
then fed through the same analysis programme as the real data with
pad rejection, clustering and so on. This simulation gave the correction
as the ratio of the pseudorapidity density distribution before and the
pseudorapidity density distribution after interaction with the detector.

All the above detector effects except secondary particle production
were put into the simulation. If one also wanted to put the secondaries
into the simulation a proper angular treatment had to be done. The
method described above worked on the average for secondary particle
production, but not on an event-by-event basis. The secondaries from
one primary particle would have ended up in the same pad and would
always have been counted as one.

3.1.9 Corrections to the Data in the Plastic Ball Region

The modules of the Plastic Ball detector had essentially 100% efficiency
for detection of charged particles. Particles with very low energy, below
10 MeV, were absorbed in the target or the target chamber. The ac-
ceptance was essentially 100% except in a narrow region around tj = 0
where the two half spheres of the Ball are joined together by an alu-
minium frame. This small acceptance loss was not corrected for.

For the Plastic Ball detector a method has been adopted to correct
for the multi-hit probability which is different from the method used for
the streamer tube detectors. It is a method which is almost correct on
the average, but not for an individual event. The detector modules that
are placed in the most forward region of the detector have an extremely
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high occupancy for the events with the highest multiplicities. Almost
every module is hit by at least one charged particle. It is therefore dif-
ficult to base an event-by-event correction on the number of modules
fired since this number becomes saturated so quickly as the centrality of
the event increases. The method employed assumes that the particles
are not correlated in the azimuthal angle or, at least are not strongly
correlated. In that case the number of particles hitting a detector mod-
ule obey Poisson statistics. Exactly as was the case for the streamer
tube detectors it is not known whether one or several particles hit a
module, only that it was at least one. In the case of Poisson statistics
the mean, m, is unambiguously determined by the probability to have
zero, P(0), i.e. no particle firing the module. P(0) = e~m. Solving for
m gives m = — ln(P(0)).

Since the number of particles varies with the centrality of the colli-
sion, m had to be extracted as a function of multiplicity or some other
measure of centrality. The energy measured in the ZDC was used here.
The full beam energy was divided into twenty energy bins of equal
width, m was calculated for each of these bins for each target and for
all detector modules. Up to ten modules cover identical polar angles
but differ in their azimuthal angle. The hit information from them was
added to get better statistics in the determination of the P{0). The
pseudorapidity density distribution of charged particles for a particu-
lar target was then simply obtained by weighting every module by its
centrality-dependent m value. Even for a fixed energy measured by the
zero degree calorimeter the multiplicity distribution has some width.
This introduces a systematic error into this method. The assumption
of Poisson statistics relies on the fact that the number of particles in
an angular region is constant for all the events that are used to extract
P(0). The assumption of independent particle emission, i.e. no cor-
relation between the particles, is believed to be only weakly violated.
Even for peripheral collisions the number of particles produced is large
and effects of energy and momentum conservation are small. Hanbury-
Brown-Twiss correlations[ll] are also a small effect.

The hit position in a Plastic Ball module is smeared out over the
triangular shape of a module when the yield is studied as a function of
pseudorapidity, as described above for the streamer tube detectors.
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3.1.10 Background

The background referred to in this section is the contribution to the
charged particle yield not coming from primary particles or their secon-
daries. Some examples of contributions to this background are particles
from projectiles that interact in the target frame or in the beam pipe,
cosmic rays and albedo from the calorimeters. These effects were stud-
ied with events from a run without a target. The correction was found
to be largest for peripheral collisions and for the lightest target. How-
ever, for the streamer tube region the correction did not exceed 0.2%
and is negligible compared to the other sources of error. The correction
grows for the more backward angles covered by the Plastic Ball. The
correction reaches 1% at »7 < —1.0 and the maximum is 5% at the back-
ward edge of the Plastic Ball at i\ = -1.7. The yield was not corrected
for this effect.

3.2 Comparison with a Model
In paper 2 an extensive study of the behaviour of the widths of the
distributions of the charged particle multiplicity and of the transverse
energy is made for WA80 data and the FRITIOF model. Below a brief
description of how the different terms were calculated is given.

