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Preface
The results in this thesis have been obtained from work performed within the heavyion collaborations EMU01 and WA93. In WA93 nuclear interactions induced by sulphur
beams from the CERN SPS accelerator (200 A GeV/c) have been studied. In EMU01
experiments have been performed with beams from three different accelerators: the
CERN SPS, the BNL AGS and the JINR Synchrophasotron (4-200 A GeV/c). The
results are presented in the following five papers which have been reprinted and included
in the thesis:
1. Rapidity Density Distributions in 16O, 2SSi, 32S, 197Au, and 208Pb Induced Heavy
Ion Interactions at 4 - %00 A Ge V.
M. I. Adamovich et al., Phys. Rev. Lett. Vol. 69, pp. 745-748 (1992).
2. Rapidity Density Distributions and their Fluctuations in Violent Au-Induced Interactions at 11.6 A GeV/c.
M. I. Adamovich et al., Phys. Lett. B Vol. 322, pp. 166-170 (1994).
3. Charged Particle Multiplicity and Pseudorapidity Density Distributions in
28
Si- and 197Au-Induced Nuclear Interactions at 14-6 and 11.6 A GeV/c.
M. I. Adamovich et al., Nucl. Phys. A Vol. 593, pp. 535-549 (1995).
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4. Rescattering Probed by the Emission of Slow Target Associated Particles in Heavy
Ion Interactions.
M. I. Adamovich et al., Phys. Lett. B Vol. 363, pp. 230-236 (1995).
5. Single Particle Distributions and Interferometry Analysis of Negatively Charged
Particles from 200 A GeV S-hAu Reactions
M.M. Aggarwal et al., to be submitted to Phys. Rev. Lett.
Papers 1-4 are from EMU01, and Paper 5 is from WA93. The results from WA93 are also
discussed in Chapters 4 and 5. The included papers are further described in Chapter 6. I
have also had the opportunity to present some of the results at the following conferences
and meetings:
• 2nd International Conference on Physics and Astrophysics of Quark-Gluon Plasma,
Calcutta, India, January 19-23, 1993 (presentation in plenary session; the written

version of the talk is published in the proceedings: Eds. B. Sinha, Y.P. Viyogi and
S. Raha, World Scientific (1994) pp. 462-465).
• Tenth International Conference on Ultra-Relativistic Nucleus-Nucleus Collisions
(Quark Matter '93), Borlange, Sweden, June 20-24, 1993 (presentation in parallel
session; the written version of the talk is published in the proceedings: Nucl.
Phys. A Vol. 566 (1994) pp. 419c-422c).
• Svenskt Karnfysikermote XIII, Umea, Sweden, November 10-11, 1993.
• European Research Conference on Physics of High Energy Heavy-Ion Collisions,
Vuosaari, Finland, June 17-22, 1994 (poster presentation).
• Eleventh International Conference on Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter '95), Monterey, California, U.S.A., January 9-13, 1995 (poster
presentation).
• 8th Nordic Meeting on Nuclear Physics, Ronneby Brunn, Sweden, June 5-9, 1995.

Lund, 29 September 1996
Joakim Nystrand
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Chapter 1
Introduction
This thesis deals with collisions between atomic nuclei at high energies.
Since the famous discovery by Rutherford in the beginning of this century it has
been known that the majority of the mass of the atom is concentrated in a small volume
in its centre - the nucleus. The radial size of the nucleus is of the order of 1 — 10/m
(1 fm = 10~15 m) whereas the size of the atom is of the order of 105 fin. Relatively
soon after their discovery it was realized that the nuclei were composed of two types of
particles: positively charged protons and neutrons, which have no electric charge. Since,
except for the difference in electric charge, their properties are very similar, protons
and neutrons are usually called just nucleons. In order to be able to explain the high
concentration of positively charged protons within the small volume of the nucleus, it
was necessary to introduce a strong nuclear force, which thus had to be much stronger
than the electromagnetic repulsion. The absence of nuclei larger than 10 fm implies that
the strong force must be of very short range. Subsequently it has been discovered that
the nucleons are the only stable states of a large group of strongly interacting particles.
These unstable particles are not present in ordinary nuclei, but in nuclear collisions at
high energy they may be created and play an important role. It is therefore relevant to
talk about nuclear matter rather than just nuclei or nucleons when studying nucleusnucleus collisions.
Experiments during the last decades have revealed that also the nucleon exhibits a
substructure. Among the various experimental results which contributed to establishing
this revolutionary discovery were: (a) the observation of large momentum transfers in
deep inelastic electron-proton scattering experiments at the Stanford Linear Accelerator
Center (SLAC); (b) the enhancement of produced particles with high transverse momenta
seen in high energy proton-proton collisions at the CERN ISR; (c) the discovery of
a long-lived resonance with mass m=3097 MeV, now known as the J/$-particle, in
experiments at SLAC and Brookhaven National Laboratory. The subunit of the nucleon
is called quark.
The theory which at present is believed to give the best description of the strong force
is quantum chromodynamics (QCD). In QCD the fundamental interaction is believed to
be between quarks and gluons, and the nucleons are seen as bound states of 3 quarks held
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together by gluon exchange. According to QCD, the quarks and gluons possess, besides
their electric charge, also a color charge. There are three colors: red, green and blue.
The fact that no free quark has been observed can be understood from the principle that
only color neutral particles are allowed in nature. Color neutral quark combinations can
be formed either from a combination of 3 quarks or anti-quarks with different colors
(qqq) or (qqq), or from a combination of a quark and an anti-quark (qq). These different
types of quarkrcombinations are referred to as baryons (qqq), anti-baryons (qqq) and
mesons (qq~), respectively.
The purpose of colliding heavy nuclei at high energies is to further investigate the
properties of quantum chromodynamics and the nuclear force, especially in systems
with a large number of particles. The ultimate goal, if it is at all feasible in a laboratory
experiment, would be to 'melt' the nucleons and create a state of matter where the
quarks and gluons a free to move over distances much larger than the dimensions of the
nucleons, a quark-gluon plasma. Such a state should according to QCD exist at very
high energy densities.

Accelerator
SPS
SPS
SPS
AGS
AGS
SPh

Location

Projectiles

CERN, Switzerland
CERN, Switzerland
CERN, Switzerland
BNL, U.S.A.
BNL, U.S.A.
JINR, Russia

1 6 O j 32g
208p b
16Q
16

0,28Si
197
Au
16
O , 28 Si

Beam Momentum First Year
of Operation
[A GeV/c]
200.0
1986
1994
160.0
60.0
1986
14.6
1986
1992
11.6
1984
4.5

Table 1.1: Heavy-Ion Accelerators.

The first pioneering experiments with ultra-relativistic nucleus-nucleus collisions
were performed in the 1950's and -60's with interactions induced by cosmic rays. The
reason that cosmic rays were used was, naturally, that no accelerators existed at that
time which could reach high enough energies. Although such accelerators exist today,
there is yet no accelerator which is capable of accelerating heavy nuclei to energies as
high as those in the most energetic cosmic rays. The accelerators with beam momentum
greater than 2 A GeV/c in operation at the present time are the following: the Super
Proton Synchrotron (SPS) at the European Laboratory for Particle Physics (CERN) near
Geneva at the Swiss-French border; the Alternating Gradient Synchrotron (AGS) at the
Brookhaven National Laboratory (BNL) in the U.S.A.; the Synchrophasotron (SPh) at
the Joint Institute for Nuclear Research (JINR) in Dubna, Russia. These accelerators
together with some of their characteristics are listed in Table 1.1.
All of the accelerators mentioned above are restricted to fixed target experiments.
In the near future, however, two new heavy-ion accelerators are planned which will be
able to collide beams of heavy nuclei. The first one of these, which is already under

11
construction at the BNL, is the Relativistic Heavy Ion Collider (RHIC). RHIC will
accelerate nuclei as heavy as 197Au to 100 A GeV, thus giving a nucleon-nucleon centerof-mass energy of 100+100 GeV. The other is the Large Hadron Collider (LHC) which
will be built in the tunnel at CERN which now contains the LEP-accelerator. In LHC
both protons and 208 Pb nuclei will be accelerated. For nuclei the energy will be about
2.8 A TeV. The center-of-mass energies which will be reached in these new accelerators
will be of the same order of magnitude as those in the most energetic cosmic ray interactions. In fixed target experiments the energies would correspond to projectile energies
of 21.3 A TeV and 16700 A TeV for RHIC and LHC, respectively. The decision to build
and use these machines for accelerating heavy nuclei indicates that ultra-relativistic
nucleus-nucleus collisions will remain a very active area of research for many years to
come.
The work which has resulted in this thesis has mainly been focused on the following
aspects of ultra-relativistic nucleus-nucleus collisions: Within WA93 the data from the
charged particle tracking system have been analysed. The tracking system consisted
of a dipole magnet -and 4 Multi-Step Avalanche Chambers with optical read-out. By
determining the deflection of the charged particles in the magnetic field the momenta of
the particles could be determined. The momentum information has been used to study
transverse momentum distributions of negatively charged particles, and to perform intensity interferometry analyses in order to obtain information on the source size and on
the time-evolution of the system. Within EMU01 several aspects of the particle production have been investigated. Particularly pseudorapidity distributions of produced
particles have been extensively studied. In connection with this, simulations have been
performed with several event generators with special emphasis on their different treatment of hadronic rescattering. The effects of the rescattering on target related particles
have also been studied.
The material in this thesis is organized in the following way: In Chapter 2 a short
summary is given of ultra-relativistic nucleus-nucleus collisions. The chapter mainly
contains a discussion of some general aspects of nucleus-nucleus collisions which are of
importance for the later presentation. As illustrations some comparisons with data from
EMU01 have been included, however. Chapter 3 contains a description of the experiment EMU01 and the nuclear emulsion detector technique. The results from EMU01
are discussed in the appended Papers I-IV and they are also briefly summarized in the
last chapter, Chapter 7. In Chapter 4 the experiment WA93 is described. The description is focused on the tracking system, which is the part of the experiment where the
author has been actively involved both during the data taking and in the analysis. The
results obtained from the analysis of data from the charged particle tracking system are
presented in Chapter 5 and also in Paper V. Chapter 6 contains presentations and short
summaries of the five appended papers. In Chapter 7, finally, the conclusions from the
previous chapters and the papers are discussed.
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Chapter 2
Ultra—Relativistic Nucleus—Nucleus
Collisions
This chapter contains a short summary of ultra-relativistic nucleus-nucleus collisions,
and it is intended as" a background to the included papers and the results presented in
Chapter 5. It is divided into six sections. In Section 2.1 some of the aspects of special
relativity pertinent to nucleus-nucleus collisions are discussed. Reaction cross sections
and the participant-spectator model are treated in Sections 2.2 and 2.3, respectively. In
Section 2.4 the fragmentation of the projectile nucleus will be discussed. The fragmentation process is exemplified by analysing the emission of projectile related He-fragments.
Section 2.5 contains a discussion of some of the models which are used to describe the
particle production in nucleus-nucleus collisions. Finally, in Section 2.6, some of the
predicted properties and signals of the quark-gluon plasma are discussed. Some results
from EMU01 have been included as illustrations in this chapter, although the experiment
itself is not described until in the next chapter.

2.1

Kinematics

Suppose we have two coordinate systems K and K', where K' is moving relative to K
with velocity v along the z-axis.(Fig. 2.1) Suppose, furthermore, that the origins coincide
at t — t' = 0. The aim is to find the transformation which expresses the coordinates in
one of the systems as functions of the coordinates in the other system. (The inspiration
for the following discussion comes from Ref. [1]) For small velocities it is well known that
this relation is given by the Galileo transformation
X

— X

v = v'
z = *' + »•*'

v' = v
z' = 2-vt

t = t'

t' = t

.
K

'

According to the principle of relativity the speed of light should be equal in all inertial reference frames. The constant light speed implies that the interval As2 =
13
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z'

K'

Figure 2.1: Two inertia! reference frames K and K'.
(cAt)2 — Ax2 — Ay2 — Az2 is the same in any inertial reference frame. It is clear
that this requirement is not fulfilled by the Galileo transformation. When the velocity
v approaches the speed of light the transformation must therefore be different. The
invariance of As2 in combination with the requirement that the transformation should
be linear immediately gives that it must have the following form
x
V
z
ct

=

X'

x'

y'
v'
cosh(j/) • z' + sinh(y) • ct' z'
sinh(y) • z' + cosh(j/) • ct' ct'

=

x
y

cosh(y) • z — sinh(y) • ct
— sinh(j/) • z + cosh(jj) • ct

(2.2)

where y is a parameter which characterizes the transformation. This is the Lorentz
transformation. The parameter y is known as the rapidity. There is of course a unique
one-to-one correspondence between the rapidity and the velocity. By considering the
motion of the origin of K' in K and noting that v/c = z(z' — 0)/ct(z' = 0), one easily
finds that
-v = tanh(y)
(2.3)
c
which gives
(2.4)

The rapidity is usually denoted by the letter y. The tilde has been put in in order to
distinguish the rapidity from the coordinate y. Henceforth the rapidity will be written
simply y, and hopefully there will not be any confusion between the rapidity and the
coordinate y.
The convenience of expressing the Lorentz transformations as in Eq. (2.2) is evident
if one makes two consecutive transformations along the same axis with parameters yi
and j/2- From the properties of the hyperbolic trigonometric functions one sees that this
is equivalent to one transformation with parameter y = y\ + y2-

2.1. KINEMATICS
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In high energy physics the coordinate system is usually chosen in such a way that
the projectile moves along the z-axis and the target is at rest at the origin. The rapidity
of a particle is then defined as
2

1 — vz/c

2

hi — pzc

The rapidity defined in this way has the property that it is additive under Lorentz
transformations along the beam axis. A very useful approximation to the rapidity of a
particle is the pseudo-rapidity, 77, which is defined as
i/ = -ln(tan(0/2))

(2.6)

where 8 is the emission angle. An exact relation between y and 77 is
sinh(y) = — sinh^)
my

(2.7)

where my is the transverse mass (my = y m 2 + pT). In Eq. (2.7) and henceforth natural
units are used, i.e. c=h=l, in which mass, momentum and energy have the same dimension. An approximate relation between y and 77 which is valid for y > 0 and pz > > pr,
i.e. for most produced particles in a fixed target experiment, is
7y

+

()

(2.8)

PT

From Eqs. (2.7) and (2.8) one also sees that 77 —> y as py —• my. Pseudorapidity is
thus a good approximation to rapidity for light particles and/or particles with high py.
For pions produced in interactions with a 200 A GeV/c beam one has < y > « 3 and
< pr > ~ 350 MeV/c, which, from Eq. (2.8), gives 77 - y w ln(< mT > / < pr >) ~ 0.1.
The rapidity and pseudo-rapidity are thus on average shifted by 0.1 units for pions.
Any 4-dimensional vector which transforms as the vector (ct,x,y,z) in Eq. (2.2)
under a Lorentz transformation is defined to be a 4-vector. For a particle with energy
E and momentum p = (pi,Pv,Pz)> the vector (E,px,pv,pz) has this property. The
components of the vector are related by E2 — m2 -f p\ + p2y + p\. If the mass of the
particle is known, there are therefore only 3 independent components. In many cases
when dealing with ultra-relativistic nucleus-nucleus collisions it is convenient to, instead
of the Cartesian momentum components (px,Py,Pz), work with the variables y, my, and
tp, i.e. the rapidity, the transverse mass and the azimuthal angle. Under a Lorentz
transformation with rapidity yu these variables transform as y —> y + y^T, ™-T —* ™>T
and <p ^> <p. The energy of the particle can be expressed as a function of these variables
as E = Tnycosh(j/).
To illustrate the advantage of using these variables let us calculate the center-ofmass energy in a nucleon-nucleon collision. In a collision between two objects with
the same mass and with rapidities t/i and y2, it can be shown that the rapidity of the
center-of-mass is given by
Vcm = ^ (3/1 +3/2)

