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Preface

The publications in this thesis are from two heavy-ion experiments.

The first two papers are from the UA80 experiment at CERN whereas the

other four are from the emulsion experiment EMU01.

The thesis is based on the following publications:

/I/ H A Gustafsson et al, The VA80 Laser Stability System for Calorime-

ters, Lund University Report LUIP 8803 (1988)

/2/ R Albrecht et al, Forward and Transverse Energy Distributions in

Oxygen-Induced Reactions at 60 A GeV and 200 A GeV, Phys Lett B 199

(1987)297

/3/ S Carpman et al, A Computer Based Coordinate Measuring Station for

Nuclear Emulsion Chambers, Nucl Instr and Meth in Phys Res A269

(1988)134

IUI S Persson, Measurement and Three Dimensional Reconstruction of Par-

ticle Tracks in Emulsion Chambers, Comp Phys Com 55 (1989)103

/5/ M I Adamovich et al, Multiplicities and Rapidity Densities in 200

A GeV 1 60 Interactions with Emulsion Nuclei, Phys Lett B 201

(1988)397

/6/ M I Adamovich et al, Target Nucleus Fragmentation in 1 60 + (Ag,Br)

Interactions at 200 A GeV, submitted to Phys Lett B

Accelerator based heavy-ion physics at TeV energies became possible

in 1986 when 1 60 ions were injected into the CERN SPS. Two running

periods, one in 1986 and the other in 1987, were dedicated to heavy-ion

physics. Thereby a new field opened in the region between nuclear and

particle physics. Many results from this new field have emerged from

the analyses of the experimental data. This thesis is focused on the

VA80 and EMU01 experiments but some interesting results from other

heavy-ion experiments will also be briefly discussed. Since this is a
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Preface

rapidly expanding field it is important to present and discuss new

results at different conferences. The author of this thesis gave a

review talk of the UA80 experiment at the meeting of the Svedish Phy-

sical Society in Gothenburg, November 10-11 1987.
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1. Introduction

Most of our knowledge about relativistic heavy-ion collisions has

emerged from experiments using different projectile nuclei at energies

around 2 A GeV. The driving force vas the possibility to create and

explore nuclear matter under extreme conditions and to determine the

equation of state for nuclear matter in this energy domain. The equa-

tion of state relates macroscopic quantities like the pressure, the

density and the temperature and is only known at one point, the nuclear

ground state. The equation of state of nuclear matter plays an impor-

tant role in astrophysics, especially in connection with supernova

dynamics and neutron star structure. Some of the phenomena studied were

the compression, the degree of thermalization and different collective

effects of colliding nuclear matter.

A high compression of nuclear matter indicates that the two nuclei

stop each other when they collide. The hot and dense matter can also be

thermalized if the system lives long enough. If a system in complete

thermal equilibrium is formed, the momentum has to be uniformly distri-

buted in the rest frame of the system (although not a sufficient crite-

rion), i e both in the longitudinal and in the transverse degrees of

freedom.

In 1983 the Streamer Chamber group at Berkeley reported that an

almost isotropic distribution of momentum flux in the fireball centre

of mass was achieved in central Ar + Pb collisions at 0.8 A GeV [1]. A

full stopping of the projectile and target nuclei was also reported by

the Plastic Ball experiment for central collisions in the symmetric

system Nb + Nb at 0.4 A GeV [2J. The Plastic Ball experiment further-

more reported that collective flow effects were observed which is a

signature of reexpansion of compressed nuclear matter [3].

Based on these results, together with results from other experi-

ments, the obvious continuation of heavy-ion physics was to study

nucleus-nucleus collisions at higher incident energies. The aim was

then to investigate if the compression of nuclear matter increases with

energy or to see if the nuclei become transparent. To investigate if a

quark-gluon plasma is created in high energy nucleus-nucleus collision

did also become one of the goals.



