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Chapter 1

Introduction

The curiosity of man, about his surroundings and his very existence, has
caused him to explore nature. This eagerness to understand nature led
the ancient Greeks to the concept of four basic elements, earth, water, �re
and air, which was still used in the Middle Ages. After the Middle Ages
there was a change of attitude towards practising science. No longer pure
logic but also experiments were used to investigate nature. At the moment
that the models failed to describe certain phenomena the search for other
explanations began.

The same eagerness "to understand" has led to the search for a phase
transition of nuclear matter to a gas of its constituent quarks and gluons.
The main topic of this thesis will be the study of the space-time evolution of
hot and dense nuclear matter created in ultrarelativistic heavy-ion reactions.
Knowledge of the space-time evolution of the reaction zone provides insight
into the dynamics of nuclear matter under extreme conditions and forms a
necessary step for the observation of the phase transition.

1.1 History

It was only in 1911 that Rutherford discovered the core of the atom, which
we know as the nucleus. A big step towards a better understanding of
matter was made and the new �eld "Nuclear Physics" was born. In order
to study smaller and smaller structures of nuclear matter an even higher
resolving power of the analyzing apparatus was strongly needed. Were low
energy probes like X-rays su�cient for the study of the shell structure of
the atom, higher energy probes were required for the study of the structure
of the nucleus. The continuing development of particle accelerators enabled
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studies of length scales smaller than the size of the nucleus, which is of the
order of several femtometer (1 fm = 10�15 m).

With the discovery of the neutron by Chadwick in 1932 it became appar-
ent that the nucleus is built up of protons carrying positive electric charge
and neutrons carrying net electric charge zero. More exotic particles like
the muons and the � mesons were subsequently found. The observation of
these particles was followed by the discovery of other related mesons and an
even larger number of baryonic particles related to the protons and neutrons
themselves. The systematics of the large number of these hadronic parti-
cles, baryons and mesons, raised the question if they are composed of more
elementary constituents as was independently suggested by Gell-Mann and
Zweig.

First positive evidence for the existence of quarks was found in the late
sixties with the discovery of the internal structure of nucleons via deep-
inelastic electron-nucleon scattering at the Stanford Linear Accelerator Cen-
ter. The constituents of hadrons, in particular nucleons are in our current
understanding described by quarks and leptons interacting via gluons, W�-
and Z-bosons and photons.

quarks leptons 
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d s b

!  
e � �

�e �� ��

!
(1.1)

There are six avors of quarks of which the up (u), charm (c) and top (t)
quarks have charge +2

3 and the down (d), strange (s) and bottom (b) quarks
have charge �1

3 . The quarks can be arranged in doublets or pairs, (u,d),
(c,s) and (t,b), with almost equal masses within the doublet. Although the
recent discovery of the top quark in 1995 at Fermilab [1, 2] awaits further
con�rmation there are strong theoretical arguments in favour of its existence.
The leptons are arranged in doublets: the electron (e) and the electron-
neutrino (�e), the muon (�) and the muon-neutrino (��), and the tau (�)
and the tau-neutrino (��). The baryons consist of triplets of quarks whereas
the mesons are formed by quark and anti-quark pairs. Before we continue
on the theory related to the quark structure of the constituents of nuclear
matter let us look thirty years back when this structure was not yet known.

R. Hagedorn (1965) and I. Pomeranchuk (1951) raised the question:
"What will happen with nuclear matter in case of increased heating and
compression ?" In the �eld of atomic physics the corresponding answer was
known. Both heating and compression lead to phase transitions between
the gaseous, liquid and solid states of "atomic matter". Hagedorn, with a
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resonance gas model of hadronic matter, and Pomeranchuk, with a model of
hadrons occupying a �nite volume, came to the remarkable result of a lim-
iting temperature of about 140 MeV, close to the pion mass, for hadronic
matter [3]. Energy added in the form of heating or compression only leads
to a further increase of the energy density. Hadronic matter could according
to their results not exist above the limiting temperature.

During the early phase of the expansion of the universe, the primordial
matter must have been very hot and dense. The average temperature of the
universe today is 2.7 K. An extrapolation backward in time can be made
leading to a temperature of 200 MeV (1012 K) at about 20 �s after the Big
Bang. Could it be possible that with the expansion and cooling of the uni-
verse the primordial matter had made a phase transition to hadronic matter
? Knowledge about the space-time evolution of such a phase transition could
contribute to an explanation for the observed large scale inhomogeneities in
the universe, like clusters of galaxies. Inhomogeneities in the matter dis-
tribution of the universe have been found via very accurate temperature
measurements of the background radiation in the universe by the COBE
experiment [4].