(2.9)
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For a fixed target experiment, where ytarg = 0, this reduces to ycm = yprOj/2. By noting
that in the center-of-mass the projectile and the target move with rapidities ycm and
respectively, one easily sees that the total energy, ^snn, can be expressed as
^

(2.10)

In Table 2.1 the beam rapidities and the nucleon-nucleon center-of-mass energies are
given for the "projectile"energies of interest for this thesis. Also shown in Table 2.1 is
the center-of-mass energy available for particle production, ^snn — 2m n , expressed in
multiples of the pion mass.
Beam Momentum
[A GeV/c]
200.0
160.0
60.0
14.6
11.6
4.5

Vproj

6.05
5.83
4.85
3.44
3.21
2.27

[GeV]
19.4
17.4
10.7

/^-2m n c 2
m^c2

5.4
4.9
3.2

127
112
64
26
22
10

Table 2.1: Kinematics

2.2

Reaction Cross Sections

The probability for a nuclear reaction to occur is determined by the cross section for the
reaction. The cross section has the dimension of area and is usually expressed in barns
(b) or millibarns (mb). (lmb — 0.1/m 2 ) Together with the number density of target
nuclei, N, the cross section determines the mean free path, A, of a nucleus in a medium

As a first approximation the inelastic nuclear cross section of an interaction between
two nuclei consisting of A and B nucleons, respectively, can be obtained if one assumes
that the nuclei are spheres with radii given by the usual v4a^3-law. This gives
ff

H+B = *rZ (A/

+ Bl/3)

(2-12)

with r 0 ~ 1.2 fm. This approximation does not accurately reproduce the variation of a
with A and B, however, and can therefore only be used for order of magnitude estimates.
A better parameterization is given by the Bradt-Peters formula
"T+B = 7"o [A ' + B ' - 6)

(2.13)

2.3. THE PARTICIPANT-SPECTATOR
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which was first obtained from cosmic-ray data. [2] The two parameters r 0 and 8 are determined by fitting the measured cross sections to Eq. (2.13). TQ and 8 are not independent
and it is possible to obtain consistent fits for ro and 8 in some intervals.[3] In a recent study, where data from interactions with a large number of projectile and target
combinations in the energy range 0.5-11 A GeV were analyzed, fits to Eq. (2.13) gave
r 0 = 1.361 ± 0.010 fm and 8 = 1.07 ± 0.06.[4] A set of values which have been obtained
for interactions_at CERN-energies are ro = 1.55 ±0.15 fm and 8 — 1.4 ±0.7. [5] Detailed
studies of the variation of a for different projectile and target combinations have revealed
that 8 in Eq. (2.13) is not constant but varies with A and B. Several parameterizations
of this variation have been suggested. [4] One of the more widely used of these is
8 = 80 (A"1'* + B- 1/3 )

(2.14)

with r 0 = 1.36 fm and 8Q = 1-11 ± 0.05.[3] This parameterization has been shown to be
valid also at CERN energies. [6]
No significant variation of the total nuclear inelastic cross section with energy has
been observed in the ultra-relativistic regime. The total inelastic cross section does,
however, show variation with energy because of the contribution from Electro Magnetic
Dissociation (EMD) which becomes appreciable at higher energies.

2.3

The Participant-Spectator Model

As the phenomenological parameterizations of the nuclear cross sections in the previous
section suggest, the main features of an ultra-relativistic nucleus-nucleus collision can
be understood from a geometrical picture. In a collision at high energy there is a clear
distinction between the overlapping and non-overlapping parts of the nuclei. The particle
production takes place mainly in the overlapping (or participant) parts, whereas the nonoverlapping (or spectator) parts fragment without much communication with the rest of
the system. It is therefore relevant to characterize the collisions according to centrality or
impact parameter, where central correspond to small impact parameters and peripheral
to large impact parameters. The separation of the participant and spectator parts is
schematically illustrated in Fig. 2.2.
In an experimental situation it is not possible to directly measure the impact parameter. To estimate its value in a collision, it is necessary to use some model which
relates the impact parameter to a measurable quantity. An example of a variable which
can be used for this purpose is the charge, QZD, measured in a narrow forward cone
("Zero-Degree").[7] If the size of the cone is selected in an appropriate way, QZD will
approximately be equal to the number of spectator protons in the projectile.
The variation of the size of the participant volume with impact parameter makes
the multiplicity of produced particles in a nucleus-nucleus collision highly sensitive to
the centrality. For a given centrality the participant volume can be characterized either
by the number of participating nucleons or by the number of binary nucleon-nucleon
collisions. Which of the two numbers that is most important for the multiplicity is
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Participants

Figure 2.2: Schematic illustration of the separation of the participant and spectator parts
in a nucleus-nucleus collision with impact parameter b.
related to the hadronic formation time, i.e. the time it takes for a hadron to be created
in a nucleon-nucleon collision. [8]
To a large extent the multiplicity distribution of produced particles can be understood from the distribution of the number of participating nudeons.[9] This is mainly
a consequence of the finite hadronic formation time, r, in combination with relativistic
time dilation. No direct measurements of the formation time have been made, but it is
usually estimated to be of the order of r ~ 1 fm/c, where r is the proper time measured
in the rest frame of the source. In the rest frame of one of the interacting nuclei, the
formation time of a source, which moves with the same velocity as the center-of-mass,
will be ~ 7 c m r. At high energies, where 7"" is much larger than 1, many of the produced
particles will therefore be created outside the interacting nuclei.
If the formation time instead was very short, one would expect the multiplicity to be
determined mainly by the number of nucleon-nucleon collisions. The effects of a long
vs. short formation time on the multiplicity of produced particles are nicely discussed
in Ref. [8].
In the next section the fragmentation of the spectator parts will be further discussed.
The particle production in the participant region will be discussed in Section 2.5.

2.4. NUCLEAR FRAGMENTATION

2.4
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Nuclear Fragmentation

In a peripheral collision between two nuclei the spectator parts are generally left in an
excited state and rapidly decay by breaking up into lighter fragments. In this section
the effects of the nuclear fragmentation will be exemplified by analysing the emission of
projectile related He-fragment in Au+Au and Pb+Pb interactions.
If the separation of the spectator part from the rest of the nucleus is instantaneous,
and if there thus is no communication between the spectator and participant parts, one
expects the momentum distribution of the emitted fragments to be determined solely by
the internal motion of the spectator nucleons prior to the collision. In addition to this,
the experimentally observed momentum distribution may also be affected by the final
state Coulomb interactions of the fragments. Below, the effects of the internal nucleon
motion on a fragment removed from a larger nucleus will be discussed.
Experimentally it has been found that the momentum distributions of the fragments in the rest frame of the source are approximately gaussian, i.e. d?n/dp3 oc
exp(— | p | 2 /2<r2).[lQ] For a gaussian distribution, the width, <r, is related to the mean
square momentum by

a2 =< pi >=< p\ >=< p\ > = 1 < p2 >

(2.15)

For a fragment consisting of several nucleons the momentum will be the sum of the
individual nucleon momenta. For a fragment with K nucleons randomly removed from a
nucleus with A nucleons, the following relation between the widths of the fragment, <x,
and nucleon, <r0, momentum distributions has been derived in Ref. [11]

An estimate of the mean square momentum of a nucleon in a nucleus can be obtained
from the Fermi-gas model. For a system of N nucleons confined within a volume V, the
Fermi-momentum is
()

< 217 >

This expression differs by a factor of 2 1 / 3 from the corresponding expression when only
protons or neutrons are considered due to the isospin degeneracy. For ordinary nuclear
matter N/V = 0.17 fm~3, which gives pp = 268 MeV/c. This is in good agreement with
the measured value, obtained from quasi-elastic electron scattering, for large nuclei. [12]
In a Fermi-gas at zero temperature the mean square momentum is related to the Fermimomentum by
< P2 >= \v\

(2.18)

Using Eq. (2.18) in Eq. (2.15) with pF= 268 MeV/c gives <ro= 120 MeV/c.
In EMU01 the emission of helium fragments has been studied in Au+Au[13] and
Pb+Pb interactions at 11.6 and 160 A GeV/c. The He-fragments have been measured
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in emulsion chambers (a description of these chambers is given in Section 3.3). These
measurements provide information on the emission angles and azimuthal angles of the
fragments. Since the velocity of the projectile fragments is close to the velocity of the
beam[14], angular measurements also provide information on the transverse momentum. The He-fragments can easily be separated visually from singly and multiply (Z>3)
charged particles in the emulsion.
The transverse momentum distribution of projectile related a-particles, which has
been calculated under the assumptions that the total momentum per nucleon for the
fragments is the same as that of the beam and that all He-fragments are a-particles, is
shown in Fig. 2.3. In the representation of Fig. 2.3 a gaussian distribution will correspond
to a straight line. As can be seen, the distribution, both for Au+Au and Pb+Pb,
seems to consist of two independent gaussian distributions with different widths. The
distributions for Au+Au and Pb+Pb are furthermore very similar despite the different
incident energies in the two cases.

dN He /dp T 2

He particles

T&rPtD + Pb at 158 AGeV/c
O Au+Au at 11.6 AGeV/c

-2
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Figure 2.3: Transverse momentum distributions of projectile related He-fragments.
The fitted widths of the narrower components of the distributions in Fig. 2.3 are a —
290±6 MeV/c for Au+Au and a = 283±6 MeV/c for Pb+Pb. According to Eq. (2.16)
this corresponds to <r0 = 146+.3 MeV/c and <r0 = 143±3 MeV/c, respectively. This is
thus close to, but larger than, the value expected for pure Fermi-motion. A possible
explanation to the slightly increased width might be Coulomb repulsion.
It is thus probable that the narrower of the two components seen in Fig. 2.3 reflects
the Fermi-motion of the nucleons. The origin of the wider component is more uncertain.
Explanations which have been suggested are quasi-elastic a a and pa scattering and
formation of prefragments before breakup.[13]
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The fact that the distributions in Fig. 2.3 are the same for interactions at 11.6 and
at 160 A GeV/c indicates that limiting fragmentation[15] has been reached already at
the lower of these two energies.
Further information on the fragmentation may be obtained by studying the cross
sections for certain fragmentation processes. In the most violent collisions the projectile
may be broken up completely into only neutral and singly charged particles. The cross
section for this_process in Au+Au and Pb+Pb interactions is presented in Table 2.2.
Again it is found that within the statistical errors there is no significant difference between interactions at 11.6 and 160 A GeV/c.

System
Au+Au
Pb+Pb

Beam Momentum
11.6 A GeV/c
160.0 A GeV/c

<r{Zrfi.aaxgm = 1) [mb]
280±60
250±70

Table 2.2: Cross sections for complete projectile disintegration.

In comparison with results which have been obtained at lower energies[16] (1.7 A
GeV/c) there are, however, differences in the fragmentation cross sections. In Table 2.3
the fractional cross sections for complete projectile disintegration in Au- and Pb-induced
interactions in nuclear emulsion are compared. At incident momentum 1.7 A GeV/c no
events without multiply charged projectile fragments were found, whereas at 11.6 and
160 A GeV/c complete projectile disintegration occur in about 1% of the interactions.

System
Au+Emulsion1
Au+Emulsion
Pb+Emulsion2

Beam Momentum
1.7 A GeV/c
11.6 A GeV/c
160.0 A GeV/c

(rjZf^^ = l)/(rmin.bia.
~ 0.0 %
0.9±0.3%
1.1 ±0.4%

Table 2.3: Fractional cross sections for complete projectile disintegration in interactions
in nuclear emulsion. * from Ref. [16] preliminary EMU01 results.

One can therefore conclude that the fragmentation is more violent at 11.6 than at
1.7 A GeV/c, but seems not to change further as the energy increases.

2.5

Particle Production

One of the most striking features of high-energy nucleus-nucleus collisions is the copious production of particles created from the kinetic energy of the interacting nuclei (cf.
Fig. 3.1 in Chapter 3). There are mainly two different approaches which are commonly
used for describing the emission of particles in these interactions: In the first approach
the created system is treated as a equilibrated system with a large number of constituents
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within a limited volume, i.e. a statistical or thermodynamic description is applied. In the
second approach one assumes that the collision between two nuclei can be understood
from a superposition of nucleon-nucleon collisions; this is usually implemented within
statistical models which use Monte-Carlo techniques to sample the nucleon-nucleon interactions. Before these models are discussed in more detail, the concept of nuclear
stopping power will be introduced.
The amount of jsnergy which is available for production of particles in a nucleusnucleus collision is determined by kinematical constraints, as was discussed at the end
of Section 2.1, but it is also intimately connected to the degree of stopping in a nuclear
collision. The nuclear stopping power can be defined as the energy loss of the projectile
nucleons. Experimentally this energy loss is often measured as the shift in rapidity of
the participating nucleons. For S+S interactions at 200 A GeV/c the average energy
loss of the nucleons in the center-of-mass has been determined to be < Eiolt >— 5.8 ±
0.3 GeV.[17] This thus corresponds to « 60% of y/s^/2. At AGS energies it is believed
that full stopping is achieved, in the sense that the nucleons after the collision follow
one single thermal distribution and thus have lost the memory of being either target or
proj ectile nucleons .[18]
Under the assumptions that the created system is sufficiently long lived and contains
a sufficient number of particles for attaining thermodynamic equilibrium, the phasespace distribution of the particles can be described by the distribution function of the
system. The distribution function for an ideal gas is
9

(2irhf

(2 19)

dxdydzdpxdpydpz
where 8 is +1 for fermions, —1 for bosons, and 0 in the Boltzmann-limit; g is the
degeneracy; E,T and \i are the energy, the temperature and the chemical potential,
respectively.[19] For E the exact, relativistic expression is used, E = Jm2 + p\ -f p* + p\.
Converting to the variables y, my, and <p gives in the Boltzmann limit the following
expression for the invariant momentum spectrum
d3n
where the constant of proportionality is determined by the volume of the system and the
chemical potential. [20] The rapidity and transverse mass distributions can be obtained
from Eq. (2.20) by integration. The integration with respect to <p is trivial. Integration
over TTIT gives
„ , I m2
m
2
2 \
, m
oc T3 —- + — — - +
j — - exp(-— cosh(y))
K! J
uy
\T2
Tcosh(y)
cosh 2 (y)/ ^ T
"
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(2.21)
V

;