In the formulas below, X can be taken as the transverse energy, the
charged particle multiplicity or any other quantity that one wants to
study. In paper 2 the number of sources, n, were taken as the number
of participants or the number of binary collisions but any other suitable
quantity can be chosen.

Model events were generated with the FRITIOF Monte-Carlo code.
For each event a check was made to see whether the trigger cut was ful-
filled. For each of the accepted events X was calculated for the interval
of interest and X and n were saved. After all the events had been exam-
ined {X) and (X2) were calculated as functions of n. The probability
distribution, P(n), and the mean number of sources, (n) were simply
calculated from the different n values. The mean contribution from the
emission from the ith source, (Xi)> is given by equation 9.

(9)

{X)i is {X) for i sources.
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The sum in term 1 in paper 2 was calculated directly from the rela-
tionship:

- <*>a) = <**>« - M i (10)

Equation 10 was arrived at from the following derivation:

= Mi

It has been assumed that the diiTerent sources are independent of each
other, i.e. (XiXj) - <X<) • {Xj), i ^ j .

Formula (3) in paper 2 is given below as equation 11.

-1 = am* (11)

The normalized variance, fl, is simply the variance divided by the mean,
squared.

In the analysis of the WA80 data the limited detection probability of
the multiplicity detectors is taken into account to facilitate a comparison
with FRITIOF. Equation 11 then becomes slightly modified.

Assume that the detection probability is constant in the pseudo-
rapidity interval under study and equal to 6. The uncorrected, mean
pseudorapidity density, {p{i))), and the corrected, mean pseudorapidity
density, (p(r]))c, are then related by

(12)

Equation 11 is then modified to become

fi(r/, AT;) - (AT/ • {fa))e • S) = const (13)
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The detection probability for charged particles in the region studied was
about 85% for one layer of streamer tubes detectors. Since correlated
hits between two planes were demanded, 6 = (0.85)3.

The limited detection probability gives an increase in the width of
the distributions since they are simply corrected by dividing them by
6. The size of the contribution to the standard deviation of the distri-
butions can easily be estimated. The value quoted for ft for the data
in paper 2 is 2.64 • 10~3. The standard deviation is then calculated by
taking the square root of 0 and multiplying it by the mean multiplicity.
In figure la in paper 2 the mean multiplicity is about 110 and gives a
standard deviation of 17.9.

A fixed actual multiplicity of m particles detected with a detection
probability of 6 would give a binomial distribution with a mean m6
and standard deviation JmS(l — S). Since the detection probability is
known the whole distribution is divided by 6 to get the correct mean.
The standard deviation after the division by 8 is then Jm{\ — S)/S.
With the above value of 6 and the same mean multiplicity of 110 it gives
6.5. The standard deviation with the contribution from the limited
detection probability unfolded is then ^/(17.9)2 - (6.5)2 = 16.7. The
difference is only 7-8% compared to the value 17.9 above.
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4 Multi-step Avalanche Chambers
The WA80 experiment was upgraded in 1991. An extended collabora-
tion with 13 participating institutes formed the WA93 experiment [56].
One of the physics goals of the new collaboration was interferometry[10]
measurements of negative pions to determine the sizes and lifetimes of
the systems produced in heavy ion reactions. Due to the large number
of charged particles, a detector with a large number of channels was nec-
essary. A good resolution was also a necessity to get a good momentum
determination. It was decided to use multi-step avalanche chambers,
MSAC's[57], with optical readout in the form of CCD-cameras. This
system combines the above qualities with a low price per channel. Re-
sults from a test chamber, 55x55 cm2 in size, have been reported by the
group from the University of Geneva[58]. Totally five chambers, each
with an area of 2 m2, have been built and four have been used in the
experiments during 1991 and 1992.

The heavy ion group from Lund has participated in the construction
and testing of these MSAC's, and in using them for data taking and
analysis. In parallel the Lund group has built two small test chambers
in Lund to study the possibilities of using electronic readout in the
form of anode pads. The following sections describe the construction,
operation of and analysis with the full-size chambers and some of the
results from the tests on pad readout.