With the discovery of the internal quark structure of the hadrons only
twenty-seven years ago a new �eld theory: quantum chromodynamics (QCD),
describing the strong interactions of quarks and gluons, was developed. This
theory possesses remarkable properties both at small and large distances be-
tween the quarks and gluons. The quarks and gluons become unbound at
small distances and a new phase of quarks and gluons, the quark-gluon
plasma (QGP), is expected to develop.

1.2 Quantum Chromodynamics

From the deep-inelastic lepton scattering experiments it was known that
quarks have spin 1

2 , i.e. they are fermions. Furthermore, triplets of three
identical quarks like the �++ = (uuu) and the 
� = (sss) were observed
which in the constituent quark model should have all the spins of the three
quarks parallel and their relative motion in an s-state. The Pauli principle
prohibits such a state unless there is an additional quantum number attached
to the quarks. This quantum number was called colour charge. It can have
three values which are conveniently called red, green and blue.

As quarks until now have not been observed as free colour-charged par-
ticles, the condition that bound quarks should form colour singlets has to be
ful�lled. The symmetry group in the three colour dimensions SU(3) ful�lls
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such demands and it is the basis of the QCD theory. In the theory of QCD
the quarks, carrying colour-charge, interact via the emission and absorption
of a colour octet of �eld force carriers, the gluons. This is in analogy to the
theory for electromagnetic interactions, quantum electrodynamics (QED).
Here the electric charges interact via the emission and absorption of pho-
tons. Contrary to the photons in QED, which carry no electric charge, the
gluons carry an octet of colour-charges and thus interact both with quarks
and other gluons. This self-interaction of the gluons causes the long range
force behaviour of the strong interaction. The quarks are bound by a force
acting like a rubber band of gluons due to which quarks can not be sepa-
rated unless another quark-anti-quark-pair is created conserving the colour
singlet state of quarks.

1.3 Decon�nement

QCD exhibits two remarkable features at both large and small distances.
These properties can be immediately deduced from the quark-quark running
coupling constant �s of QCD

�s(q
2) =

3

(33� 2 �Nf) � ln q2

�2

(1.2)

where q is the momentum transfer, Nf the number of quark avours, and �
a dimensional scaling parameter.

At small momentum transfer and thus large length scales the coupling
constant approaches large values. In this so-called non-perturbative region
the behaviour of QCD is explained by colour con�nement and implies that
observable states of quarks have to appear in colour singlet states as colour-
less objects.

In case of an increased momentum transfer q2 and thus small length
scales we see that �s(q

2)! 0. The scale parameter � has to be determined
from experiments (deep-inelastic lepton scattering) and is determined to be
�QCD � 200 MeV [5, 6]. So for q2 � �2

QCD there is weak coupling.
In atomic physics the e�ect of Debye charge screening is well-known.

The Coulomb potential for two charges changes signi�cantly when these
charges are placed in an environment with a charge distribution containing
both positive and negative charges, e.g. a plasma. The e�ective Coulomb
potential is

V (r) =
e

4 � � � �0
� e

�r=rD

r
(1.3)
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where r is the distance between the electric charges e and rD the Debye
screening length. In case the Debye length is smaller than the distance
between the charges the Coulomb potential is reduced signi�cantly and the
charges are no longer bound. Thus a charge insulator material may become
a charge conductor.

Could an equivalent phenomenon also occur in QCD ? Then the question
of Hagedorn and Pomeranchuk about the behaviour of hadronic matter at
high temperatures and nuclear densities could be answered. A new phase of
hadronic matter of free quarks and gluons would show up and the problem
of the limiting temperature would be explained. Hadronic matter would no
longer exist above this critical temperature.

Indeed QCD predicts the existence of a quark-gluon plasma (QGP) at
extreme nuclear densities or at extremely high temperatures. Under such
circumstances there is weak coupling. The hadronic matter being in the
state of a colour insulator becomes under these conditions an ideal colour
conducting plasma of quarks and gluons. The long range force becomes
Debeye-screened due to collective e�ects analogous to those in an electro-
magnetic plasma.

1.4 Theoretical Description of the Quark-Gluon

Plasma

The QCD theory predicts a short-lived �nite volume of unbound quarks
and gluons in case of heating and compression of nuclear matter in nucleus-
nucleus collisions. What are the physical quantities, like energy density,
pressure and temperature, related to the phase transition ?