For light particles (m << T) Eq. (2.21) reduces to dn/dy oc l/cosh 2 (i/). This expression
is identical to the corresponding (exact) expression for the pseudo-rapidity distribution of
an isotropically emitting source dn/drj oc 1/ cosh2(?/). The latter of these two expressions
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shows that in a thermal model, which assumes isotropical emission of particles, the shape
of the pseudo-rapidity distribution is independent of beam energy. As will be shown
below this turns out not to be in accordance with the experimental results.
For the transverse momentum distribution one has in principle two alternatives depending on whether the experimental acceptance in y is complete or very narrow. In
a narrow window in y, cosh(t/) can be assumed to be constant and the expected
distribution is_thus „

where T' is related to the true temperature by T' = T/cosh(y). If the mj-spectrum is
instead studied over the full y-range, integration over y gives

where K\ is the modified Bessel function. It has been argued that at CERN energies the
spectrum should be" given by Eq. (2.23) even in the case of a narrow interval in y, due to
the fact that the emission of particles in the center-of-mass is not isotropic.[21] The nonisotropy means that the spectrum can not be completely described by a single thermal
source, so in order to use a thermal picture one has to imagine that several thermal
sources contribute to the distribution. The summation over the different sources then
corresponds to the integration over y which lead to Eq. (2.23).[21]
The Monte-Carlo event generators that have been studied and compared to data in
this thesis are FRITIOF[22], VENUS[23] and RQMD[24]. All these models start with
the assumption that a nucleus-nucleus collision can be described as a superposition of
nucleon-nucleon collisions. To simulate the initial nucleon distributions as well as the
outcome of individual n-n collisions statistical Monte-Carlo techniques are used. Samples of events from the models can be generated where complete phase-space information
is obtained for all emitted particles. These simulated samples can then be compared to
data. Brief descriptions of the characteristics of these models are included in Papers III
and IV. (A review of these and other Monte-Carlo models can be found in the article
by K. Werner. [23])
In order to illustrate the predictions of the thermal model and the event generators
mentioned above, some comparisons with data from EMU01 will be made below.
In Fig. 2.4 the pseudorapidity distribution of shower particles (mainly produced pions,
the exact definition is given in Chapter 3) in central Pb+Pb interactions at 160 A GeV/c
is shown. The pseudorapidity distributions of produced particles can be well described by
gaussian functions with 3 parameters.[25] The parameters are: the height p m a x , the peak
position Tfpea),. and the width a. As can be seen in the figure, the agreement between
data and the Monte-Carlo models FRITIOF and RQMD is very good, whereas the
thermal distribution is much too narrow compared with the experimental distribution.
The distribution from FRITIOF lies slightly above the distribution from RQMD over
the full y-range. This means that FRITIOF predicts a somewhat higher multiplicity
than RQMD, but apart from that the predictions of the two models are very similar.
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Figure 2.4: Pseudorapidity distribution of shower particles in central Pb+Pb collisions
at 160 A GeV/c; experimental results from EMUOl compared with predictions of the
event generators FRITIOF and RQMD. The curve shows the expected distribution for
a source which emits particles isotropically in the center-of-mass.
Of the three parameters pmax, Vpeak a n d cr, r^pea* is essentially determined by purely
kinematical constraints. It turns out that 77^^ for peripheral collisions, which can
be assumed to be symmetrical, is shifted by a constant amount (~ 0.25 units) relative to y%£- This shift is related to the average difference between real rapidity and
pseudorapidity.[26] From Eq. (2.8) one expects a shift of 0.1 units for pions. The fact
that the observed shift is somewhat larger is due to contributions from heavier particles
among the shower particles, mainly kaons and protons. The width, <r, and the height,
Pmax, a re directly related to the global multiplicity by n = yhca • pmaxAs was noted above, the thermal model predicts a much too narrow width of the
pseudo-rapidity distributions in Pb+Pb interactions at 160 A GeV/c. Furthermore, the
thermal model does not show any variation of <r with interaction energy. From data it
is, however, seen that a shows a clear dependence on incident energy. This is illustrated
in Fig. 2.5, where the variation of cr with nudeon-nucleon center-of-mass energy for
central interactions is shown. The dashed line in the figure shows the constant value
for isotropic emission. The function 1/ cosh (77) is close to a gaussian distribution with
width 0.91.
From Fig. 2.5 it is clear that thermal models which assume isotropical emission of
particles in the center-of-mass can be completely ruled out. The variation of er can
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Figure 2.5: Variation of the width, <r, of the pseudo-rapidity distributions with centerof-mass energy.
be understood from a hydrodynamical perspective, however. This was first shown by
Landau[27], who introduced the hydrodynamical model for heavy-ion collisions, and the
model has later been developed by others[28,29]. In the hydrodynamical scenario the
system, rather than being instantaneously thermalized, first expands hydrodynamically
and cools off before breaking up. In Ref. [27] it was shown that this leads to pseudorapidity distributions of approximately gaussian shapes, and, furthermore, that their
widths should increase with energy as a2 = ln(7cm) = ln(y/snn/2mn). The curve a2 —
ln(y/snn/2mn) is also shown in the figure, and, considering that it does not contain any
adjustable parameter, it reproduces the variation in data very well.
The models RQMD and FRITIOF(in the region where it is applicable) also nicely
reproduce the observed variation of a.
Qualitatively the increase in a with y/snn can be understood from the variation of
the global multiplicity, n, with collision energy. Experimentally it has been found that
n increases with yjsnn roughly as n oc ln(^/snn/2mn).
Since the average transverse
momentum is essentially independent of collision energy, the slow growth of n with
y/snn, combined with global energy conservation, implies that the produced particles
must receive substantial longitudinal momenta at high energies.[30] If one assumes that
a scales with the rapidity of the beam, one would expect a to increase linearly with
/n( v /5 nn /27n n ), i.e. a = a + b • /n(y / 5 nn /2m n ), and a parameterization of this type can
reproduce the variation in Fig. 2.5.
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In Ref. [31] a comparison of the measured widths from different experiments (including EMU01) was made, and a relation <x ~ 0.53\n(y/s^) was found. This is consistent
with the results in Fig. 2.5.
It is interesting to note that at 4.5 A GeV/c the width is actually more narrow than
for isotropic emission. This presumably means that, at these energies, the angular distributions of produced particles in the center-of-mass are contracted in the longitudinal
direction.
The results shown in Fig. 2.5 illustrates one of the advantages of the nuclear emulsion
detector technique, namely the possibility to use similar detectors at different accelerators
and thus study interactions at different energies. In fact, except EMU01 no other single
experiment has studied the variation of a over such a wide range of energies as that
shown in Fig. 2.5.
In case of only longitudinal expansion the longitudinal and transverse motion are decoupled so that the longitudinal and transverse components of the distribution function
factorize. The transverse momentum distribution will therefore also in the hydrodynamical scenario be given by Boltzmann statistics. [28]
As was shown in Fig. 2.4 the predicted pseudo-rapidity distributions of FRITIOF and
RQMD are very similar. It is however not correct to conclude from this that the models
are similar in every aspect. (That there are differences between the models is immediately
noted by the user since RQMD requires more than 100 times, and with some options
more than 1000 times, longer computer execution times than FRITIOF.) For example
the degree of stopping in the two models is very different. To illustrate this the net
baryon (n floryon - nAnti-Baryon)
rapidity distributions from FRITIOF and RQMD have
been plotted in Fig. 2.6. Since baryon number is conserved, these distributions reflect
the rapidity distributions of the original nucleons after the collision.
As can be seen RQMD predicts a much larger rapidity shift of the incoming nucleons
than FRITIOF. Whereas FRITIOF shows two clearly separated peaks corresponding
to the projectile and target nucleons, respectively, the projectile and target nucleon
distributions in RQMD are almost overlapping. The larger nucleon rapidity shift in
RQMD implies that the nucleons lose more of their energy than the nucleons in FRITOF,
but, since the total multiplicity of produced particles is essentially the same in the two
models, this means that the produced particles in RQMD must be more massive and/or
more energetic. That this is indeed the case can be illustrated by comparing the K
to x ratio in the models. For central Pb+Pb interactions, FRITIOF predicts a ratio
K+/ir+ = 11% in the region 2 < y < 4, whereas the corresponding number in RQMD
is K-\-/TT+ = 21%. The greater energy loss in RQMD is thus converted into heavier
particles, usually containing strangeness, while the total multiplicity remains the same.
It can thus be concluded that although both FRITIOF and RQMD are able to describe the multiplicity and pseudorapidity distributions of charged particles, the internal
dynamics of the two models is very different. The analysis in Papers III and IV indicated
that RQMD was in better agreement with data than FRITIOF. However, to be able to
clearly distinguish between the two models, it is necessary to study the distributions of
identified particles.
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Figure 2.6: Predicted net baryon (i.e. n B a r v o n - n«««-««'v«») rapidity distributions from
RQMD and FRITIOF in central Pb+Pb collisions. This illustrates the different degree
of stopping in the two models.

2.6

The Quark-Gluon Plasma

There is today almost unanimous agreement among theoretical physicists that QCD
predicts a phase transition from ordinary hadronic matter to a state of free quarks and
gluons, a quark-gluon plasma, in a system of high temperature and/or high densities. [32]
The required critical temperatures and energy densities are generally believed to be of
the order of T ~ 200 MeV and pCTit ~ 1-3 GeV/fm3.
Detecting and studying the quark-gluon plasma is of great importance since it could
give new insights into the fundamental interactions between quarks and gluons. The
physics of the quark-gluon plasma is furthermore of interest to cosmology. [33] In the Big
Bang scenario it is believed that during the first ~20 fis after the Big Bang the temperature of the universe was above the critical temperature for plasma formation. Determining the properties of the phase transition from a quark-gluon phase to a hadronic phase,
which presumably took place in the early universe, could improve the understanding of
the subsequent cosmological evolution.
It is still an open question if it is possible to create a quark-gluon plasma in a
nuclear collision. To determine whether a quark-gluon plasma has been created in
a nuclear interaction or not, several quark-gluon plasma signals have been suggested.
Some quark-gluon plasma signals will be briefly described below. A more thorough
discussion can be found in Refs. [34] and [35].
A general problem with detecting the quark-gluon plasma is that, even if it is formed,
it will eventually cool off and hadronize. The emitted hadrons might therefore be more
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influenced by interactions in the later stages of the collision than by the plasma. Another
problem occur if in a collision a state of dense hadronic matter is formed. It has been
shown that interactions in dense hadronic matter can produce signals which mimic those
of a quark-gluon plasma (cf. b) and c) below).
a) Thermo dynamic variables: It has been suggested that a phase-transition from
hadronic matter to a quark-gluon plasma can be inferred from direct studies of the
hadronic equation of stale.[36] In order to determine the equation of state it is of course
necessary to relate the variables temperature, entropy, pressure etc. to observable quantities. For a system created in a collision between two nuclei, it is usually assumed
that a measure of the temperature of the system can be provided by the < pr > of
the produced particles, and that the entropy is reflected by the particle density. [36] In a
thermodynamic system, a first order phase-transition is characterized by an increase in
the entropy of the system at constant temperature. The system is thus first heated until
the critical temperature of the transition is reached, after which the system remains in a
mixed state with constant temperature until the transition is complete. Only then can
the temperature increase further, (cf. boiling water) In the nucleus-nucleus case, such
a phase-transition could therefore be seen as a plateau and a rise in a plot of < pr >
versus dn/drj. The critical temperature could then be determined from the < py > at
the plateau.
b) Strangeness enhancement: Since the temperature of the quark-gluon plasma is
expected to be at least 150-200 MeV, which is of the same order as the mass of the
s-quark, m, «150 MeV, enough thermal energy will be available for creating pairs of
strange quarks in the plasma. In particular in a baryon-rich plasma, it is expected
that there will be an enhancement of strange quarks as compared to the lighter u and
d quarks. [37] This is mainly an effect of the non-zero baryochemical potential in combination with the fact that the quarks are fermions and thus obey the Pauli-exdusion
principle. If there are already a high concentration of u and d quarks in the plasma it
might therefore be energetically advantageous to create a ss-pair rather than a uu- or
dd-paii despite the larger mass of the strange quark. However, increased strangeness
production is an ambiguous quark-gluon plasma signal since, as is shown e.g. in the
RQMD-model, hadronic rescattering also increases the number of strange particles. For
example, reactions like ir + p —•> K + S contribute to the enhancement. A less ambiguous
signal can be obtained by studying the enhancement of strange or even multistrange
anti-baryons, since these hardly can be produced by hadronic rescattering.
c) J /*&—suppression: A signal which has been suggested for quark-gluon plasma formation is the suppression of the J/$-particle.[38] The 3/tp is the bound state of a c and
a c quark. In principle the suppression can be understood from the following arguments:
If a cc-pair is formed in a quark-gluon plasma the quarks will, due to Debye screening
of the binding potential, be free to move within a volume which is large compared to
the hadronic dimensions. In the hadronization process it is then much more probable
that the c(c) quark will combine with one of the abundant u(u) or d(d) quarks to form a
D-meson, rather than finding a c(c) quark to form a J/\P. An increased suppression of
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the J/'J has actually been observed when going from lighter (p+U) to heavier systems
(S+U).[39] This suppression has been shown to also be consistent with suppression due
to absorption of the J/\& in dense nuclear matter, however.[40] In very heavy systems
(Pb+Pb at 160 A GeV/c) the J/*-suppression has recently been found to be much
stronger than what one expects from an extrapolation from lighter nuclear systems. [41]
d) Vector mesons: Besides the J/1^, three other vector mesons have attracted special
attention in connection with the quark-gluon plasma, namely the p-, u>- and (^-mesons.
These particles have been suggested as probes not only of the quark-gluon plasma but of
hot and dense nuclear matter in general. They can therefore be considered as precursory
probes of a phase-transition, i.e. they might be used to establish the existence of a
system of hot and dense hadronic matter. The usefulness of these mesons is partly due
to their short life-times; 1.3, 23 and 45 frn/c for the p, u> and <f>, respectively. The lifetime of the p's is so short that the majority of them will decay inside the interaction
volume. The life-times of the u> and <f> are of the same order as the expected life-time
of the system itself, and a sizeable fraction of them will therefore also decay inside
the system. It has been suggested that, provided the Ufe-time of the system is much
longer than the life-time of the p, the ratio of the branching ratios for dielectron decay
T(p —> e + + e~)/r(u; —> e + + e~) could be used as a "clock" which measures the life-time
of the system. [42] This ratio should increase with increasing life-time of the system, and
in the limit of infinite life-time would approach the value 11:1. (Experimentally it is
very hard to perform such measurements, however, due to the small difference in mass
between the p and the u>.)
The ^-meson is of special interest also due to its mass, which is very close to twice
the kaon mass, m^ — 2 -mx = 32 MeV/c2. In hot and dense nuclear matter partial chiral
symmetry restoration might give rise to changes in the masses of the hadrons. [43,44] Since
the dominating decay branch of the <f> is <f> —* K + K, the <f> will be highly susceptible
to such changes in the kaon mass. For example, an increase of the kaon mass with
only 16 MeV/c2 (3%) would completely inhibit this decay channel. These changes in
the properties of the 0 in a dense medium manifest themselves mainly in two different
ways. Firstly, the branching ratios will be modified. By measuring the branching ratio
of (f> —> K + K and compare that to the branching ratio of <f> —> e + + e~ a shift in
mass can detected. An increase of the kaon mass would lead to a decrease of the ratio
T(<j> —* K -f K)/T(<f> —• e + + e~), and vice versa. Secondly, a change in the decay
rate T(<f> —+ K + K) due to phase-space limitations would also lead to a corresponding
change in the total life-time of the <f>. This in turn affects the width of the <^-peak. An
increased life-time of the <f> would thus make the ^-peak more narrow. If the channel
<j> —> K + K is closed, and all other channels unaffected, the width of the <f> would
decrease from its normal value of 4.4 MeV to 0.7 MeV. Experimentally the detection
of a change in the width is probably less ambiguous than the detection of a change in
the branching ratios. To correctly study changes in the branching ratios it is necessary
to also compensate for the secondary interactions of the decay products. For example,
reactions like K~ + n —> ir~ + A reduce the number of kaons, and will thus lead to an
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artificial decrease of the ratio T(<f> -> K + K)/T(<j> -• e+ + e~).
Changes in the properties of the <f> is still a debated question, however. There exist
different models which predict both a decreased[43] as well as an increased[44] life-time in
dense nuclear matter. In case a quark-gluon plasma is formed it has been suggested that
two (^-peaks should appear in the dilepton invariant mass spectrum. [45] The additional
peak, at a lower invariant mass, would correspond to <f>'s which have decayed during the
rehadronizatioji_-pro;cess of the plasma.
Indications of a slight mass-shift of the (f> in nuclear interactions at 11.6 A GeV/c
has recently been reported, but that an experimental bias is producing the effect can not
yet be definitely excluded.[46]
e) Exotica: Finally, several more or less "exotic" signals have been proposed for the
quark-gluon plasma. Among those are the formation of strangelets, i.e. heavy metastable
particles with baryon number A > 2 and strangeness quantum number S < —2. It has
been shown that it is possible within current models of QCD to have such states that
are stable under strong decay. [47] There have even been speculations that these particles
could be absolutely stable[48], and if this is the case it would have profound consequences
e.g. in cosmology. Searches for strangelets have so far given negative results, however. [49]
Another proposed signal is the creation of a disoriented chiral condensate. [50] If a
plasma is created, in which chiral symmetry is restored, the phase-transition back to a
hadronic state might lead to the formation of domains which are disoriented in isospin
space. These domains, the so called disoriented chiral condensates, might experimentally
be observed as irregular fluctuations in the ratio of the number of neutral to the number
of charged pions.