4.1 Principles of Operation
Figure 5 shows a section through a part of one of the large MSAC's
used at CERN. In an MS AC the amplification of the primary ioniza-
tion, caused by the charged particles passing the chamber, is done in
several steps. Typically the amplification factor in one amplification gap
is ~103. Between the amplification regions it is possible to stop the elec-
tron cloud by a reversed electric field between two planes, called a gate.
In case of a valid trigger signal the gate is opened with a pulse to the
planes, allowing the electrons to continue to the next amplification re-
gion. The primary ionization from events which have not been accepted
by the trigger logic are therefore amplified only in one gap. If the trig-
ger rate is much less than the event rate the amount of »pace charge
from positive ions is strongly reduced by the use of a gate. Without the
gating the build-up of space charge in the chambers would cause spark
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breakdown. After a spark the chamber is insensitive until the electric
field has recovered.

Figure 5: A section through the three-step amplification MS AC. The let-
ters have the following meaning: I=ionization, A=amplification, D=drift,
G=gate, L=light, WLS=wavelength shifter. To the left in the figure are the
gas inlets.

The light detected by the optical readout is produced by a small
amount of triethylamine, TEA, which is added to the main gas, Ne.
The light is emitted as the TEA molecules deexcite. The highest electric
field strengths are used in the amplification regions. A somewhat lower
field strength is used in the last gap, called the light gap where most of
the light from the excited TEA molecules is emitted[59]. The emission
from TEA is in the near UV-region[60] and has to be shifted towards
visible light for which the image intensifiers in the CCD-cameras have
higher sensitivity. The shifting of the light is done by a wavelength
shifter placed on the last plane.
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4.2 Construction
4.2.1 MS AC Assembly

The MSAC consists of a series of parallel planes of stainless steel mesh
attached to frames of fibre-glass. The mesh has a wire spacing of
500 /xm and the wires are 50 /*m in diameter. A rectangular shape
has been chosen for the chambers and the inner measures of the frames
are 1.2x1.6 m*. The mesh was stretched in a steel bench and after
which the frame was raised from below and glued directly to the mesh.
High voltage connectors attached to the frame were fastened to the mesh
with conductive glue.

mesh plane
1
2
3
4
5
6
7
8
9
10
11
12

voltage (V)
-7330
-6930
-5500
-1980
-2020
-715
+715

+2020
+1980
+3250
+4680
+6580

MSAC gap
I

Ai
Dx
Gx

D3

A,
D3

G2

D4

A3

L
—

distance (mm)
11.2
4.0

30.0
4.0

12.0
4.0

12.0
4.0

11.2
4.0
7.0
—

Table 1: Voltages applied to MSAC mesh planes during normal operation.
The distances between the mesh planes are shown for the different gaps. I is
the gap between plane 1 and 2, Ai is the gap between planes 2 and 3 and so
on.

The parallelism of the meshes is crucial in order to obtain an even
response over the entire chamber. To ensure a constant distance, ap-
proximately 50 small ceramic spacers were put between the meshes in
each amplification region. There are 15 frames in each chamber, but
only 12 meshes. The remaining frames hold the double 50 /xm mylar
windows. Some planes have holes drilled through the frame and these
holes are used as gas inlets and outlets. A 1 mm wavelength shifter from
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Bicron is placed on the twelfth mesh. Details on the distances between
planes and the voltages used during operation are found in table 1.

The assembly was done in a dust-free room and the frames were
cleaned in an ultrasonic bath before they were glued together. After
testing, the chambers were installed in a specially designed dark room
in the experimental area and were suspended from the ceiling.

4.2.2 The Gas System

The gas used in the chambers is a mixture of Ne and triethylamine,
TEA, at atmospheric pressure. TEA acts both as a quencher and a
light emitter. The possible reaction dynamics in the gas mixture has
been discussed in reference[60]. At roonr temperature TEA is a liquid.
It has a high vapour pressure, and a constant admixture of TEA of
about 2% is achieved by letting the Ne gas bubble through a container
of TEA kept a 0° C. A stable flow is maintained by the use of mass
flow meters. The flow is kept at a constant value of 24 litres/h. The
volume of a chamber is about 200 litres. To minimize the diffusion of air
through the thin mylar windows into the chamber, the spaces between
the outer and inner mylar windows are flushed with Ar. The gas system
for one MSAC chamber is shown in figure 6.