No straight-forward answer has been given to this question until now.
The QCD force possesses a strong long-range behaviour due to which calcu-
lations can not be performed in a perturbative way. Computer simulations
of QCD on a 4-dimensional lattice aim to overcome this problem. Another
approach is based on a phenomenological treatment of hadronic matter. The
QGP is assumed to be an ideal gas of quarks and gluons. Statistical ther-
modynamics then predicts the properties of such a system. To describe the
properties of the QGP the plasma is assumed to be both in thermal and
chemical equilibrium. Thermal equilibrium may be obtained if the mean
free path of a certain particle species is small with respect to the dimension
of the plasma. The condition of chemical equilibrium is met if each species
of particles is present according to its relative thermodynamic weight.
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1.5 Lattice QCD

The thermodynamical properties of a system consisting of quarks and gluons
can not be described analytically because of the strong long-range behaviour
of the QCD running coupling constant. Therefore computer simulations
are needed to evaluate the partition function. The �elds describing the
interactions between quarks and gluons are discretized on a lattice in space
and time.

Depending on the initial conditions with respect to the number of quark
avours and their respective masses, these calculations predict a phase tran-
sition of either �rst-order, meaning a discontinuity in the energy density, or
of second-order, meaning a smooth transition in the energy density with
increasing temperature. The critical temperature is found in the range
140 � Tc � 220 MeV and a critical energy density 1 � �c � 2 GeV/fm3

is predicted [7, 8].

These calculations put heavy demands on computing power. An in-
crease of the lattice slices dramatically increases the computing times. For
in�nite quark-masses, i.e. pure gauge QCD, a �rst-order phase transition
is predicted. With the increase of the amount of slices in temperature and
space the predictions from calculations between 1990 and 1994 for �nite
quark masses have been both in favour of a �rst- and second-order phase
transition [9]. The latest result favours a second-order phase transition.
However, the change of the energy density during the phase transition re-
sembles closely the behaviour of a �rst-order transition. As long as these
complicated calculations have not settled at a �rm result, we assume, for
simplicity and consistent with many theoretical publications discussing the
reaction dynamics, a �rst-order phase transition.

1.6 The Bag Model

A simple phenomenological model describing the main features of a quark-
gluon plasma is related to the MIT bag model [10, 11]. From the grand
canonical partition function the energy density and pressure can be cal-
culated in this model. Two extreme situations will be described. In the
�rst situation the chemical potential, �, will be zero. This means that the
number of quarks equals the number of anti-quarks and thus a baryon-
free quark-gluon plasma is established. The second situation describes at
zero temperature and �nite chemical potential a pure baryonic quark-gluon
plasma.
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Suppose the quark-gluon plasma is an ideal gas in which two quark
avours, u and d, and gluons are present. In this case the number of degrees
of freedom for the quarks and the gluons are

� quarks: Nq = 2(spin)�3(colour)�2(avour) = 12

� gluons: Ng = 2(spin)�8(colour) = 16

The energy density for the gluons is obtained making use of the thermal
momentum distribution for bosons

�g =
Ng � 4 � �
(2 � �)3 �

Z
p3 � dp � (ep=T � 1)�1 =

Ng � �2 � T 4

30
(1.4)

where p is the momentumof the gluon and T the temperature of the plasma.
For the quarks the rest masses of the u- and d- quarks have been assumed

to be zero to facilitate the calculation

�q =
Nq � 4 � �
(2 � �)3 �

Z
p3 � dp � (e(p��)=T + 1)�1 (1.5)

Here the thermal fermion distribution has been used. This integral can not
be solved analytically. However, the energy density for the anti-quarks is
given by

��q =
N�q � 4 � �
(2 � �)3 �

Z
p3 � dp � (e(p+�)=T + 1)�1 (1.6)

Combining the energy density for quarks and anti-quarks their total energy
density can easily be obtained

�q + ��q = Nq �
 
7 � �2 � T 4

120
+
�2 � T 2

4
+

�4

8 � �2

!
(1.7)

Assume the system is contained in a bag with an outside vacuum pressure
B, the so-called bag constant. Taking into account the degrees of freedom
for gluons Ng and quarks Nq, the total energy density of the QGP becomes
[10]

�QGP =
37 � �2 � T 4

30
+ 3 � �2 � T 2 +

3

2 � �2
� �4 + B (1.8)

In a similar way the pressure can be derived to be

PQGP =
37

90
� �2 � T 4 + �2 � T 2 +

1

2
� �

4

�2
�B (1.9)
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In nucleus-nucleus collisions the quark-gluon phase is entered by both heat-
ing and compression of hadronic matter. The energy density and the pres-
sure can be calculated for hot hadronic matter assuming it to be a hot pion
gas. The energy density and the pressure of hadronic matter in the form of
a pure pion gas can be easily calculated. With N� = 3 isospin degrees of
freedom of the pions, we obtain:

�� =
N�

30
� �2 � T 4 (1.10)

P� =
N�

90
� �2 � T 4 (1.11)

Then the critical temperature TC at which the phase transition takes place
can be derived. Demanding that the pressure of the hadronic phase equals
that of the QGP phase at the critical temperature the following relation is
obtained

Tc =

�
90 �B
34 � �2

�1=4
(1.12)

This result applies for zero chemical potential, i.e. for a baryon free quark-
gluon plasma. Applying a QCD scale parameter �QCD = B1=4 = 235 MeV
[7, 10], the critical temperature will be Tc � 170 MeV. The critical energy
density for the quark-gluon plasma is �c � 1:7 GeV/fm3.