Chapter 3
The Experiment EMU01
In this chapter a short description is given of the experiment EMU01. In EMU01 the
nuclear emulsion detector technique is used to study ultra-relativistic heavy-ion interactions. Experiments have been performed with beams from the JINR synchrophasotron,
the BNL AGS and the CERN SPS. The chapter is divided into 3 sections. In 3.1 the
fundamental principles of the nuclear emulsion detector technique are discussed. In 3.2
and 3.3 the two different methods of exposure which have been used by the EMU01
collaboration are described in more detail: horizontal exposure in emulsion stacks and
vertical exposure in emulsion chambers, respectively.

3.1

The Nuclear Emulsion Detector Technique

The basic principle of the nuclear emulsion detector technique is to let particles produced in a nuclear interaction pass through the emulsion in order to record their tracks.
After the emulsion has been developed the tracks of the traversing particles can be reconstructed with high accuracy. In nuclear emulsion the same chemical reactions are utilized
as in ordinary photographic material. The fact that photographic films, in addition to
being sensitive to normal light, are sensitive also to ionizing radiation has been known
for a long time. In fact, the phenomenon of radioactivity was discovered by H. Becquerel
in 1896 through the observation that a photographic plate was blackened without being
exposed to light by a piece of material which contained uranium. The blackening was in
Becquerel's case caused by radiation from the decay of the uranium nucleus.
The sensitive components of the emulsion are grains of silver bromide, which are
embedded in gelatine. Nuclear emulsions contain a larger fraction of AgBr (about 80%
by weight) than ordinary photographic material, and whereas a standard photographic
film has a thickness of a few /xm the thickness of nuclear emulsion is usually several
hundred fim. The larger amount of AgBr increases the sensitivity of the emulsions which
is necessary in order to detect also weakly ionizing particles. The chemical composition
of standard nuclear emulsion is summarized in Table 3.1.
The emulsions used for the experiments in this thesis have been of two different types:
Fuji ET-7B (Japanese) and NIKFI BR-2 (Russian), respectively.
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Element
H
C
N
0

s

Br
Ag
I

Z number density
(m" 3 ) • 1026
1
321.56
6
138.30
7
31.68
94.97
8
16
1.35
100.41
35
47
101.01
53
0.57

Table 3.1: Chemical composition of standard emulsion. From Ref. [52].

When passing through a medium a charged particle loses energy mainly by inelastic
collisions with the atomic electrons in the medium. For hadrons and not too heavy nuclei
the average energy loss per unit length is well approximated by the Bethe-Block formula
(i.lj
where K is a constant, K=0.3070 MeV cm2 g"1; p and (Z/A)med are the density and
Z/A of the medium, respectively; I is the mean excitation potential of the atoms in
the medium; z is the charge of the particle and /3 its velocity in fractions of c; and
7 = 1/Vl -/32.[51] For nuclear emulsion />=3.82 g/cm3 and 1=331 eV.[52]. Despite
the somewhat complicated appearance of Eq. (3.1), the average energy loss in a given
medium is determined by only two quantities: the charge and velocity of the particle.
Eq. (3.1) has a minimum for velocities around v «0.96c, and singly charged particles with
this velocity are hence called minimum ionizing particles. The energy loss is furthermore
proportional to the square of the charge of the particle.
In the emulsion the amount of ionization is reflected by the shape of the tracks. To
quantify the degree of ionization several methods exist. Among those are: (a) blobcounting and related methods such as grain density calculations, gap-length measurements etc.; (b) 5-ray counting; and (c) measurements of track widths. The method (a)
is mainly used for low or moderately ionizing tracks, whereas the methods (b) and (c)
are used for highly ionizing particles, usually nuclear fragments. Detailed information on
how such measurements are performed can be found in the book by W. H. Barkas.[52]
The fact that the energy loss is proportional to the square of the charge of the particle
makes separation of particles with different charges possible, at least if the charge is not
too high. Separating singly charged particles with different masses is on the other hand
not so easy. Since the ionization is determined solely by the velocity, determination
of the masses requires additional information. If the particles stop in the emulsion,
measurements of the track lengths can provide this. In ultra-relativistic interactions the
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produced particles generally have so high energy that they do not stop in the emulsion,
however. Therefore no attempts to identify the singly charged particles have so far been
made in the data samples used for the analyses in this thesis.
Nuclear emulsions possess several useful properties which in many respects make them
excellent detectors for charged particles produced in nucleus-nucleus collisions. There
are, however, some severe drawbacks which limit their usefulness. Some of the most
important advantages and disadvantages of the nuclear emulsion detector technique are
summarized below:
ADVANTAGES:
• High detection efficiency, close to 100%.
• High spatial resolution (~ 1 fim.).
• Full 47r angular coverage.
• Portability. It' is thus possible to use similar detectors at different accelerator
facilities.
DISADVANTAGES:
• Hard to obtain large samples of events owing to the time-consuming measurements.
• Not always possible to determine the atomic number of the target nucleus in a
collision.
• Limited information. Hard to identify particles and to determine the particle
energy, particularly in ultra-relativistic interactions.
• Not possible to select interesting events by an on-line trigger.

3.2

Emulsion Stacks

Conventionally nuclear emulsion is assembled in the form of stacks. An emulsion stack
consists of several layers of emulsion, each normally having a thickness of 400-600 /un,
placed on top of each other. In the experiment, the beam is injected directly into the
stack and the interactions take place in the emulsion, which thus serves both as target
and detector. A picture of an interaction in an emulsion stack is shown in Fig. 3.1.
After the emulsion has been developed, the interactions are found by along-the-track
scanning, i.e. the beam track is followed until and interaction is found or the track leaves
the stack. This method gives a high detection efficiency.
The reaction percentages for reactions with different target nuclei in the emulsion can
be determined from the information about the chemical content of the emulsion, given in
Table 3.1, combined with an expression for the cross sections, e.g. Eq. (2.13). Knowing
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Figure 3.1: A picture of a nuclear collision in emulsion.
these reaction percentages is necessary in order to be able to perform simulations for
interactions in emulsion with event generators as has been done in the Papers I, III and
IV.
The tracks emerging from an interaction in an emulsion stack are usually divided
into the following four categories depending on their degree of ionization: black, grey
and shower tracks, and tracks from projectile fragments. The shower tracks are weakly
ionizing tracks which correspond to singly charged particles with velocities v > 0.7c.
Grey tracks correspond to particles with velocity v < 0.7c which have a range in the
emulsion of more than 3 mm. Black tracks are tracks from highly ionizing particles with
a range of less than 3 mm in the emulsion. The tracks from projectile fragments, finally,
are forwardly peaked tracks with Z > 1.
The velocity cut (v > 0.7c) for the shower particles corresponds to the following
lower limits on the kinetic energy: for pions T > 56 MeV, for kaons T > 198 MeV and
for protons T > 375 MeV. Similarly, the 3 mm cut on the track length which separates
grey tracks from black tracks corresponds to the following limits in kinetic energy: for
pions T > 12 MeV, for kaons T > 20 MeV and for protons T > 26 MeV. The shower
track particles are predominantly produced particles (pions and kaons), while the grey
track particles mainly are target related protons. This picture is only an simplification,
however, and there is a mixing between the samples so that the grey track particles
contain small admixtures of pions and kaons, and vice versa. The black track particles
are mainly multiply [Z > 3) charged fragments from the target together with slow
protons and a-particles.
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3.3

Emulsion Chambers

In interactions where the density of particles becomes too high, measurements in emulsion stacks become increasingly difficult. Examples of such interactions are interactions
with very heavy nuclei, or interactions with large incident energies where the produced
particles for kinematical reasons are concentrated in a narrow forward cone. Within the
EMU01 collaboration another detection method has therefore been developed which uses
vertical exposure" in emulsion chambers. [53]
1

Target Foil

Emulsion

Figure 3.2: A schematic picture of an emulsion chamber. (The 7th plane is not shown.)
An emulsion chamber consists of 7 plastic plates of size 10x10 cm2 placed behind one
another as shown in Fig. 3.2. Each plate is on both sides equipped with a thin layer of
emulsion. During the exposure the beam hits the chamber perpendicular to the emulsion
planes. The interactions take place in the target foil, which is placed directly in front
of the first emulsion layer of plate 2. In each chamber plane downstream of the target
the positions of the hits are recorded in the two emulsion layers. By combining the hit
information from all planes it is thus possible to reconstruct the tracks of the particles
emitted in an interaction. The geometry of the chambers implies that only particles with
emission angles below 30°can be measured.
The chamber planes 2-7 are placed behind the target foil at increasing distances,
approximately following a geometric series. This arrangement gives a constant relative
error in the emission angel, 9. (A8/9 ~ const.)
The advantage of using emulsion chambers is that they provide a better angular
resolution than emulsion stacks, and this means that they also can handle higher particle
densities. Furthermore, since a target foil is used, the target nucleus is known. The
drawback is the limit on emission angle (30°).
The events are found, after the emulsion has been developed, by scanning the first
emulsion layer of plate 2. The information from plate 1 is used to check that the projectile
had not interacted before it reached the chamber. For the measurements and the reconstruction of the tracks a semi-automatic, computer based system is used.[53,54] To be
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able to handle the very large multiplicities from Pb-induced interactions at 160 A GeV/c,
and also to increase the speed of the measurements, a fully automatic measuring system
is being developed at the University of Lund. The system consists of a CCD-camera
connected to a microscope, two step-motors and a PC equipped with an image processor.
The CCD-camera is read-out via the PC, which is also used to control the step-motors.
The system is able to find the hits in a given plane automatically, and using the hit
information the tracks can be reconstructed.

Chapter 4
The Experiment WA93
WA93 was a heavy-ion experiment at the CERN Super Proton Synchrotron (SPS). The
experiment studied interactions between projectiles of 32S nuclei, accelerated to 200 A
GeV/c, and sulphur and gold targets. Data were collected in 1991 and 1992. WA93[55]
evolved from the earlier heavy-ion experiment WA80[56]. Further extensions and upgrades have led to the experiment WA98[57], which currently is studying Pb-induced
interactions at 160 A GeV/c.
This chapter is divided as follows: In 4.1 a brief description is given of all the detectors in WA93. Section 4.2 contains a more thorough description of the Multi-Step
Avalanche Chambers used in the WA93 tracking system. The processing of the data
from the tracking system is described in 4.3. In 4.4, finally, some of the simulations
which have been performed with GEANT[58] concerning the acceptance and resolution
of the charged particle spectrometer are presented.

4.1

The Detectors in WA93

The aim of WA93 was to combine the detection of photons with tracking and momentum
reconstruction of negatively charged particles. The detectors in WA93 can therefore be
divided into two groups; detectors for photons (the photon multiplicity detector, the
lead-glass calorimeter and the charged particle veto detector) and the tracking system
(the magnet GOLIATH and 4 Multi-Step Avalanche Chambers). There were also a
midrapidity calorimeter and a zero-degree calorimeter used for triggering.
The layout of WA93 is shown in Fig. 4.1. The beam enters from the left in the
figure and hits the target, which is placed at the edge of the magnetic volume. Negatively charged particles from the interactions are deflected to the right, as seen from the
direction of the beam, towards the 4 multi-step avalanche chambers, which are placed
behind one another 4-8 m downstream of the target.
Below follows a brief description of the different subdetectors in WA93. More detailed
information can be found in the quoted references.
PMD: The purpose of the photon multiplicity detector[59], PMD, was to measure, on an
event-by-event basis, the multiplicity, Ny, of photons. The active volume of the detector
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Figure 4.1: Layout of the WA93-experiment.
consisted of a 17 mm thick lead converter plate behind which was placed a matrix of 3 mm
thick plastic scintillator pads. The detector was divided into four quadrants which were
placed symmetrical around the beam-axis with a hole in the middle leaving room for the
beam-pipe. The acceptance in pseudo-rapidity was 2.8 < 7] < 5.2 with full azimuthal
coverage in the region 3.3 < 77 < 4.9. Each quadrant contained 1900 20 x 20 x 3 mm3
plastic scintillator pads. In order to obtain a compact and cost-efficient read-out of such
a large number of channels, a system with CCD-cameras coupled to Image Intensifies
was used. The signals from the pads in one quadrant were read-out by one CCD-camera.
The photon detection efficiency has been estimated to be ~ 65-75 %. The uncertainty
in the number of detected photons, originating from the inefficiency and the background
from hadronic interactions in the converter, has been determined to be « 7.5 % in central
interactions and « 14 % in peripheral interactions.
Pb-Glass: The lead-glass calorimeter[60] consisted of 3798 lead-glass modules with
individual dimensions 35 x 35 x 460 mm3 and 40 x 40 x 400 mm3. The detector covered
a transverse area of 5.6 m2, corresponding to a geometrical acceptance of 2.2 < 77 < 2.9
with ~ 70% azimuthal coverage. The lead-glass calorimeter had been constructed to be
able to detect and measure the energy of photons in the energy range 0.2-20 GeV. The
energy resolution was a/E = 0.004 + 0.06/ JE/GeV. The hadronic showers could be
separated from the electromagnetic showers, either by the different shapes of the output
signals, or by using the charged particle veto from the streamer tube detectors, or from
a combination of the two methods.
By studying the invariant-mass spectrum of the detected photons it has been possible
to reconstruct and obtain momentum spectra from ir° and 7/-mesons.[61] The detector
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has also been used to set an upper limit on the number of directly produced photons in
S+Au interactions. [62]
Streamer Tubes: The streamer tubes[63] served as charged particle veto detector
for the lead-glass calorimeter. The detectors were Iarrocci-type plastic streamer tube
arrays[64] with pad readout. Two streamer tube planes were used, placed 9.22 m and
9.39 m from the target, respectively. The angular coverage was 2.2 < 77 < 2.9 with
«70% azimuthaLcoverage, i.e. the same as that of the lead-glass detector. The detection
efficiency for an individual plane was estimated to be about 90%.
In WA80 the streamer tubes were also used to study multiplicity and pseudorapidity
distributions of charged particles. [65]
GOLIATH: The spectrometer magnet, GOLIATH, was a dipole magnet with a bending
power of 2 Tm. The pole pieces were 2.2 m across and the air gap between them was
1.6 m. A 2 Tm bending power corresponds to a "pj-kick" of 0.6 GeV/c for singly
charged particles.
MS AC: The Multi-Step Avalanche Chambers will be described in more detail in the
next section.
MIR AC: The midrapidity calorimeter [66], MIRAC, was used to measure the transverse
energy. It consisted of 144 individual calorimeter modules grouped into 4 stacks with
36 modules in each. Each module measured the total energy of the particles entering
it. The stacks were placed around the beam-axis in a pattern similar to that used for
the 4 central stacks in WA80, as described in Ref. [66]. The distance from the front of
the detector to the target was 11.25 m. The modules consisted of sheets of stopping
material sandwiched between sheets of scintillator material. The modules were divided
into an electromagnetic and a hadronic section. In the electromagnetic section 3 mm
thick sheets of lead were used as stopping material, whereas in the hadronic section
the stopping material was iron (8mm thick plates). The response of the detector was
found to be linear for particles in the energy range 2-50 GeV, and the energy resolution
was found to be <r/E = 0.014 + O.U/^E/GeV and a/E = 0.034 + 0M/y/E/GeV
for
electromagnetic and hadronic showers, respectively.
The normal experimental definition of the transverse energy, ET, is