TEA is flammable, toxic and chemically aggressive. Resistant ma-
terials have to be used for all parts which come into contact with liquid
TEA. The TEA container is made of stainless steel and the bubblers
are of glass. The gas system is designed in such a way that it is possible
to refill TEA without interrupting the gas flow and without allowing
air to enter the chambers. The parts of the TEA container where the
bubblers are situated are connected with the main container through
tubes placed below the TEA level. The refilling is only done into the
main container. TEA is refilled daily to minimize fluctuations in the
concentration. The TEA level is about 10 cm above the gas bubblers.
Normal daily consumption corresponds to a level decrease of 1 cm. No
variation in the light gain of the chambers due to the change in level
during refilling was observed.

In case of a blocked exhaust the chambers might deform and even
explode. Overpressure safety valves were installed on the inlet sides of
the chambers. They are released at an overpressure in the chambers
of 1-2 mbar. If a power failure occurs the mass flow meters control-
ling the Ne flow are closed. If the power failure lasts several hours the
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Figure 6: Flow diagram for the MSAC gas system.

atmospheric air pressure might increase sufficiently for air to enter the
chambers through the exhaust pipes. A by-pass is activated in case
of a power failure and guarantees that the chambers are always at a
slight over pressure. With the by-pass activated pure Ne will enter the
chambers. Short power failures of some minutes cause no substantial di-
lution of the gas mixture and normal operation can be resumed directly.
After long down periods the chambers will have to be flushed with a
Ne+TEA mixture of the correct concentration before startup. Diffusion
of air backwards through the 50 m-long exhaust pipes is completely neg-
ligible. A safety valve after the Ne bottles keeps the overpressure of the
entire system below 0.4 bars.

4.2.3 Optical Readout

The optical readout of the MSAC's was done by CCD-cameras, specially
designed for the experiment, from EEV (Chelmsford, UK). The CCD-
cameras are placed out of the particle paths, either below or above
the chambers. Each MSAC is viewed by two cameras. They observe
the chambers via mirrors placed at a 45° angle relative to the chambers.
The mirrors are made of aluminized mylar glued to a honeycomb frame.
In this way the amount of material between the chambers is kept at
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a minimum. Figure 7 shows a side view of the four MSAC's in the
experimental setup.

•1900 200 4600

Figure 7: The four MSAC's in the WA93 setup at CERN. To the left in the
figure is the magnet Goliath with the target position at the entrance of the
magnet.

Each camera is equipped with a 25 mm lens with a maximum aper-
ture of 0.85 and has two image intensifiera. An EEV frame transfer
CCD with two fields of 288x385 pixels is situated behind the image
intensifiers. The cameras are located at a distance from the chambers
such that each pixel corresponds to an area of 3x3 mm2 in the cham-
bers. The control and processing circuits are placed in a rack connected
to the camera.

The cameras are coupled to electronics which performs noise sup-
pression and data reduction. The information from each pixel is 3 bytes,
the x and y positions are each 9 bits and the intensity information is 6
bits. The electronic noise varies from pixel to pixel but is fairly stable
in time. It is subtracted for each pixel. The pixel information is kept
only if the intensity exceeds a predefined threshold. A pixel reduction
of up to 99% can be achieved in this way. The readout of the cameras
is done in 20 ms.

To determine any image deformations in the camera the spacers of
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the chambers are used as fiducial points. The chambers are illuminated
from the side by blue light and several images are taken with the cameras
covered with a filter. The reflection on the spacers can be seen on the
images. The centroid of each spacer on the image is determined from
a two-dimensional Gaussian fit to the intensity distribution. A linear
relationship is assumed for the x and y positions of the fiducials on the
chambers as a function of the x and y pixel positions on the image. The
parameters in the linear relationship are determined from a least square
fit.