1. Introduction

A quark-gluon plasma is a state in which the quarks and gluons are

deconfined, i e they vill no longer be bound vithin the individual

hadrons. It is expected that if the energy density is larger than = 2

GeV/fm3, at a temperature of = 200 MeV, a phase transition to a plasma

of quarks and gluons might be possible. These values come from lattice

Quantum Chromo Dynamics (QCD) calculations (4]. The corresponding ener-

gy densities in a hadron and a nucleus at ground state are appreciably

lower i e = 0.5 GeV/fm3 and = 0.17 GeV/fm3 respectively.

Fig la schematically shows the hadronic and quark-gluon plasma

phases in a temperature versus baryon density plot. The "normal" matter

is shown as a point in the picture surrounded by the hadronic phase. At

high enough baryon densities and/or temperatures it is believed that

the quark-gluon plasma is created. The developments of the early uni-

verse and a supernova are shown in the picture. The early universe is

believed to originate from a very hot and baryon-poor phase of quarks

and gluons. Therefore, the development of the universe will follow the

temperature axis in this kind of picture. A supernova, on the other

hand, is a "comparatively cold" and dense object which might reach the

HIGH BARYON
DENSITY REGIONS

PROJECTILE
SPECTATORS

EARLY
UNIVERSE

1 ULTRA- RELATIVISTS HEAVY-ION
COLLISIONS (CENTRAL REGION)

DECONFINED
QUARKS AND GLUONS

CENTRAL REGION
(LOW BARYON OENSITY)

TARGET SPECTATORS

ULTRA-RELATIVISTIC
HEAVY-ION COLLISIONS

(HIGH BARYON OENSITY
REGIONS) <

SUPERNOVA m

"NORMAL" MATTER BARYON DENSITY

a)

y

b)
Fig 1. An illustration of nuclear matter phenomena in a teaperature-

baryon density plot in part a ) . A schematic picture of nucleus-

nucleus collisions is shown in part b) together vith the baryon

density in the different regions of rapidity.
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1. Introduction

quark-gluon plasaa close to the baryon density axis.

In a first approximation a high energy nucleus-nucleus collision

can simply be described in a spectator-participant picture. In such a

geometrical approach three parts can be identified (fig lb). One part,

which will continue at almost the same velocity as the bean nucleus,

consists of the projectile spectators, i e the nucleons vhich did not

activitely take part in the collision. It vill recieve a moderate exci-

tation energy and later on break up into projectile spectator frag-

ments. The second region consists of the nucleons from both the projec-

tile and the target nuclei vhich vere in the overlapping volume vhen

the collision took place. This system could be hot and dense and it is

in this region that most of the produced particles are created. This is

also the region where the quark-gluon plasma is expected to be formed.

The third part is a system of the target nucleons that did not partici-

pate in the collision. Similar to the projectile spectators this part

will be slightly excitated and it will later on break up into target

spectator fragments. The baryon densities of the different parts are

also illustrated in fig lb.

The most interesting part of the three systems is the central one.

At very high projectile energies it is believed to consist of three

regions, a net baryon free region in the centre surrounded by two

baryon rich regions. At lower projectile energies, where the nuclei

could stop each other, no hot baryon free region will separate out. The

CERN energies are believed to correspond to the latter case. The deve-

lopments of the two types of regions at very high energies are alsc

indicated in fig la.

Even other systems, like p + p collisions at very high energies,

are used to investigate the creation of the quark-gluon plasma. In

these collisions a small but hot volume is created in which the quark-

gluon plasma might be formed.

The main goals for some of the experiments in the CERN fixed target

heavy-ion programme, with beams at 60 and 200 A GeV, are:

- To get a survey of nucleus-nucleus collisions between light projec-

tiles and different targets.

- To determine the nuclear stopping power and thus get an upper limit

of the baryon densities achieved in these collisions.

- 6 -



1. Introduction

- To investigate if high enough energy densities for a quark-gluon

plasma formation could be reached.