ET = J2Ei-M0i)

(4-1)

i

where E{ is the total energy measured in module i and 6{ the polar angle of module i.
Due to the magnetic field charged particles are deflected so that their observed emission
angles, 8i, differ from the true emission angles. This affects both the value of ET computed from Eq. (4.1) and the acceptance of the detector. This is not a serious problem,
however, since the net effect essentially is that ET is rescaled by a constant factor. The
measured value of ET is thus still a good indicator of the centrality of the interaction.
ZDC: The Zero-Degree Calorimeter[67], ZDC, was a sampling-type calorimeter of the
same type as MIRAC. In the ZDC uranium was used as stopping material in both the
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hadronic and electromagnetic sections. The purpose of the detector was to measure the
energy of the projectile spectators, which, after the collision, continue forward with very
small emission angles. The acceptance of the Zero-Degree Calorimeter was determined
by the central collimator of MIRAC, which had inner dimensions 12 x 12 cm and was
placed 11.25 m from the target. The acceptance of the ZDC thus roughly corresponds
to a cone with polar angle 6 < 0.3 °. This definition is similar to the definition of QZD
used by EMU01[7], with the difference that the energy, instead of the charge, of the
spectator fragments* is measured. The response of the ZDC was found to be linear for
heavy-ions within the energy range 60-6400 GeV. The energy resolution was measured
to be a/E — 0.02 + 0.67jy/E for beam rates of lO6*"1, and somewhat better for lower
beam rates.
Start Detectors: The start detectors were used for triggering and for defining a valid
beam, i.e. to ensure that all projectiles were 32S nuclei which had not interacted upstream
in the beam-line. They consisted of two quartz-Cherenkov counters, a plastic scintillator
and a halo wall. The plastic scintillator, also known as the "little veto detector", had a
hole with a diameter of 3 mm drilled through its centre, through which the beam had to
pass. It was used to veto events in which an interaction had occurred in the Cherenkov
counters. In case a 32S nucleus should interact further upstream in the beam-line, this
will result in a shower of muons which are detected in the halo wall. The halo wall can
thus be utilized to remove such interactions. The halo wall was only used in the offline
trigger analysis.

4.2

The Tracking System in WA93

Because of the copious production of particles in ultra-relativistic nucleus-nucleus collisions, tracking of charged particles from such interactions is a most difficult task. The
high particle densities require detectors with high granularity which are capable of operating in a high multiplicity environment. In case several detector planes are used, each
plane must be of light construction in order to minimize secondary interactions. The system must, furthermore, be able to handle a high trigger rate so that high statistics event
samples can be analysed. Finally, as always, the system must be of a reasonable cost.
In WA93 it was decided to use a tracking system consisting of 4 Multi-Step Avalanche
Chambers (MSAC:s) with optical read-out combined with a spectrometer magnet. A
side-view of the system is provided in Fig. 4.2
The idea to use Multi-Step Avalanche Chambers as a means to detect charged particles was first suggested by Charpak and Sauli.[69] By constructing large chambers with
a surface area of ~1 m2 and letting the particles hit the chambers perpendicular to the
chamber plane, 2-dimensional position information of several particles can be obtained.
This makes the chambers suitable as detectors for heavy-ion interactions. [70]
The principle of operation of a MSAC is illustrated in Fig. 4.3. An ionizing particle
which enters the sensitive volume ionizes atoms in the gas. The thus released primary
electrons (about 20-40 for a minimum ionizing particle) are drifted by a comparatively
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Figure 4.2: A side-view of the tracking system in WA93. From Ref. [68].
weak electric field towards the first amplification gap, where an avalanche is created by
the strong electric field in the gap. The electrons from the avalanche are then drifted
towards a second and maybe a third amplification gap where successive avalanches are
produced. Finally the electron avalanche is converted to photons in the light gap by
exciting the TEA (triethylamine) molecules in the gas. The light is emitted when the
TEA molecules deexcite.
The Multi-Step Avalanche Chambers used in WA93 were equipped with 3 amplification gaps.[71] The chambers were rectangular in shape with dimensions 1.2x1.6 m2 and
had a thickness of 10 cm. They were constructed of 12 steel meshes which served as high
voltage electrodes. The 12 meshes were positioned parallel to each other and attached
to a composite frame of vetronite and honeycomb. The meshes consisted of 50 fira thick
stainless steel wires with a wire spacing of 500 /im. To prevent unwanted discharges
between the electrodes in the amplification gaps it is important that the parallelism of
the meshes is very good. To achieve the desired accuracy (less than 20 fim deviation)
ceramic spacers were placed between the meshes in the amplification gaps. The back
and front of the chambers were covered with double mylar windows.
During operation the chambers were flushed with a gas mixture consisting of 98 %
Ne and 2 % TEA at a rate of about 24 litres/h.[72] The TEA vapour was added to the
Ne gas in the MS AC gas system, as described in Ref. [73]. To prevent leakage of oxygen
and nitrogen from the surrounding air into the chambers through the mylar windows,
double mylar windows were used and Ar was flushed in the envelope formed by the two
mylar sheets.
An electron avalanche in a gas occur if the electric field is strong enough to accelerate
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Figure 4.3: Principle of operation of the MSAC:s.
free electrons to energies that are sufficient to ionize the atoms in the gas. The number
of electrons, n, released in an avalanche in a uniform electric field is given by
n =

(4.2)

where n0 is the original number of electrons, x the path length in the electric field and
a the first Townsend coefficient.[51] The amplification, M, is thus given by
M = n/n0 = exp(as)

(4.3)

The Townsend coefficient depends on the pressure of the gas and on the strength of
the electric field. The variation is approximately described by the parameterization
a/P — Aexp( — BP/S), where P is the pressure, S the electric field strength and A,B
constants. [74] From Eq. (4.3) it seems that the amplification could be increased to arbitrary large values. This is not possible, however, due to break-down in form of discharges
(sparks) between the electrodes. It is thus this break-down that sets the limit on the
maximum attainable amplification.
If M is the amplification in a single amplification gap, which is of the order of 103,
the average total amplification of the primary electrons released in the ionization gap
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will be M 3 . The signal from electrons released by ionization outside the ionization gap
will be reduced by a factor of 103—106 in comparison with the signal from the original
electrons, depending on where in the chamber the ionization takes place. This means
that the signal will be well localized even if the ionizing particle enters the chamber at
an angle. For the same reason the number of photons emitted outside the light gap will
be reduced by a similar factor.
The voltages.-applied _to the High-Voltage planes are presented in Table 4.1. The
voltages for plane 4-9 were the same for all chambers, while the voltages for the other
planes were adjusted individually for each chamber (the values shown are average values). In the table the voltages are shown both for gas mixtures of Ne+TEA, which
was used in WA93, and Ar+TEA, which was used in WA98. The electric field intensity
in the amplification gaps was typically about 3.6 kV/cm, and in the drift gaps about
1.0 kV/cm. Eq. (4.3) in combination with the exponential dependence of a on £ makes
the amplification extremely sensitive to changes in the electric field. During operation
the voltages of the amplification gaps were therefore adjusted in steps as small as 2 V.

High-Volt age
Voltage (V)
Plane
WA93
WA98
1
-7330
-7740
2
-6930
-7340
-5500
-5390
3
4
-2480
-1980
5
-1800/-2020 -1970/-2520
6
-715
-975
975
7
715
8
2020
2520
2200/1980 :3030/2480
9
10
3250
4055
11
4680
6005
12
8005
6580
Table 4.1: Voltages applied to the different MS AC High-Voltage Planes in WA93 and
WA98. The two values given for plane 5 and 9 correspond to when the chamber gates
are open and closed, respectively.

The drift time of the electrons through the chamber from the ionization gap to the
light gap is approximately 2 fis. To enable external triggering the chambers are equipped
with two gates, one between the first and second and one between the second and third
amplification gap, respectively. Normally the gates are closed, i.e. a reversed electric
field is applied across the gate gap which prevents the electrons from passing through.
When a trigger is received the gates are opened for a period of 800 ns. To compensate
for the drift time of the electrons the gates are opened with delays of 700 ns and 1600 ns,
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respectively. If longer or shorter delays should be desired, e.g. due to different trigger
conditions, this can be achieved by modifying the length of the drift gaps.
The TEA molecules emit photons with wavelengths in a spectrum centered around
280 nm. The emitted light is thus in the UV region while the CCD-cameras have the
highest sensitivity in the visible range. To shift the wavelength of the light from UV
to visible, wavelength shifters were placed adjacent to the rear mylar window. The
wavelength shiftingjalates were produced from a polystyrene base and had a thickness of
1 mm. They were manufactured by Bicron (product code BC-499-09). The emitted and
wavelength-shifted light was registered by CCD cameras equipped with image intensifies.
The cameras viewed the chambers through mirrors which were placed at an angle of
45°relative to the chamber planes.(cf. Fig. 4.2) The CCD cameras were positioned at an
equivalent distance of 210 cm from the light gap of the chambers. Each chamber was
viewed by 2 cameras except the first chamber (the one closest to the target) which was
viewed by a single camera. Each camera had a resolution of 288 x 395 pixels. A single
pixel corresponded to an area of 3 x 3 mm2 at the chamber plane.
The CCD-camera read-out solution has two inherent limitations. First, the CCDcameras have a finite aperture and, since they are placed at a rather large distance from
the chambers, cover only a small solid angle. This angle is 0.11 msr (chamber-camera
distance 210 cm; diameter of camera lens 25 mm). Thus, of all emitted photons only a
fraction 1.1 • 10~4/4TT SS 10~5 reach the cameras. Secondly, the original information is
carried by the primary electrons and the electrons in the avalanche. These electrons are
subsequently converted into photons, which are recorded by the CCD-cameras. In the
cameras the registered photons are then converted back to an electric signal. Obviously
this process of going from electrons to photons and back to electrons again may easily
cause some alterations of the original signal. In order to overcome these drawbacks, a
novel solution of the read-out from the chambers has been developed at the University
of Lund. [75] This method is based on the collection of the charge in the avalanche on
"pads" placed in a plane at the back of the chambers. The signals from the pads are
read-out via a chip, which is mounted in chip-on-board technique on the back of the
pad-plane. Initial test have shown very promising results, which indicate that this
method of read-out gives both a high efficiency and a low background.
In WA98 a second tracking arm, consisting of 2 MSAC:s equipped with pad readout and 2 streamer tubes, is being implemented to measure positively charged particles.
Both tracking arms will in WA98 be equipped with time-of-flight walls for particle
identification. One interesting process that might be studied by combining information
from the two arms is the decay of the <£-meson into two charged kaons.

4.3

Data Analysis

The first step in the data analysis is the processing of the raw camera data in order to
determine the position of the hits. As will be further discussed below, the chambers
with read-out via CCD-cameras were not 100% efficient. Moreover, there was also a
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considerable amount of background in the raw data. The criteria for defining a hit were
therefore chosen as a compromise between not losing too many real hits and reducing the
background. After several test with various definitions it was decided to use the following
definition: A cluster of pixels was classified as a hit if it consisted of at least 4 adjacent
pixels all having an ADC-value above 3. The minimum summed ADC-value for a hit
was thus 16. The ADC range for a single pixel was 0-63. In Fig. 4.4 the distributions of
(a) the number j>f pixels per hit and (b) the summed ADC-value per hit are presented.
The shape of the ADC distribution reflects the Landau-distribution of the energy loss
of a particle passing through a thin absorber. [51,76] The average number of clusters per
chamber and event is shown in Table 5.2 in Chapter 5.
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Figure 4.4: Cluster characteristics: (a) distribution of the number of pixels above threshold per cluster (b) summed ADC distribution.
For the alignment of the chambers, i.e. finding the transformation from pixel coordinates to laboratory coordinates, the positions of the spacers were used as reference.
The positions of some of these, in laboratory coordinates, had been determined by the
CERN surveyors with high accuracy.
To find the pixel position of the spacers, a large number of camera images from real
data events were superimposed. The position of the spacers could then be seen as shallow
dips in a smoothly varying background, and their pixel coordinates (XCCD,YCCD) could
be determined. The transformation from pixel to space coordinates was obtained by
fitting the known spatial positions of the spacers to the following linear transformations
Xlab = A+ B • XcCD + C • YcCD
v
n± V v
j . JP x

f*A\
(4-4)

ilab — U -t ti • ICCD ~r r • A-CCD

This method had the advantage that the alignment was determined when the cameras
were operating under normal conditions.
Since the cameras were affected by the magnetic field from the spectrometer magnet,
the parameters in Eq. (4.4) were determined both with and without magnetic field.
In order to check the alignment and at the same time get a measure of the spatial
resolution of the chamber/camera-system the following simplified tracking analysis was
performed for magnet off data. From each hit in the most downstream chamber, chamber 4, a track was formed by constructing a line between the target and the hit. In the
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other, interjacent chambers, the distance between the predicted track position and the
position of the hits were calculated. In Fig. 4.5 the distribution of this distance in the
vertical direction in chamber 1 is displayed. The distribution has a peak, corresponding
to the real hits, above an almost constant background. The curve in the figure corresponds to a fit to a function of the type A + Be~(x~x^ /2<T . The peak of the distribution
is close to zero which shows that chamber 1 and chamber 4 are mutually aligned. Similar checks of the alignment were done for the other chamber combinations in both the
vertical and the horizontal directions.
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Figure 4.5: Distribution of the difference in vertical position of the hits in chamber 1
and tracks obtained by a simplified tracking analysis.
The information from the distribution in Fig. 4.5 may also be used to estimate the
spatial resolution of the chamber/camera-system. The width of the distribution is affected both by the spatial resolution in the chambers and by the multiple Coulomb
scattering the particles experience before they reach the chambers. The average spatial deflection due to multiple scattering along a path of length r in a medium can be
estimated from the following expression
7.S5MeV/c