4.2.4 Test of Wavelength Shifters

An investigation of wavelength shifter films [61] which were to be used in
the MSAC's was carried out in Lund. Eventually it was decided to use
similar films from Bicron, BC-499-09, with almost the same response.
The purpose of the investigation was to obtain the emission spectra from
three different wavelength-shifter materials when exposed to UV-light.
The wavelength shifters were to be used to shift the emission spectra
from the gas mixture Ar-f TEA or Ne+TEA into the visible region. The
wavelength shifters were in the form of plastic films with a thickness of
0.06 mm.

The emission spectrum from Ar+TEA[60] has its maximum intensity
at about 280 nm. In this measurement a Hg-lamp was used to simulate
the Ar+TEA spectrum. It had a quartz window so as to be transparent
to the UV-light. An interference filter was used to select the region
in the spectrum around 253.6 nm where Hg has a strong emission line.
The maximum transmission of the filter was at 260 nm with a full width
at half maximum, FWHM, of 47 nm. The setup is shown in figure 8.

The light source and the filter were placed in a box with a diaphragm.
The box was placed at an angle to the entrance slit of the monochroma-
tor to reduce the level of scattered Hg-light in the system. The entrance
slit was countersunk into the wall of the monochromator, so that no di-
rect light could enter the monochromator. A GCA/McPehrson model
EU/E-700 scanning monochromator was used. It was connected with
a scanning control and a strip-chart recorder. An electric motor, con-
nected to the scanning control, rotated the grating. The films to be
examined were placed in front of the entrance slit, one at a time. The
signal from the photomultiplier, operated in a photon-counting mode,
was amplified 100 times and sent via a discriminator to a ratemeter.
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Figure 8: The setup for the measurement of the emission spectra from wave-
length shifter films excited with UV-light from a Hg-lamp.

The analogue output of the ratemeter was registered on the strip-chart
recorder.

Using the motor, a measurement was made for each of the three
films to be tested. The region investigated was 200-700 nm, and the
results are shown in figure 9. The curves showing the intensity are in
arbitrary units, but the same scale has been used in all four spectra.
The ratio of maximum signal to background is about 3 to 1. For both
the green and the orange filter two peaks are seen, the larger one in the
near UV-region and the smaller one in the visible region. For the blue
film there could be a superposition of two peaks. In the case of the "no
film" measurement there is a reasonably flat background.

The thickness of the film does not influence the emission spectra.
Measurements were made with both one and two layers of the green
film but no difference was found between the spectra. The absorption
of UV-light is complete already with one layer of the film. This was
confirmed by directing the UV-light directly into the spectrometer and
inserting the film in front of the spectrometer slit. The peak at 253.6 nm
disappeared completely when the film was inserted. It shows that even
thinner films would work satisfactorily.

4.3 Monitoring
The high voltage for the chamber is supplied by a CAEN SY-127 main-
frame. It is controlled from a microvax via a CAEN C-139 C AM AC
interface. The gate is made with 800 ns-long pulses of -250 V to planes
4 and 8. The exact arrival of the gate pulses has to be matched to the
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Figure 9: The emission spectra from a "green", "orange" and "blue" wave-
length shifter when exposed to light of 253.6 nm. The fourth spectrum shows
the background, obtained from a measurement with no wavelength shifter.
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drift times of the chambers. The delays for the two gate pulses were
0.75 and 1.8 /is, respectively.

Before the MS AC'6 were installe 1 in the experiment their perfor-
mance was checked in the laboratory. A collimated radioactive source
of MSr with an activity of several MBq was mounted on one side of the
chamber. ^Sr decays via MY which gives electrons with a maximum
energy of 2.3 MeV. The electrons were detected by a photomultiplier
with a scintillator placed on the opposite side of the chamber. The sig-
nal from this photomultiplier gave the trigger signal to open the gates in
the chamber. The light from the chambers, produced by the electrons
from the source, was measured with a second photomultiplier placed
next to the first one.

The mean light output at one position on the chamber •vas measured
at 15 minute intervals during 24 hours to check for variations in the gain.
The voltages of the chamber were fixed and the atmospheric pressure
and the temperature of the laboratory were monitored. The mean light
output varied by a factor of two during the 24 hours.