- To determine the pressure, the density and the temperature for the

equation of state at these extreme conditions.

- To search for indications for a phase transition into the quark-gluon

plasma.

In fig lb the baryon density is plotted versus the rapidity, y.

Rapidity is a very useful quantity in high-energy physics. It is de-

fined as

y —
i

where E is the total energy and px the longitudinal momentum of the

particle. The rapidity, which is a Lorentz invariant quantity, is a

measure of the longitudinal velocity of the particle. For light par-

ticles, like pions, with a small transverse momentum, the pseudo-

rapidity, Ti, is a good approximation of the rapidity. Pseudo-rapidity

is given by the expression

tan(

where 9 is the polar angle. The pseudo-rapidity, where only the emis-

sion angle has to be measured, is easier to determine than the rapidity

where both the identity of the particle and its longitudinal momentum

have to be known.

The theoretical studies of the dynamics of nucleus-nucleus colli-

sions at ultra-relativistic energies have not yet reached the level

where such a process can be completely described by QCD. On the other

hand several theoretical groups have worked out phenomenological models

starting from the experimental results from e+e~ and hadron-hadron col-

lisions and by using the geometry of the nuclei extend the models to

hadron-nucleus and nucleus-nucleus collisions.

Several phenomenological models exist \b\ but only two models are

used in this thesis for comparisons with the experimental results.

These two models are the Lund model Fritiof [6) and the Ranft multi-

chain model [7], The advantage of these models is that they both exist
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1. introduction

in a Monte Carlo version and it is therefore possible to generate indi-

vidual events, with the experimental acceptancies, for the comparisons.

Both models treat the hadrons as an excitable entity. They do not in-

clude any phase transition into the quark-gluon plasma and can there-

fore be used as a background of the hadronic processes over which the

signals from a quark-gluon plasma must be searched for. The Ranft model

has also, as the first one applicable at these energies, included a

first order cascade in the target nucleus and can thus be used to study

the low-energy particles from the target nucleus.

When the cascade correction is implemented in the Ranft model the

formation time for hadronic matter is introduced and treated as a free

parameter. The formation time is the time between the collision and the

time when the particles have reached their asymptotic states. In the

rest frame of the produced particles the formation time is called the

proper time for hadronic matter, x0. The proper time is not wellknown

but a value of 1 fm/c is often used. The formation time of the produced

particles in any other frame is related to the proper time as y * t0

where Y is the Lorentz factor between the two frames.

The proper time for hadronic matter is a parameter in the formula

by Björken [8] to estimate the energy density reached in nucleus-

nucleus collisions. According to Björken the energy density, for colli-

sions where the two nuclei overlap, is given by

p • <mt>

where p is the produced particle density, <mt> is the average transver-

se mass of the particles and R is the radius of the smallest nucleus in

the collision. The magnitude of the proper time is therefore of great

experimental interest because it influences such an estimate.
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2. The Experiments

This thesis is based on the two heavy-ion experiments VA80 and

EMUO1. In the counter experiment WA80 = 40 physicists from five labo-

ratories in three countries are involved. In the emulsion experiment

EMU01 about 90 physicists from 16 laboratories in 8 countries coopera-

te.

The VA80 and EMU01 experiments are complements to each other. The

EMU01 has an excellent track resolution in the very narrow forward

angle cone (9 < 0.3°) where the WA80 is more or less insensitive. The

EMU01 collaboration has developed a new emulsion technique for this

purpose which is described in paper /3/ of this thesis. In a large

region of pseudo-rapidity the two experiments overlap and the results

can therefore be compared. The VA80 can easily determine many different

quantities whereas the EMU01 is very suitable for determining some

quantities.

Neither the WA80 nor the EMU01 experiments are completely described

in the papers of this thesis and the different detectors will therefore

be shortly presented here. The philosophy is to put the emphasis on the

parts upon which my work has been focused during these years.