Wv

1 + 0.038 In

(f-))

(4.5)

where LTad is the radiation length of the medium, p the momentum of the particle and /3
the velocity of the particle in units of c (j3 « 1 for relativistic particles).[77] For air Lrad =
304.2 m. For a path length in air of 6 m, i.e. the average distance of the chambers from
the target, and a momentum of 3 GeV/c, Eq. (4.5) predicts a deflection of 2 mm. Typical
widths of the distributions of the same type as that in Fig. 4.5 are 6 mm. Assuming
that the spatial resolution is the same in all chambers and that the deflection due to
multiple scattering is 2 mm, this gives a spatial chamber resolution in one dimension of
approximately 4 mm. This can be compared with the area covered by a single camera
pixel, which is 3x3 mm2
The positions of the hits in the chambers are used for the reconstruction of the tracks
of the traversing charged particles. As the chambers are situated in the field free region
downstream of the magnet, the particles are assumed to follow straight line trajectories.
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A track is accepted if hits in at least 3 chambers lie on a straight line as determined by
a least-square fit. If the number of hits in the chambers is N, a brute-force approach
by fitting all possible combinations of hits would give fts N4 least-square fits. Since N is
about 80 in central S+Au interactions this means that a very large number of fits would
have to be performed. In order to reduce this number and save computer execution time,
a different method was used. First all pair combinations of hits were formed, i.e. all
hits in Ch. 1 combined with all hits in Ch. 2, all hits in Ch. 1 combined with all hits
in Ch. 3 etc. In all there are 6 such combinations of different chambers: 1-2, 1-3, 1-4,
2-3, 2-4, 3-4. If there are N hits in each chamber there are thus 6 • N2 pairs. From
each pair a preliminary track candidate is formed for which the extrapolated value of
y at z=0 is computed. Since the deflection from the magnetic field is mainly in the
X-Z-plane, y(z=0) will be close to zero for real tracks also with magnetic field. Only
pairs which have a y(z=0) less than 2 times the final y(z=0)-cut used for the tracks
are kept. It turns out that this requirement removes approximately 97% of the pairs.
The remaining pairs are then sorted according to their slope in the y-direction. The
least-square fits are.only performed on hits which belong to pairs with similar slopes.
It was found empirically that it is sufficient to scan through ~10% of the total number
of the remining pairs without losing any tracks. This method thus reduces the number
of least-square fits from JV4 to approximately 0.1 • \ (0.028 • 6 • JV2)2 « 1.4 • 10"3 JV4, i.e.
roughly by a factor 103. For accepting a track it is required that the xVd.o.f. from the
fit is better than 2.5 in both the x- and y-direction, and that the extrapolated value of
y at z = 0 lies within ±2.5 cm of the target position.
Since it can not be excluded that a single particle may give rise to two or more hits
close to each other in the chamber, a proximity cut of 3 cm was applied to the tracks.
This meant that in case the average distance between two tracks in the four chamber
planes were below this value, only one of the tracks was kept.
The final step in the analysis is to use the reconstructed tracks to determine the momenta of the particles. If the magnetic field is known with sufficient accuracy, necessary
and sufficient conditions for determining the momentum of a charged particle are: (a)
the point of entry into the field is known, and (b) the trajectory of the particle after it
has left the field is determined. The point of entry into the field is in this case identical
to the position of the target, i.e. x=y=z=0. The trajectory after the particle the particle
has passed through the field is determined by the reconstructed straight line track. The
trajectory can be specified e.g. by giving the position in x and y of the track at two fixed
values of z. Since the deflection in the magnetic field is mainly in the X-Z-plane, the
extrapolated value of y of the track at the target position, y(z=0), will be approximately
zero. If y(z=0)=0, the position at z=0 is determined solely by io=x(z=0), and the position at z=0 is chosen as the first of the two points needed to describe the track. The
second point is chosen as the position of the track (13,2/3) in chamber 3, z=689.4 cm.
It is worth noting that the assumption y(z=0)=0 is only an approximation, even in the
case of an ideal square field. The assumption is reasonable, however, since the deviations of y(z=0) from zero are always very small, and the small error introduced by this
assumption is negligible. The vector p is thus determined by the three variables XQ, X3
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and y3. For the reconstruction it is convenient to express the momentum vector in the
components p=(p,X>V0> where p is the magnitude of p, p = | p |; x ls the opening angle,
i.e. the angle between the Z-axis and the projection of p on the X-Z-plane; and ip is
the dip angle, i.e. the angle between p and the X-Z-plane. p, x a n d V*a r e related to
the Cartesian components of p and to the polar angles (6,ip) by the following relations
"

px = P sin 0 cos ip = p sin x cos tp
py = p sin 9 sin tp — psin^>
Px = P cos 6

(4-6)

= p cos x cos tjj

The components of p can thus be expressed as functions of x0, x3 and y3.
1/p =
f(xo,x3,y3)
X
= g(xo,x3,y3)
V>

=

(4.7)

h(xo,x3,y3)

Finding the exact expression for these functions is in practice impossible due to the
inhomogeneity of the magnetic field. The functions can be evaluated with sufficient
accuracy by expanding them in terms of Tchebycheff polynomials, however,

f(x0, x3, y3) = E E E <**r*(£o) Tj{x3) T{(y3)
k

3

(4.8)

i

and similarly for g and h.[78] The variables io,x3,y3 correspond to the projections of
XQ,x3,y3 onto the interval [—1,+1], i.e.

and in the same way for x3 and jfa. The variables have to be projected onto this interval
since the Tchebycheff polynomials are defined only for arguments between —1 and 1.
In order to determine the coefficients in the expansion, several tracks with different
momenta were generated and traced through the magnetic field. This procedure gave a
set of corresponding values of (p,x,V0 a n d (x0jX3,y3), which were used to determine the
coefficients in the expansion.
The method of fixing the coefficients in the expansion in Eq. (4.8) by first tracing a
number of test particles through the field reduces the computer execution time required
for the momentum reconstruction in comparison with using an iterative process and
individually tracing each reconstructed track back through the field.

4.4

GEANT simulations

In order to determine the acceptance of the WA93 spectrometer and finding the uncertainty in the reconstructed momenta, simulations have been performed with the CERN
GEANT program package. [58] The procedure was as follows. A sample of tracks with
known momenta were generated and used as input to the GEANT package. In GEANT
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the particles were traced through the experimental setup and could interact with the
material they encountered (e.g. the material in the detectors and their supports, the
molecules in the air etc.) on their way to the detectors. When a particle reach a detector the output signal of that detector is simulated. For the MSAC:s this simply means
that as soon as a charged particle passes through a chamber plane a hit with fixed cluster
configuration is recorded- The efficiency and the distribution of the number of pixels
per cluster etc. ^s. thus not taken into account at this stage. The information about the
signals in the various detectors from GEANT is then used to create a data file which has
exactly the same format as a real data file. By analysing the simulated data which has
been obtained in this way, and comparing the generated distribution of momenta with
the corresponding reconstructed distribution, the acceptance can be determined. The
uncertainty in the reconstructed value of the momentum can be found by studying the
difference between the generated and reconstructed momentum.
The tracing of the particles through the setup necessitates a mapping of the magnetic field. The mapping of the magnetic field from the spectrometer magnet is a 6dimensional problem; in each spatial point (x,y,z) the vector (Bx, By, Bz) has to be
measured. The main component of the field is in the vertical (y) direction, and the field
is directed downwards. The measurements were done with a Hall-probe consisting of
12 individual Hall-plates. The field was measured with a grid-space of Az=2 cm and
Ax,Ay=4 cm. The spatial variation of the magnetic field is illustrated in Fig. 4.6, which
shows the variation of the absolute value of By with x, y and z on a line which passes
through the centre of the magnet. The variation of the field with y is weak, whereas the
variation with x and z is appreciable. The field in the centre of the magnetic volume is
about 0.8 T.
There are basically three different contributions to the uncertainty in the reconstructed momentum. The first contribution is due to the uncertainty in the momentum
reconstruction procedure itself. As has been described in the previous section the reconstructed momenta are calculated from parameterizations of the momentum components in terms of Tchebycheff polynomials. The uncertainty in this method was checked
through GEANT simulations. In these simulations all interactions in GEANT had been
turned off and the spatial chamber resolution was assumed to be ideal. It was found
that the reconstruction method gives an uncertainty in momentum of
AP

— = 0.3-l(T 3

(4.10)

The second contribution arises from the interactions the particles may undergo on
their way from the target to the chambers. The dominating reaction is multiple Coulomb
scattering with the atoms in the air.
The third contribution is due to the spatial resolution of the chambers. As has been
discussed the resolution is about 4 mm.
It turns out that the contribution from multiple scattering and spatial resolution are
of the same order of magnitude, whereas the contribution from the momentum reconstruction procedure itself is negligible. The result of the momentum resolution calculations, which has been obtained under the assumptions of a spatial resolution of 3.4 mm
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Figure 4.6: The variation of the vertical component of the magnetic field with x, y and
z on a line through the centre of the magnet.
and multiple scattering and other interactions as implemented in GEANT, is shown in
Fig. 4.7. The resolution in momentum is about 1% at p=2 GeV/c and increases almost linearly with momentum to slightly better than 3% at p=6 GeV/c. For intensity
interferometry studies (Section 5.4) a standard variable is the invariant 4-momentum
difference, QINV- The resolution in QJNV for the tracking system is shown in the second
part of Fig. 4.7. For small values of Qisv the resolution is AQINV = 7 MeV/c.
Simulations were also performed with GEANT in order to determine the acceptance
of the charged particle spectrometer. The purpose of the acceptance calculations is to
find the probability to detect a particle which is emitted with given values of m j and
y. The acceptance consists of two parts; the geometrical acceptance and the acceptance
due to the inefficiency of the detector.
The geometrical acceptance is found by generating tracks with known values of mx,
y and <p (azimuthal angle) and use these as input to the GEANT simulation package.
If a generated particle passes through at least 3 chambers and can be reconstructed
as a track, the point in momentum-space defined by mj, y and <p of the generated
particle is within the acceptance of the detector. To find the fraction of the azimuth

51

4.4. GEANT SIMULATIONS

5

1

w

35

t

•

0^30
25
20
15
10
5
n

4

6
P [GeV/c]

. . .

1

, . ,

200

1

. . .

400

1

. . .

I

. . .

600 800 1000
QlNV [MeV/c]

Figure 4.7: Resolution in momentum and Qwv for the charged particle tracking system
in WA93.
covered by the detector at given values of ray and y, the roj vs. y-plane was divided
into cells of size Amj=37.5 MeV and Ay=0.12. In each cell tracks were generated
with a uniform distribution in azimuthal angle between 0 and 2TT. The exact values
of TTIT and y within the cell were also generated randomly from uniform distributions.
The geometrical acceptance for a certain cell is given by the ratio of the number of
reconstructed tracks within the cell to the number of generated tracks in the same cell.
The result of such a calculation is shown in Fig. 4.8.
The efficiency of the chambers was measured in the laboratory with a /3-source,
and these measurements showed a detection efficiency of about 97%. When put into
operation in the experiment it was soon realized, however, that the efficiency was much
lower. The main reason for this is, presumably, that the simultaneous injection of several
particles into the chambers increases the probability for sparks. This then leads to that
the field strength has to be reduced in order to keep the sparking under control. But
the reduction of the electric field strength at the same time reduces the signal.
The efficiency of the chambers during the heavy-ion run was determined by the
following method. [79] To investigate the efficiency in a given chamber, tracks were reconstructed using only the other 3 chambers and strict cluster definitions. In the chamber
under investigation a square with an area of 4x4 cm2 around the intersection of the track
was studied. The chamber was considered efficient if the number of hits in the square
was larger than the number of hits within a polygon of equal area circumscribing the
square. The number of hits in the polygon around the square had to be considered in
order to prevent background hits from giving a too high estimate of the efficiency. The
hits in the chamber under investigation were defined according to the standard cluster
definitions which were used in the rest of the off-line analysis. This method gave the
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Figure 4.8: Geometrical acceptance of the charged particle spectrometer for negatively
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in the bin.
following average chamber efficiencies:
Chamber
Chamber
Chamber
Chamber

1: 45%
2: 64%
3: 63%
4: 33%

A similar method which also used information from the streamer tubes gave results in
agreement with these values. [80] One should keep in mind that the dead-time due to
sparks has not been taken into account in the values presented above and also that they
represent an average over several runs with different running conditions.
The procedure described above was also used to produce maps of the local efficiency
of the chambers. These maps were used to determine the final acceptance corrections (for
both geometry and efficiency) of the tracking system. The corrections were determined as
functions of mr and y by a procedure similar to that used for the geometrical acceptance.
For the distributions shown in Fig. 4.8, 106 tracks were generated corresponding to
500 tracks per mx/y-cell. For the corrections which were used to obtain the final mispectra in all 4-106 tracks were generated in the interval 0.0 < (mj — m^) < 3.0 MeV
and 3.0 < y < 3.6 which corresponded to 10000 tracks per cell.

Chapter 5
Results from WA93
This chapter contains a presentation of some of the results from the analysis of data from
the charged particle tracking system in WA93. Some of these results are also discussed
in Paper V. In Section 5.1 the event selection and the available statistics are presented.
The multiplicity of negatively charged particles and the corrections for the background
are discussed in Section 5.2. The transverse momentum spectra are presented in 5.3,
and the results from the interferometry analysis are presented in 5.4.

5.1

Event Selection and Statistics

The data collected in WA93 were divided into three centrality classes: central, semicentral and peripheral. The event selection was done already in the on-line triggering.
The on-line trigger was denned by the signals in the start detectors, the little veto
detector and MIRAC. The signals from the start detectors(Si^) and the little veto
detector(53) were used to ensure that in the recorded events all projectiles were 32S
nuclei. A valid beam was denned by the following logical combination of Si, S2 and S3:
Valid beam <=> Si • S2 • S3, i.e. coincidence between Si and S2 in anticoincidence with
S3. The coincident signals in Si and S2 show that a projectile nucleus has passed the
start detectors, and the absence of a signal in S3 ensures that a nuclear interaction has
not taken place in the start detectors. The on-line trigger was defined as a combination
of the signal for a valid beam with the signal in MIRAC. The three centrality classes
central, semi-central and peripheral corresponded to a high, an intermediate and a low
signal in MIRAC, respectively.
The cross sections for the different selections were: a = 537±39 mb, <r = 1852±133 mb
and a = 455±33 mb for the central, semi-central and peripheral selection, respectively. [80]
From Eq. (2.13) it can be estimated that the cross section for the central events corresponds to about 15% of the total inelastic S+Au cross section.
The statistics used in this analysis as well as the mean Ej for each centrality class
are presented in Table 5.1. The raw transverse energy spectra for the three centrality
classes are shown in Fig. 5.1.
Only data from the run in 1992 has been used in this analysis owing to the better
53

CHAPTER 5. RESULTS FROM WA93

54

System

Centrality

s+s

Central
Semi-Central
Peripheral
.Central
Semi-Central
Peripheral

S+Au

number of events number of events with
4 active chambers
3
38-10
9-103
15-103
4-103
14-103
4-103
131-103
32-103
44-103
14-103
3
100-10
30-103

<E T >
[GeV]
153
88
44
221
123
43

Table 5.1: Number of analysed events for the different event selections.

performance of the chambers during that run-period.