By moving the source and the photomultipliers, but keeping their
relative positions fixed, it was possible to measure the uniformity of the
light gain over the surface of the chamber. One position on the cham-
ber was used as a reference point and before each new measurement,
the reference point was re-measured. Any change in light gain of the
whole chamber due to the influence of variations in temperature or at-
mospheric pressure could in this way be corrected for. The uniformity
of the mean light output was found to be constant to within about 10%
over almost the entire surface. Only at some edges were deviations of
up to 30% measured. The differences were traced to nonuniformities in
the frame thickness in some amplification gaps. The deviations in the
thickness of the amplification gaps were typically less than 1%.

To measure the light gain of the chambers when the beam is on, a
monitoring system similar to the one described above for the testing
was used. One monitoring system with a radioactive source and two
photomultipliers was used for each chamber. The system was placed at
the edge of the chambers furthest away from the beam. In this way it
did not disturb the data taking.

The light produced by the electrons from the source was measured
during off-spill and served to maintain a stable light gain. To keep
the gain constant it was necessary to increase or decrease the electric
field strengths in the amplification gaps in order to compensate for any

42



changes in air pressure, temperature or TEA concentration. A com-
puter programme was developed to facilitate automatic gain compen-
sation through the CAMAC interface. The mean light output from
the chamber for 1000 electrons detected by the trigger photomultiplier
was measured. If the mean had changed significantly as compared to
the mean obtained in a reference measurement a voltage change was
applied. The exact voltage change necessary to keep the gain at the ref-
erence level was determined by the programme from a parameterization
of the change in light gain as a function of the voltage change.

4.4 Analysis
4.4.1 Track Reconstruction

The light distribution from an MSAC for & minimum ionizing particle is
wide, as shown in figure 5 in reference [58]. The number of pixels giving
a signal above threshold therefore varies substantially. A clustering
of connected pixels is done to determine the centroid of the cluster
signal. A threshold of at least two pixels is demanded to optimize the
signal-to-noise ratio. For each chamber there remains a number of hits
with known x, y and z coordinates. The z-direction is the direction
of the beam, while the y-direction is in the vertical direction and the
x-direction in the horizontal.

Already at the position of the chamber closest to the magnet the
magnetic field is weak. The tracks of the particles produced are assumed
to be straight through the four chambers. The field of the magnet is ori-
ented vertically and the y-component of the momentum of the particles
is hardly affected by the magnetic field. All tracks from the vertex will
therefore point back to a position either to the left or the right of the
target. This fact is used in the track reconstruction. Several algorithms
for the track reconstruction have been tried. The one currently used is
described below.

A list is made of all the possible vectors that can be constructed
from combinations of tracks from two different detectors. This list is
ordered according to the y-component. A search through the list then
reveals neighbouring vectors which have a common point in one of the
detectors. For these pairs of vectors a one-dimensional least square
fit is made to the three points in the y-direction. The error of each
centroid position was set to one pixel. The fit was required to have a
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X3 per degree of freedom less than 1 and point towards the target to
within 1 cm. The tracks that survived this test were fitted also in the
x-direction and the same criterion of the \* Pe r degree of freedom was
demanded in order to have a valid track. Due to the limited efficiency,
hits in only three chambers were required in order to produce a valid
track. An extrapolation to the fourth detector was made. If a hit was
found in the fourth detector within 3 mm of the extrapolated position
it was also included in an improved fit.

4.4.2 Momentum Determination

The magnetic field from the magnet Goliath has been mapped in space
points 2 cm apart in the z-direction and at every 4 cm in the other direc-
tions. A simulation of particles with known momenta passing through
the magnetic field was made and their hit positions in chambers 3 and 4
were calculated. Chebyshev polynomials were used to fit the results of
the simulation. The momentum can in this way be calculated with an
accuracy of better than 1% as a function of the known hit positions in
chambers 3 and 4. If the track has not been found in both chambers 3 or
4 the track is extrapolated to the missing chamber and the extrapolated
value is used in the calculation of the momentum.

4.4.3 Interferometry

The direction of the magnetic field has been chosen in such a way that
negative particles are bent towards the right, looking in the beam di-
rection. This is the side where the MSAC's are placed. The charge of
a particle is determined by an extrapolation of the track to a position
with z=0. Negative particles give tracks that point back to a position
to the right of the target when facing the beam.