2.1 The VA80 Experiment

The WA80 is one of the six large experiments at the CERN SPS for

the fixed target heavy-ion programme. Fig 2 shows the different detec-

tors in the WA80; the Plastic Ball [9], the multiplicity arrays for

detection of charged particles [10], the electromagnetic calorimeter

for photon detection (SAPHIR) (11], the mid-rapidity calorimeter 112),

the zero degree calorimeter [13] and the time of flight wall. The start

counters upstream are used to define and select the beam particles and

the upstream halo wall is used to reject debris coming along the beam

line. The Plastic Ball together with the multiplicity arrays give 97X

of An coverage for detection of charged particles.

- 9 -



2. The Experiments

WA80 SETUP

MIO- RAPIDITY CALORIMETER

MULTIPLICITY ARRAYS

ZERO DEGREE CALORIMETER

HALO WALL
THE FIFTH SIXPACK

TIME OF FLIGHT WALL

SAPHIR

Fig 2. The VA80 setup during the " S run in 1987.

2.1.1 The Sampling Calorimeters

ZERO DEGREE CALORIMETER

Sampling calorimeters are veil suited for heavy-ion experiments in

regions where the particle flow and the energy of the particles are

very high and where it is impossible to resolve individual particles.

Due to the fast readout of calori-

meters they are also suitable to

use as trigger devices for select-

ing events where a large amount of

the energy of the beam particle is

spread out in the transverse di-

rections.

The WA80 setup has two sampl-

ing calorimeters, the MId-RApidity

Calorimeter (MIRAC) and the Zero

Degree Calorimeter (ZDC), fig 3.

The ZDC (13] is a 60 • 60 •

250 cm3 calorimeter of uranium and

scintillator plates placed 11.5 m

MID-RAPIDITY CALORIMETER

Fig 3. The sampling calorimeter geo-

"etry of the VA80downstream of the target. The ZDC

has an electromagnetic section of 20.3 radiation lengths and a hadronic

section of 9.0 absorption lengths. It has 16 read-out channels of wave-
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2. The Experiments

length shifters and photomultiplier tubes, 8 for each section. The

relative hadronic resolution, in the energy region 60 - 6400 GeV, for

the ZDC was found to range from 0.013 + O.33//E" at low intensities to

0.02 + 0.67//ÉT (E in GeV) at higher intensities [13]. The ZDC mainly

measures the projectile spectators coming through the 0.3° hole in the

MIRAC wall and serves as the key device in the WA80 trigger to select

events of different centrality.

The energy measured by the ZDC has shown to be mainly determined by

the geometry of the collisions. It is therefore possible to determine

the number of participating nucleons in the individual collision by

relating the energy measured by the ZDC with geometrical calculations.

MIRAC (12] consists of 30 stacks with six 20 • 20 • 214 cm3 towers.

Each tower has an electromagnetic section of 15.6 radiation lengths of

lead and scintillator plates and a hadronic section of 6.1 absorption

lengths of stainless steel and scintillator plates. Each module has

separate dual read-out systems for the electromagnetic and hadronic

sections using wavelength shifters and photomultiplier tubes. The rela-

tive energy resolutions for MIRAC in the energy range 2 - 5 0 GeV was

found to be 0.014 + 0.11//E and 0.034 + 0.34//E" (E in GeV) for electro-

magnetic and hadronic showers respectively [12]. The thirty stacks are

arranged in five groups of six stacks each. Four of these groups are

placed symmetrically around the beam axis, at a distance of 6.5 m down-

stream of the target, with a small hole in the centre to allow projec-

tile spectators to reach the ZDC, covering the pseudo-rapidity interval

2.4 - 5.5. The fifth sixpack is rotated by 11.7° with respect to the

beam axis and placed next to the others covering approximately 10% of

the azimuthal angle in the pseudo-rapidity interval 1.6 - 2.4. With the

fifth sixpack the intention was to study the production of antibaryons

in ultra-relativistic nucleus-nucleus collisions (see also chapter

2.1.4).