100

200
0
ET [GeV]

100

200
ET [GeV]

Figure 5.1: Transverse energy spectra for the 3 centrality classes used in WA93 in S+S
and S+Au interactions.

5.2

Multiplicity of Negatively Charged Particles

As was mentioned already in the previous chapter, it was not possible to remove all
background hits, i.e. hits not corresponding to a physical particle, from the data without
reducing the efficiency to unacceptably low values. These background hits may give rise
to a large number of background tracks. Before the charged particle multiplicity, or an
inclusive spectrum such as the my-spectrum, can be extracted, it is therefore necessary
to understand and correct for the background.
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Two methods were used for finding the contribution from background tracks. In
the first method the tracking analysis was performed with data from the 4 chambers
taken from 4 different events. The mixing of the chamber planes was implemented in
the following way. The chamber data for the last 4 events were stored in memory. For
event number 4, tracks were reconstructed by taking data for chamber 1 from event 1,
data for chamber 2 from event 2 and data for chamber 3 from event 3 etc. according to
the table below..
Event
1
2
3
4
5
6
7

Ch. 1 Ch. 2 Ch. 3 Ch. 4
1
5
5
5

-

-

-

2
6
6

3
3
3
7

4
4
4
4

2

The contribution from the real tracks and from the background can be clearly seen in
Fig. 5.2, which shows the distribution of the extrapolated value of x of the tracks at
the target position, x(z=0), in central S+Au interactions. Without magnetic field the
tracks appear to come from the target position and the distribution has a narrow peak
centered around 0. Fig. 5.2 b illustrates the effect of the magnetic field. With field on, the
particles are deflected in the X-Z-plane and thus appear to come from positions with
x(z=0)>0. The contribution from background tracks calculated by the event-mixing
method described above is shown as dashed histograms. The corresponding distribution
in y(z=0) is shown in Fig. 5.3 (here the cut on |y(z=0)| has been increased from its
normal value of 2.5 cm to 10.0 cm). Also here one can see the peak from the real tracks
above an almost constant background. The dashed histogram in the figure again shows
the contribution from the event-mixing calculations.
If the constant level in Fig 5.3 is interpreted as the level of the background, it means
that the event-mixing method actually underestimates the amount of background tracks.
This can be understood from the fact that there is a contribution from satellite hits, i.e.
a particle, instead of producing only one hit, sometimes produces two or more hits. If
such satellites are present in several chambers it is thus possible that one particle gives
rise to a bundle of tracks. By mixing events such correlations between satellites are
removed, and this apparently gives a too low estimate of the background. The shape of
the distribution in Fig. 5.3, a peak with width ~2 cm superimposed on top of a constant
contribution from the background, suggests that a better way to estimate the background
could be obtained by studying tracks with large values of y(z=0). The second method
of background subtraction was therefore defined in the following way. Real tracks were
defined as before, i.e. they should have x2/d.o.f. better than 2.5 in both the X- and
Y-direction and have |y(z=0)|< 2.5 cm. The background tracks were then defined with
the same x2/d.o.f. criteria as for real tracks, but were required to have values of y(z=0)
between -10.0 < y(z = 0) < -7.5 cm or -(-7.5 < y(z = 0) < +10.0 cm. From Fig. 5.3
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Figure 5.2: Extrapolated position in x of the tracks at the target with the magnetic field
switched off (a) and on (b) in central S+Au interactions. The dashed histograms show
the contribution from background tracks obtained from event-mixing as described in the
text. Note the different scales on the X-axes.
one sees that this definition of the background gives an estimate which is ~ 30% higher
than that obtained from event-mixing.
The number of reconstructed tracks corrected for background according to the method
with different cuts on y(z=0) is presented in Table 5.2 for the different centrality classes.
The table also shows the average number of hits in the chambers. As can be seen in the
table, there is a clear centrality and mass dependence of the number of tracks. The highest number of tracks is obtained in central S+Au collisions where on average 4.4 tracks
are reconstructed. In peripheral interactions approximately the same number of tracks
is obtained for both S+S and S+Au. This is expected since, in view of the participantspectator model, one expects that in peripheral collisions only a small part of the nuclei
participate, and it should thus not make any difference if they in this case are S or Au
nuclei. This is also in agreement with the measured average transverse energy, < ET >,
which is essentially the same for peripheral S+S and S+Au interactions.
To further study the correlation between the transverse energy, as measured by
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Figure 5.3: Extrapolated position in y of the tracks at the target with magnetic field.
The dashed histogram shows the contribution from background tracks obtained from
event-mixing as described in the text.

System

Centrality

S+S

Central
Semi-Central
Peripheral
Central
Semi-Central
Peripheral

S+Au

Number of Hits
Number of
tracks
Ch. 1 Ch. 2 Ch. 3 Ch. 4
22
13
7
38
19

7

103
69
47
159
94
50

53
30
15
90
44
16

32
19
10
58
29
11

3.0
1.8
0.9
4.4
2.7
1.0

Table 5.2: Mean number of hits and reconstructed tracks for different triggers in S+S
and S+Au collisions. The mean number of tracks has been corrected for background.

MIRAC, and the multiplicity of negatively charged particles, the mean number of tracks,
< NTRK >> is plotted versus the transverse energy in Fig. 5.4. Since it is known that
the mean ET per produced particle is essentially constant, a linear relationship between
ET and < NTRK > is expected. From the figure one sees that this is the case after the
background has been taken into account.
For the results presented in Table 5.2 and in Fig. 5.4 the full S+S event sample has
been used. This sample was collected during a relatively short time, and it is therefore
reasonable to assume that the performance of the chambers did not change dramatically
during that time. For the S+Au sample this is not the case, however, since the events in
that sample were collected at various times during the whole run period, which was about
one month long. The operating conditions of the chambers might therefore be different
in different parts of the S+Au sample. The different operating conditions (changes in the
applied voltages, difference in air pressure etc.) mainly affected the detection efficiency
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Figure 5.4: Multiplicity of negatively charged particles as measured by the MSAC:s as
a function of transverse energy.
of the chambers and hence the number of reconstructed tracks. The results concerning
the charged particle multiplicity in S+Au interactions has therefore been obtained from
a subsample which consists of two blocks of runs, one just before and one just after the
S+S runs. The statistics of this subsample is approximately the same as the statistics
in the S+S sample.
From the information in Figs. 5.2, 5.3 and 5.4 and Table 5.2, it can be concluded
that a considerable amount of the reconstructed tracks are in fact background tracks.
By using different cuts in y(z=0) for data and background, the contribution from the
background tracks can be estimated. The results in Figs. 5.3 and 5.4 show that this
estimate probably can be used to fully take into account the effects of the background.

5.3

Transverse Momentum Spectra

This section contains a presentation of the transverse momentum (transverse mass) spectra of negatively charged particles obtained in WA93. Before the results are presented
it may be worthwhile to briefly summarize what can be learnt from such spectra.
For the interpretations of the m^-spectra it is of fundamental importance if the
system created in the collisions has reached thermal equilibrium. If thermalization is
achieved, it is possible to describe the system with only a few global variables, such as
pressure, temperature, energy density etc. The transverse mass spectrum may then be
used to determine the temperature of the system. [81]
Transverse mass spectra can also be used to detect and study transverse flow. [82,83]
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A transverse expansion will increase the < m j >, and studies of the my-spectra might
provide information on the expansion velocity.
If a large fraction of the final state hadrons originates from the decay of resonances,
the my-spectrum of these hadrons will be different from the my-spectrum of the original
hadrons. Examples of such resonance decays are A —• n + it and p —> TT + ir etc. Studies
of maldistributions may therefore also yield information on the contribution of hadrons
from resonance_decay.s.[84,85]
Finally, as was mentioned in Section 2.5, studies of the variation of < px > with
multiplicity might signal a phase-transition from hadronic matter to a quark-gluon
plasma. [36]
As was discussed in Section 2.4, the expected transverse mass spectrum for a relativistic Boltzmann—gas is given by Eq. (2.23). For large values of mx the modified Bessel
function Ki(mx/T) can be approximated with an exponential

Eq. (2.23) then becomes
dn

,

, mT
—zr)

.

5 2

.

( - )

It is therefore customary to display the transverse mass spectrum as l/mT dn/drnx vs.
TTIT- For a purely thermal distribution, the shape of the spectrum in this representation
would approximately be a straight line in a semi-logarithmic plot.
The transverse mass distributions of negatively charged particles in S+S and S+Au
interactions are shown in Fig. 5.5. The distributions have been analysed in the rapidity
interval 3.00 < y < 3.48, and it has been assumed that all negatively charged particles
are pions. The spectra have been corrected for geometrical acceptance, efficiency and
background tracks. All corrections have been applied separately in bins in the m j vs.
y plane, as described in Section 4.4. To improve the quality of the tracks, only tracks
within the azimuthal range TT/2 < tp < Zir/2 have been used. To check that the result
is invariant in <p, the my distribution in the full azimuthal range (0-27r) is shown as
open circles for semi-central S+Au interactions in Fig. 5.5. The spectrum is within the
statistical errors invariant in (p, but when the full azimuthal range is used the data points
tend to fluctuate more.
The curves in Fig. 5.5 show the results of fits to Bessel functions according to
Eq. (2.23). The fits have been performed in the interval mx — m* — 0.2 — 1.0 GeV/c.
The dotted curves show the extrapolations of the fitted functions back to my — m,. = 0.
The temperature parameters from the fits of S+Au data are presented in Table 5.3.
There is a slight but statistically significant increase in T between central and peripheral
interactions. The same trend is seen for S+S but here the statistical errors are larger. For
S+S the fitted value of T increases from T=212±12 MeV in peripheral to T=218±7 MeV
in central interactions.
As can be seen in the figure, the spectra can only be described by thermal distributions locally. For central interactions there are deviations both at high and low
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Figure 5.5: Transverse mass spectra of negatively charged particles for different centrality
selections in S+S and S+Au interactions.
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The enhancement at large m j , i.e. mj — m» > 1.5 GeV/c, seems to be present both in
central and peripheral interactions.
The enhancement at low my is most pronounced in central interactions. This observation indicates that some new process might be involved in central nucleus-nucleus collisions which is absent in peripheral interactions. In order to quantify the enhancement,
both the thermal and the experimental distributions have been integrated numerically
over the range 0J3< rnx — rn^ <1.0 GeV/c. The relative enhancement of particles in
data from this integration is shown in Table 5.3 for S+Au. There is a statistically significant increase in the enhancement relative to the thermal distributions with increasing
centrality in S+Au collisions. The variation of the relative enhancement with centrality
in S+S interactions does not show any clear trend. The statistical errors for this sample
are, however, so large that no conclusions can be drawn from this
The relative enhancement of 11.1% in central interactions is in good agreement with
the results from other experiments at similar rapidities.[86]

Centrality
Central
Semi-Central
Peripheral

T
Relative enhancement
[MeV]
224±4
ll.l±0.7%
217±6
7.9±0.9%
201±6
5.5±1.2%

Table 5.3: Extracted values of the temperature parameters and the relative enhancement
of particles at low values of my for S+Au interactions. The errors shown represent
statistical errors only.
The observation of an enhancement of particles at low momenta has attracted a lot
of attention. Many different mechanisms have been suggested as explanations to this
behaviour. A review of experimental data and various theoretical models can be found
in Ref. [87].
One suggested explanation is that the particles in the low-mr enhancement originates
in resonance decays. [84,85] This is based on the following arguments. If one has a
thermalized distribution of resonances with a temperature T, it can be shown that pions
emitted in the decay of the resonances will approximately be distributed according to
a thermal distribution with a temperature T" < T.[81] If a large fraction of the pions
come from decays of resonances, the transverse mass spectrum would thus have two
components, one corresponding to pions from the thermalized source and one, with
lower temperature, corresponding to pions from the resonance decays. This explanation
has been particularly successful at Brookhaven energies, where decay from A's have been
found to be the dominating source of the enhancement. [88]
It has also been proposed that collective transverse flow might produce the enhancement. [82,83] In a comparison with data from WA80 and NA35 it was deduced that the
flow velocity would have to be of the order of ~0.45c in order to explain the observed
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shape of the spectra. [83]
Several other tentative explanations including a pion gas in thermal but not chemical
equilibrium[89], hydrodynamical flow[90] etc. have also been suggested.
It is beyond the scope of this thesis to make any detailed comparisons with any of
these models. It is worth noting, however, that in this analysis the low-mj* enhancement
has been studied in central and peripheral collisions within the same experiment. It
has been founcLthat the enhancement is strongest in central S+Au collisions. Often
comparisons are made only between central nucleus-nucleus data and parameterizations
of p-p results, which have been obtained in another experiment, when studying the lowrn.T enhancement. This is disadvantageous, however, since different experiments seldom
have exactly the same experimental biases.
It should also be noted that the increased temperatures in central compared with
peripheral interactions affects the enhancement. The thermal fits, which are performed
at intermediate values of m j , have less steep slopes (i.e. higher temperatures) for central
interactions. This affects the extrapolated curves so that the curve corresponding to a
higher temperature will be at a relatively lower level in the region 0.0-0.2 GeV/c.

5.4

Intensity Interferometry — HBT

As it is a direct way of measuring the spatial extent of the particle emitting source, intensity interferometry has become a standard tool in high energy nuclear physics. [91,92,93]
Originally intensity interferometry was applied by Hanbury-Brown and Twiss in astrophysics in order to determine the dimensions of stars. [94] The method is hence also
referred to as HBT.
The theoretical basis of intensity interferometry is the principle that the quantum
mechanical wave-function for a system of identical bosons (fermions) must be symmetric (anti-symmetric) under exchange of pairs of particles. This property of the wavefunction will give rise to correlations between identical particles emitted from a source of
finite dimensions. The first observation of this effect in elementary particle physics was
made in 1959, when, in an experiment studying anti-proton annihilation, it was observed
that pairs of pions with the same charge had a higher probability of being emitted with
small opening angles than had pairs of pions with the opposite charge. [95]
The standard function studied in intensity interferometry analyses is the two-particle
correlation function, C2(pi,P2)- The two-particle correlation function is defined as the
ratio of the probability of emitting two particles with momenta px and pi, n(pi,p 2 ), to
the product of the single particle probabilities, n(p\) and n(p2). This can be written
(53)

For a source which emits pions (or, more generally, identical bosons) incoherently, it
can be shown[91] that the correlation function for pion pairs is related to the density
distribution of the source, p{x), according to
Ci{q) = 1+ I p{q) I2

(5.4)
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Figure 5.6: The two-particle correlation function for negative pions in central S+Au
interactions. The curve shows the result of a fit to a gaussian function.
where p(q) is the Fourier-transform of the density distribution, p(q) = f p(x)-exp(—iqx)dx,
and q is the momentum difference of the pion pairs, q = Pi — PjIf one assumes that the source distribution can be described by e.g. a gaussian
function
p(x) oc e x p ( - — )
(5.5)
the theoretical expression for the correlation function will thus be
(5.6)
In the analysis, the correlation function is constructed by calculating the momentum
difference between the particle pairs in an event. Usually the invariant 4-momentum
difference, QINV, is studied
QINV = \AP* - P 2 ) - ( P I

-P2)