In the situation of a baryonic quark-gluon plasma at zero temperature,
analogously to the above, the number density, energy density and pressure
can be derived. The Fermi-momentum �q at which the pressure of the
quark-gluon plasma equals the bag pressure is [10]

�q =

 
24 � �2 �B

Nq

!1=4

(1.13)

Furthermore, the number density can be derived to be

nq =
Nq � �3q
6 � �2 (1.14)

which leads to the critical number density for a quark-gluon plasma with
a high baryon content of nB = 0:72/fm3. This number density should be
compared to the nucleon-number density n0 = 0.17/fm3 in normal nuclear
matter. When the baryon-number density exceeds this nucleon density by a
factor of 5 a phase transition to the quark-gluon plasma appears inevitable.
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1.7 Experimental Search for the Quark-Gluon Plas-

ma

All our universe is "a result" of the Big Bang. The stars and galaxies in the
universe can be observed even with the naked eye. However, (fortunately)
the early phases of such a large scale "experiment" can not be repeated on
earth.

Nevertheless, with the advent of QCD theory and with its �rst applica-
tion to the thermodynamics of strong interactions the quest arose to create
hot and dense nuclear matter in small scale systems in the laboratory. A
necessary condition is that the created system would be large and long lived
enough to study the thermodynamic features of the quark-gluon plasma.

Heavy-ion reactions at ultra-relativistic energies of 10-100 A�GeV ap-
peared to be a suitable tool. In these reactions hot and dense nuclear matter
with a volume of 10-1000 fm3 is created. With the development of heavy-ion
injectors to existing high-energy proton accelerators, the Alternating Gradi-
ent Synchrotron (AGS) at Brookhaven National Laboratory (BNL) and the
Super Proton Synchrotron (SPS) at the Centre Europ�een pour la Recherche
Nucl�eaire (CERN), the appropriate facilities for ultra-relativistic heavy-ion
beams became available in 1986.

With the new accelerators the phase diagram of nuclear matter could be
explored in the region where the phase transition to the quark-gluon plasma
is expected. In �gure 1.1, a sketch of this diagram is shown.

The estimated values of the critical temperature and baryon density orig-
inate from the QCD-lattice and phenomenological calculations. The critical
energy density of 2 GeV/fm3 is to be compared to the energy density of
� 0:15 GeV/fm3 for nuclear matter in the ground state and � 0:5 GeV/fm3

inside a single nucleon. Schematically, the region explored by heavy-ion
reactions is shown. Also the transition of the early universe at high temper-
ature and relatively low density and the transition at low temperature and
high density, possibly reached in neutron stars, are depicted.

A �rst round of experiments, with a relatively light-ion beam from the
AGS, i.e. silicon beam at 14.6 GeV per nucleon (or A�GeV, A = mass
number of the projectile nucleus), and 60-200 A�GeV oxygen and sulphur
beams at the SPS, took place during the period 1986-1990. A large stopping
of the initial reaction partners in the nucleus-nucleus collisions was observed
for these experiments. This proved the possibility of creating hot and dense
nuclear matter.

In the period 1990-1993 experiments were done with 14.6 A�GeV gold
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Figure 1.1: Phase diagram for nuclear matter showing temperature and

baryon density relative to normal nuclear matter.

beams at the AGS and 200 A�GeV sulphur beams at the SPS. In this thesis
results are presented from the analysis of 200 A�GeV S+Au reaction. The
data were taken in 1992 in the WA93 experiment at CERN. In 1994-1995
the WA93 upgrade, WA98, measured Pb+Pb reactions using the 160 A�GeV
lead beam. These data have partly been analysed recently.

In the near future collider experiments, using the Relativistic Heavy-Ion
Collider (RHIC) at BNL (2000) and the Large Hadron Collider (LHC) at
CERN (2008), will take place. The center of mass (CMS) energy of the
reactions, currently

p
s = 20 GeV at CERN, will increase by a factor of 100.