In the momentum determination all negatively charged particles are
assumed to be negative pions. The coverage of the detectors is in the re-
gion pr < 1 GeV/c and 2 < y < 4. Figure 10 shows the two-particle cor-
relation function obtained in the preliminary analysis of central 32S-f Au
collisions at 200 A GeV. In this preliminary analysis the correlation func-

where pj1tion is forced to unity at large values of Q = J—(pj* —
and pj are the four-momenta of the particles. The central events were
selected as events having a high transverse energy.

The function used for the fit in figure 10 is the one-dimensional
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Figure 10: Preliminary result of the interferometry analysis of the MSAC data
from central 32S+Au collisions at 200 A GeV. The two-particle correlation
function is shown as a function of Q in units of GeV. A one-dimensional
Gaussian fit is included.
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Gaussian distribution in equation 14. The extracted fit values were
Ä=4.57±0.75 fm, A=0.47±0.11 and tf=0.992±0.006. The * 3 per degree
of freedom was 1.1.

C(Q) = N 1 -f A • exp (14)
' Q*R>\'
< 2 J j

The data have been corrected by the Gamow factor[62] to com-
pensate for the Goulomb interaction between the particles. The event
mixing for the background sample is done by combining every track
in a pair with all tracks in some of the following events. 62 000 pairs

45



were used for the signal whereas 440 000 were used for the event-mixed
background sample.

4.5 MSAC with Pad Readout
The reasons for providing the MSAC's with pad readout instead of
optical readout are:

• Higher data collection rates (1000 Hz).

• Higher detection probability (virtually 100%).

• More compact design.

• Operation less close to the sparking limit reduces dead time.

• Can be used as a second level trigger.

• No need for a light-emitting gas like TEA or wavelength shifting
material.

The first tests with the pad readout were performed on a small test
MSAC in Lund. The gas mixture used was Ar+TEA. The test chamber
is cylindrical in shape with an inner diameter of 12 cm. The amplifica-
tion is done in two steps. It has 7 planes placed at high negative voltage.
The 8th plane houses the anode pads which are connected to zero po-
tential. The efficiency was determined by placing a 32P electron source
on the pad side of the chamber and having two photomultiplier tubes
with small scintillators on the opposite side. The maximum electron
energy from the decay of 32P is 1.7 MeV. A coincidence between the
signals from the photomultipliers was demanded as a signal of an elec-
tron passing through the chamber. The pad signals were fed through
a charge-sensitive preamplifier and a main amplifier before they were
recorded in a PC-based, multi-channel analyzer, MCA. The MCA was
gated with the coincidence signal from the photomultipliers. The coin-
cidence signal was delayed to match the typical drift time of the electron
cloud of about 1 /ts. The pulse height spectrum showed a pedestal peak
and a wide pulse height distribution. Efficiencies of 95-97% were mea-
sured depending on where the cut between pedestal and pulse was set.
The cause of the inefficiency was investigated. Noise in one or both
of the photomultipliers could give accidental triggers. Electrons from
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the source could scatter in the chamber and give a coincidence even
though the electrons would not drift back to the pads. These two pos-
sibilities were investigated, but could be ruled out. The possibility that
noise was the cause of the inefficiency was rejected by time delaying the
signal from one of the photomultipliers and looking for coincidences.
The count rate was zero. Scattering in the chamber was excluded by
shielding the scintillators properly from scattered electrons.

The transversal extension of the electron cloud could be estimated
since the pads were in the form of thin strips. Both the pad width and
the distance between pads were 1 mm. The signal from one of the pads
located at the edge of the pad plane was used as the trigger signal. The
particles from the source pass to the left and right of the trigger pad
with equal probability. It is assumed that the average pulse height from
a pad depends monotonically on the distance from the particle. In that
case the median values of the pulse height distributions from the pads
give the profile of the electron cloud. With this method the position of
the trigger pad defines the centre of the electron cloud. The distribution
obtained in this way is a projection of the electron cloud along the strip
direction. The FWHM of the distribution was measured and found to
be 3.2 mm.