(5.7)

where pl and p; are the contravariant and covariant four-momenta, respectively. To
normalize the correlation function, i.e. to determine the denominator in Eq. (5.3),
event-mixing is used. In the event-mixing pairs are formed with particles from two
different events. The pairs constructed in this way should not exhibit any correlations.
Experimentally the correlation function is calculated as the ratio of dn(event)/dq to
dn(mix)/dq, and the global normalisation is such that the correlation function is 1 for
large values of q. It is important to include in the background calculations sufficiently
many pairs so that the statistical errors in the correlation function are determined solely
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by the statistical errors in data, and not by the statistical errors in the mixed sample. This is always possible since each event can be mixed with several others in many
different ways.
For charged particles, correlations can be induced also by final state Coulomb interactions. The standard way of correcting the correlation function for the Coulomb
interactions is by the Gamov functional]. This method has been used in the analysis
presented below;.
By fitting the experimental correlation function to a theoretical expression like the
one in Eq. (5.6), a value of R, which is a measure of the 'radius' of the system, can be
determined.
In the rest of this section the results from an interferometry analysis on data from the
WA93 charged particle tracking system will be presented. As has been discussed in the
previous sections, a considerable amount of background tracks was present in the data.
Although it can be assumed that these background tracks are uncorrelated, such an
assumption needs to be justified. For this reason only tracks satisfying a higher quality
selection have been used in the interferometry analysis presented below. To improve the
quality of the accepted tracks, it was required that they should have associated hits in
all four chambers, and that they should lie within ir/2 < <p < 3TT/2 in azimuthal angle.
This condition significantly reduces the background. From the distribution of y(z = 0)
it can be estimated that with this stricter track definition less than 18% of the tracks are
background tracks. The drawback of the stricter track definition is that the statistics
is reduced. Therefore only central S+Au interactions can be studied. In the analysis it
has been assumed that all negatively charged particles are pions. The contribution from
e~, p and K~ has been estimated by simulations with VENUS and GEANT to be about
10%. [80]
The results from a one-dimensional HBT-analysis in the variable QJNV is presented
in Fig. 5.6. The data have been fitted to a gaussian function
C{Qisv) = 1 + A • exp(-±R2INVQ)NV)

(5.8)

This expression differs from the expression in Eq. (5.6) by the factor A, which has been
included to take into account that the source might not be completely incoherent. (Some
experiments use a slightly different function than Eq. (5.8) and omit the "2" in the
exponent. The 2 is included here mainly for historical reasons. For a discussion of this
spurious factor of 2, see Ref. [93].)
The result of the fit gives RINV = 4.7 ± 0.5 fm and A = 0.68 ± 0.13. Since the
radius RINV is a measure of the extension of the source both in space and time, it is
not possible to directly relate the extracted value to the geometrical source size. The
correlation strength, A, is found to be lower than one. A possible explanation to this
might be contributions from long-lived resonances, which decay outside of the interaction
volume.
The values of RINV and A found here can be compared with the values found previously by other experiments. The NA44 collaboration has performed interferometry
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analyses of pions from S+Pb interactions at 200 A GeV/c. The acceptance of NA44
is similar to that of the WA93 tracking system in rapidity, but the coverage in pr is
more narrow in NA44. NA44 has furthermore used two different methods for correcting
for the Coulomb interaction. When the Gamov correction is used, they find RINV =
5.8±0.3 fm and A = 0.52±0.04 (the value of RINV has been multiplied by a factor of
\/2 to compensate for the difference between Eq. (5.8) and the corresponding function
used by NA44).[96] The value of RINV is thus slightly larger than the value found here,
but the difference is only about 2 standard deviations. The value of A is almost within
1 standard deviation of the value found here.
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Figure 5.7: Variation of the invariant radius and the correlation strength with the average
pr of the pairs. The dotted lines show the results for the full sample (all pr). The curve
in a) corresponds to the function RINV <x \jyjmi.
An interesting observation can be made if the analysed pairs are first selected according to their transverse momenta, and the interferometry analysis then is performed
separately for pairs within different intervals in pj. The result of such an analysis is
presented in Fig. 5.7, where the invariant radius and A are plotted as functions of the
average transverse momentum of the pair, pr = § I Pi +P2 |- As can be seen the invariant
radius shows a systematic decrease with increasing momentum. Such a decrease can be
expected if the pions are emitted from an expanding source. [97] The exact form of the
variation with pr is hard to determine from the figure because of the fluctuations. The
variation seems to be consistent with a 1/\jmi parameterization, however, as is expected
from a hydrodynamical model. [98]
The variation with momentum, furthermore, illustrates the great difficulty with trying to estimate a geometrical source size from RINV, since the value clearly depends on
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the acceptance in prThe correlation strength, A, does not show any systematic variation with px, although
a weak trend can not be excluded considering the large errors. An absence of a variation
of A with pr is contradictory to the assumption that A should be lower than 1 only
because of contributions from resonance decays. Since pions from resonance decays
generally will have softer transverse momenta than directly produced pions, one would
expect A to approach 1 at high values of px, if the deviation from 1 was due only to
pions from resonance decays.

0.1

0.2

0

0.1

0.2

QL [GeV/c]

Q T [GeV/c]

Figure 5.8: The two-dimensional correlation function projected on QT and QLAdditional information can be obtained from the correlation function if 2-dimensional
momentum differences are instead studied. In this analysis the momentum difference has
been divided into transverse and longitudinal components (QT and QL)- QT and QL have
been calculated in the nucleon-nucleon center-of-mass frame (y = 3.03). Studying the
2-dimensional correlation function requires higher statistics, however.
The projection of the two-dimensional correlation function on QT and QL is shown
in Fig. 5.8. A two-dimensional fit, using the CERN program MINUIT, to the function
C(QT, QL) = 1 + A •

+

(5.9)

has been performed. This gave RT = 4.2±0.6 fm, RL = 4.6±0.9 fm and A = 0.60±0.13.
The transverse and longitudinal radii are thus of the same order of magnitude as RINV
from the one—dimensional analysis. The value of A is also similar to what one finds in
the one-dimensional case.
In an attempt to try to understand the relationship between the extracted value of
RT and the spatial extension of the source, the density distribution corresponding to
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Eq. (5.9) has been plotted in Fig. 5.9. In the figure the distribution, which corresponds
to a gaussian function with width Rx/y/2= 3.0 fm, has been plotted versus one of the
transverse coordinates ('x'). Since the pions are produced particles one expects the
density distribution to reflect mainly the size of the participant volume. In a purely
geometrical participant-spectator model the transverse size of the participant volume is
determined by the smaller of the interacting nuclei, i.e. in this case the sulphur nucleus.
As a comparison, the density distribution of the sulphur projectile has therefore also
been plotted in £Ke Ffg. 5/9. To describe the nuclear density distribution, two standard
parameterizations have been used: (a) a homogeneous distribution inside a sphere of
radius 1.2 • Ap/3=3.8 fm, and (b) a Woods-Saxon or Fermi distribution with radius
r=3.3 fm and diffuseness parameter a=0.49.[99]
As can be seen in the figure, the extracted source density distribution seems to be
consistent with a transverse size which is of the same order as the size of the projectile.
From the results obtained here, there are therefore no indications of a strong transverse
expansion before freeze-out.

.

I

•"(••••|"M|""[!Iir|>'l!|llM|..rrfTTn_

HBT
32

S Woods-Saxon ;
S Spherical

0

1

2 3 4 5 6 7 8 9
x[fm]

Figure 5.9: Comparison of the source density distributions from the interferometry analysis with the density distribution of the sulphur projectile. Note that the distributions
are in a sense arbitrarily normalized since only their shapes are of interest.
When comparing the size of the pion source with the size of the projectile the calculated rms radius has sometimes been used. Comparing the rms value when different
functions are used to parameterize the density distributions may be ambiguous, however,
and could lead to incorrect conclusions. If the rms value of x, y/< x2 >, is calculated
for two of the distributions in Fig. 5.9, one obtains: for the pions source (gaussian)
V< x2 >= 3.0 fm, and for the 32S nucleus (spherical) y/< x2 > = yfl/5R= 1.7 fm.
These values thus differ by almost a factor of 2! In view of the figure, it seems that
this difference mainly reflects the different distributions used for the parameterizations,
however, and not a pion source which is two times as large as the projectile nucleus. The
gaussian distribution differs from the other two distributions mainly by its much longer
tail which gives rise to a larger rms value. If instead the width at half maximum is used
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as the measure of the transverse size all three distributions in Fig. 5.9 are in mutual
agreement and correspond to a transverse size of ~3.5 fm.
When comparing the results from the analysis in this section with results when a
less restrictive track definition is used, one finds that using 3-chamber tracks leaves
the extracted radii essentially unchanged whereas the correlation strength, A, is reduced
(roughly by a factor of 2). This is what one expects if the background tracks are uncorrelated. To improve the statistics, the less restrictive track selection (3-chamber tracks)
has been used in the analysis in Paper V.

Chapter 6
Summary of the Papers
Paper I: Rapidity Density Distributions in 160, 2SSi, 3 2 5, 197Au, and 208Pb Induced
Heavy Ion Interactions at 4 - 200 A GeV.
M. I. Adamovich et al., Phys. Rev. Lett. Vol. 69, pp. 745-748 (1992).
In this paper pseudorapidity distributions in1 6 0 - , 28 Si- and 32S-induced interactions
in the energy range 4 - 200 A GeV are systematically investigated. The pseudorapidity
distributions are fitted to gaussian functions, and the variation of the parameters from
the fits with centrality, system and incident energy is studied. Before 1992 32S was the
heaviest projectile nucleus which could be accelerated to ultra-relativistic energies. The
accumulated data from interactions with the lighter projectiles 16 O, 28Si and 32S are in
this paper used to predict the pseudorapidity distributions for the truly heavy systems
Au+Au and Pb+Pb. These predictions are also compared with results from the event
generators FRITIOF and VENUS.
Paper II: Rapidity Density Distributions and their Fluctuations in Violent Au-Induced
Interactions at 11.6 A GeV/c.
M. I. Adamovich et al., Phys. Lett. B Vol. 322, pp. 166-170 (1994).
This paper contains a presentation of the first result of EMU01 from interactions with
projectiles of 19rAu at 11.6 A GeV/c. The results are compared with the predictions in
Paper I. An excess of particles over the extrapolation from systems with lighter projectiles is found. This excess is most probably caused by the larger number of projectile
related protons in 197Au-induced interactions. Also the fluctuations in pseudorapidity
density are investigated. It is found that the fluctuations are dominated by the fluctuations in the number of participants. The fluctuation in the number of produced particles
per participant is of much less importance.
Paper III: Charged Particle Multiplicity and Pseudorapidity Density Distributions in
16
O-, 2*Si- and 197Au-Induced Nuclear Interactions at I4.6 and 11.6 A GeV/c.
M. I. Adamovich et al., Nucl. Phys. A Vol. 593, pp. 535-549 (1995).
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In this paper the multiplicity and pseudorapidity distributions of shower particles in
Au-induced interactions are studied on a larger event sample than that used in Paper II.
The results are compared with the predictions of the event generators FRITIOF, VENUS
and RQMD. Particularly the effects of the rescattering in RQMD are investigated. It
is found that the rescattering has a relatively minor influence on the multiplicity and
pseudorapidity distributions of charged particles. Rescattering does, however, alter the
relative fractieK of different particle species. With rescattering a higher fraction of kaons
is produced. The results from EMU01 are also compared with the results from the experiments E802 and E814. Good agreement is found.
Paper IV: Rescattering Probed by the Emission of Slow Target Associated Particles in
High-Energy Heavy-Ion Interactions.
M. I. Adamovich et a l , Phys. Lett. B Vol. 363, pp. 230-236 (1995).
In the fourth paper the multiplicity and angular distributions of grey track particles
in Au+Ernulsion interactions are analysed. Comparisons are made with the event generators FRITIOF, VENUS and RQMD. New insights into the production mechanisms for
grey track particles can be obtained when very heavy projectiles are used. The results
in this paper indicate that in peripheral interactions rescattering in the target spectator
is important for the production of grey track particles, whereas in very central interactions, which for a very heavy projectile lack target spectators, the effects of rescattering
on these particles are much less significant.
Paper V: Single Particle Distributions and Interferometry Analysis of Negatively Charged
Particles from 200 A GeV S+Au Reactions.
M.M. Aggarwal et al., to be submitted to Phys. Rev. Lett.
This paper is based on the results from the analysis of data from the WA93 charged
particle tracking system. Intensity interferometry (HBT) and single particle transverse
mass spectra are studied in S+Au interactions. The m^-spectra in this paper are identical to those in Chapter 5. For the interferometry analysis a less restrictive track selection
than that used in Section 5.4 is employed. As was discussed in Chapter 5, the transverse
mass spectra have a concave shape with an enhancement of particles at low TUT- The
extracted invariant radius is found to decrease with increasing p j of the particle pair
indicating an expanding source.

Chapter 7
Discussion and Conclusions
In this chapter the main results of the previous chapters and the appended papers will
be summarized and briefly discussed.
The analysis of multiplicity and pseudorapidity distributions in Papers I—III has illustrated the great importance of the nuclear geometry in nucleus-nucleus collisions. The
multiplicity distributions of produced particles can be understood from the distribution
of the number of participating nucleons. Also the fluctuations in multiplicity can to
a large extent be understood from the fluctuations in the number of participating nucleons. A consequence of this is that almost any model, which has a correct geometry
and a correct mean multiplicity per participating nucleon, will be able to describe the
multiplicity distributions of produced particles in a nuclear collision.
Hadronic rescattering, at least as it is implemented in the event generators VENUS
and RQMD, does not affect the global multiplicity significantly. Essentially all rescattering interactions in the two models are particle conserving.
The pseudorapidity distributions of produced particles have been found to be well
described by gaussian parameterizations. At a given energy, the peak-position and the
width of the distributions show only a weak variation with centrality and no variation
with projectile mass. It has been shown that it is essential to separate the produced
particles from the target and projectile related particles when studying pseudorapidity
distributions. The variation of the widths of the pseudorapidity distributions with collision energy rules out the possibility of a fireball which radiates particles isotropically
in the center-of-mass. The variation is reproduced by the event generators studied,
however, and seems also to be consistent with hydrodynamical models.
The analysis in Paper IV provides new insights into the production mechanisms for
grey track particles, as here, for the first time at ultra-relativistic energies, the grey track
particles are studied in systems which are void of target spectators. The results support
the idea that in interactions with a large target spectator many of the grey track particles
are knock-out protons, i.e. protons produced by some kind of rescattering mechanism
in the target remnant.
The analysis of data from the WA93 charged particle tracking system has shown that
tracking and momentum reconstruction of charged particles from heavy-ion interactions
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is feasible with a set of Multi-Step Avalanche Chambers. The chambers have some
problems, the most important being a low detection efficiency and the presence of a
large number of spurious hits. This means that a very careful and thorough offlineanalysis has to be performed before any physics information can be extracted.
The extracted transverse mass spectra of negatively charged particles can not be
fitted to a single thermal distribution over the full range in m j . Instead the spectra have
concave shapejkand^ deviates from the thermal distributions both at high and low values
of rriT. When comparing central and peripheral S-fAu interactions, one finds that the
extracted temperature parameters increase from ~200 MeV in peripheral interactions
to ~220 MeV in central. The observed enhancement of particles at low values of m j is
largest in central S+Au collisions.
The interferometry analysis has shown that the invariant radius is dependent on the
transverse momentum of the particle pair. This is expected if the particle emitting source
is expanding. From a two-dimensional interferometry analysis the transverse size of the
source has been estimated, and it is found to be of the same order as the transverse size
of the projectile. There are no indications of a strong transverse expansion.
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