See for an overview of these experiments table 1.1. Here, �i is the expected
initial energy density, dN

dY max
is the expected number of produced particles

at mid-rapidity, section 2.1, and Ti is the expected initial temperature.
The maximum achieved energy density for the current experiments is

estimated to be around the calculated critical energy density of �c � 2
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Table 1.1: Parameters and conditions in heavy-ion experiments.

Start Machine Beam
p
s dN

dY max
�i Ti

[GeV ] [GeV=fm3] [MeV ]

1986 AGS 28Si 5 110 1.3 160
SPS 32S 20 220 2.4 190

1993 AGS 197Au 4 390 1.2 160
1994 SPS 208Pb 17 800 2.5 190

2000 RHIC 197Au 200 1500 4.7 220
2008 LHC 208Pb 6300 2500 7.8 250

GeV/fm3 for the phase transition. The future colliders may well provide a
clear observation of the decon�nement phenomenon as the maximum energy
density will be several times higher than the achieved densities at the SPS
facility so that even the average energy density in these collisions might
surpass the critical density.

1.8 Outline of this Thesis

The results from the measurement of the space-time evolution of 200 A�GeV
S+Au reactions are presented in this thesis. This work was done within the
international WA93 collaboration. The aim of such research, the study of
the QGP phase transition, was discussed in the previous sections.

Knowledge of the dynamics of the hot collision zone is essential for an
understanding of the measured signals from the hot hadronic matter. The
importance of knowing the space-time evolution is stressed in the discussion
of the signals from both the quark-gluon plasma and hot hadronic matter in
chapter 2. As we will see, none of the proposed signals can be understood
properly without a profound knowledge of the space-time evolution of the
particle emitting source.

The method of intensity interferometry was used to determine the size
and the emission time of the particle emitting source. This method was
originally applied by R. Hanbury Brown and R.Q. Twiss [12] to measure
the size of stellar objects using photon-photon correlations. It was for the
�rst time applied in the �eld of nuclear physics by G. Goldhaber et al. to
measure the source size for anti-proton annihilation events using pion-pion
correlations [13].

The interest in the use of intensity interferometry for ultra-relativistic
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heavy-ion collisions arises from the fact that an estimate of the created
energy density in the collision can only be obtained by the measurement of
both the energy and the source volume. Furthermore, large source lifetimes
are predicted in case of QGP formation, which can be indirectly deduced
from the measured source sizes.

An extensive description of this method and the used parameterizations
can be found in chapter 2.

Momenta of negatively charged particles were measured by the large ac-
ceptance spectrometer in the WA93 experimental setup. Groups from the
University of Geneva, the University of Lund and the KVI Groningen were
mainly involved with this charged-particle spectrometer. The measured mo-
menta are used for the intensity interferometry. The spectrometer consisted
of a large dipole magnet and four position-sensitive Multi-Step Avalanche
Chambers, which were optically read out. In addition to the charged-particle
spectrometer a large photon spectrometer measured the neutral mesons and
photons. An overview of the WA93 setup is given in chapter 3. The main
emphasis of this thesis lies on the spectrometer for negatively charged par-
ticles and a newly developed electronic readout method of the avalanche
chambers, as the author was actively involved in the design, building, oper-
ation and data analysis of these chambers.

Properties of the charged-particle spectrometer and an outline of the
data analysis are presented in chapter 4. The data analysis comprises the
alignment of the tracking detectors, the determination of the hit positions
of the tracks, the track reconstruction and the momentum reconstruction.
Furthermore, knowledge is gained on detector limitations. Successively the
two-track separation, the detector e�ciencies, the geometrical acceptance,
the background contributions and the momentum resolutions of the spec-
trometer will be discussed.

The physics results concerning the multiplicity spectra of negatively
charged particles, the momentum spectra and the intensity interferometry
are discussed in detail in chapter 5. This analysis was done for three classes
of reactions which were selected according to the estimated impact parame-
ter of the heavy-ion collision ("centrality"), named peripheral, semi-central,
and central. Furthermore, the intensity interferometry was applied in mul-
tiple dimensions as a function of the transverse momenta of the correlated
pion-pairs. Such an analysis probes the expansion of the source in di�er-
ent spatial directions with respect to the beam direction. From the initial
conditions in the heavy-ion collisions mainly a longitudinal ow, i.e. in the
beam direction, is expected.

In chapter 6 these results are compared with results from other exper-
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iments and theoretical models. A theoretical model for one-dimensional
longitudinal hydrodynamic expansion is presented. The measured data are
compared to this model. From such a comparison the lifetime of the source
can be deduced. A summary, with concluding remarks and prospects for
further research, is presented in this chapter.