During the spring of 1992 a second, small, test chamber with a new
pad configuration was tested at CERN. Two pad planes, both having
8x8 pads, were used. The size of the pads are 2x2 mm2 and 4x4 mm2

in the two planes, respectively. The insensitive spaces between the pads
are 1 mm wide. The gas mixture was the Ne+TEA employed for the
large MSAC's. A similar trigger arrangement to the one used in the
laboratory in Lund, described above, was used. The difference was that
one photomultiplier with its scintillator was placed in front of the cham-
ber and two were placed behind it. The pad array with the 4x4 mm2

pads is larger than the smallest scintillator and was used to estimate
the detection probability. The chamber was placed in the WA93 setup
9 m downstream of the target and 1.3 m away from the beam. At this
position very few particles reach the chamber and the probability that
two particles from the same event hit the chamber was only a few per-
cent. All the signals from the 64 pads in the pad plane were amplified
and fed into CAMAC-based ADC's. In the case of a valid trigger the
ADC's were read out and the information was written out on tape.

The preliminary analysis of the pads of size 4x4 mm2 gives a de-
tection probability of 96-97% for charged particles passing through the
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chamber, i.e. for 3-4% of the triggers no pads give a signal above the
threshold. The most probable number of fired pads is 2, which occurs
for about 45% of the triggers. Clusters of 1 and 3 pads both have prob-
abilities of 15%. For the small pads on the average more pads give a
signal above the threshold than for the large pads. For the pads of size
2x2 mm3 the most probable number of pads in a cluster is 4 which
occurs for about 35% of the triggers. Clusters with 2 and 3 pads have
somewhat lower probabilities.

To get a position resolution better than half a pad size, it is necessary
that the electron cloud spreads out over several pads. The use of smaller
pads has the drawback of higher costs since more channels have to be
read out for a given surface. An increase in the gain of the chamber
would give a stronger signal and probably cause more pads to fire.
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5 Papers

5.1 Self-quenching Streamer-tube Detectors in the
WA80 Experiment

This paper is a technical description of the streamer tube detectors
used in the WA80 experiment. Streamer tubes have been used for sev-
eral years in high-energy physics. The unique feature of the streamer
tube detectors described in this paper were the 43000 pads used for the
readout of the detector. Their small size, a few cm3, gave a good posi-
tion resolution. The large number of pads is imperative to be able to
deal with the high multiplicities of heavy ion reactions. The amount of
data is reduced by online suppression of information from pads which
have not given a signal above the set threshold. Data from the streamer
tube detectors were used in the following two papers and are therefore
of importance in this thesis.

5.2 Global and Local Fluctuations in Multiplic-
ity and Transverse Energy for Central Ultra-
relativist ic Heavy Ion Interactions

This paper deals with the widths of transverse energy and charged parti-
cle multiplicity distributions in heavy ion collisions. Data from 16O+Au
interactions are compared with the FRITIOF model. By means of the
model it is possible to extract the physical contributions that together
give the widths of the distributions. The widths are determined both
for a limited pseudorapidity region and globally. The main contribu-
tion was found to be the variation of the number of emitting sources
taken as the number of participants or the number of binary collisions.
The larger widths obtained when studying the distributions in a narrow
region of pseudorapidity are explained as a statistical effect.

5.3 Multiplicity and Pseudorapidity Distributions
of Charged Particles from 32S Induced Heavy
Ion Interactions at 200 A GeV

Charged particle measurements from 32S +A1, Cu, Ag and Au collisions
are summarized in this paper. In the region —1.7 < TJ < 4.0 the mul-
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tiplicity of charged particles reaches 700 for the heaviest target. The
pseudorapidity distributions are studied as a function of the centrality
of the collision. The maximum of the average charged particle density
reaches 180 for 33S + Au. The estimated energy density from this re-
sult is 2.2 GeV/fms according to the Björken formula. Results from
different experiments are compared and the difference in acceptance
is described. Different trigger criteria affect the result in spite of the
fact that the same fraction of the inelastic cross section is selected. A
detailed simulation of the experimental triggers shows that there is a
substantial difference of several percent in the charged particle density.
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