MIRAC gives a measure of the transverse energy flow in the colli-

sions. The transverse energy is calculated using the expression

E = Z E. • sin( 9. )

where Ei is the energy measured in tower i at an effective angle 6i.

The calorimeter results have so far shown that the geometry is impor-
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2. The Experiments

tant for the interactions. The calorimeter data can further be used as

a complement to other observables to characterize interesting events

and to get a more complete picture of the event like the determination

of the stopping power and the degree of thermalization in the interac-

tion volume.

2.1.2 The Laser System for the Sampling Calorimeters

In the VA80 experiment there are = 2800 photomultiplier channels

which must be gain controlled. For this purpose three individual sys-

tems using a pulsed nitrogen laser and optical fibres were constructed.

They were designed for the Plastic Ball, SAPHIR and the two sampling

calorimeters respectively.

The laser system for the sampling calorimeters is described in

paper /I/ of this thesis and is an essential part for the calorimeter

operation and the analysis of the calorimeter data. A schematic picture

of the system is shown in fig 4. A laser produces, through optical

fibres, light flashes in all the modules. It vas impossible to have the

laser in the experimental area because the laser must be cleaned every

day to maintain the 5>ési light output and this has, of course, to be

done without interrupting the data taking. Therefore the laser is plac-

ed outside the experimental area and a fibre brings the laser light to

fMMMf #11 bttXMl MMf ̂

Fig A. The laser systen for the sampling calorimeters.
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the calorimeters from where the light is distributed to all modules.

The reference detectors, one photomultiplier tube which also views

a constant light source (a Nal crystal doped with 2 4 1Am) and a pin

diode, are placed in the primary distribution box in the experimental

area just before the light is distributed to the individual calorimeter

modules. A change in the laser light intensity pulse by pulse will

therefore cancel out when the individual signals in the modules are

divided by the reference signals.

The laser system is also coupled to the start detectors through a

separate fibre from the laser box. The length of this fibre was adjust-

ed to compensate for the flight time between the start counters and the

individual downstream detectors. The laser events can therefore be

merged into the WA80 trigger logics and a laser event is interpreted by

the experiment as a real event with all tubes fired.

The laser system was used to maintain the gain setting of all the

MIRAC modules from the calibration period to the different data taking

periods. During the data taking the laser was triggered externally by a

signal from the computer in the beam spill-off periods and these events

were stored on tape. The data-aquisition programme automatically warned

the operators if any of the laser controlled photomultiplier channels

changed its response drastically. It was then possible to repair the

module. Small drifts of the gains were corrected off-line using the

stored laser events.

With the laser system it was possible to adjust the individual gain

setting so that the on-line data was similar to off-line data within a

few percent. A proper gain setting of the individual modules is essen-

tial since otherwise the trigger, based on the transverse energy mea-

sured in MIRAC, will be biased.

A problem with the laser system has appeared during 1988. It was

found that the 241Am doped Nal crystal, which serves as a constant

light source for longer periods, was cracked between the 3 2S run in

1987 and the proton run in 1988. The light output from the source de-

creased by approximately 20X. The absolute calibration was, however,

maintained by comparing the laser signals in the pin diod, in the

reference PM tube and in the ZDC from 1987 and 1988.

This problem showed that it was a good idea to have several in-
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dependent references as backup for the laser system. A cosmic muon de-

tector will also be used as a long term reference from this year and an

Nal crystal irradiated by a gamma source will also be included.

2.1.3 Results from the Sampling Calorimeters

It is found that the shapes of the transverse energy spectra mea-

sured by the MIRAC and the ZDC energy spectra are mainly determined by

the geometry of the collisions.

The transverse energy per pseudo-rapidity interval, dEt/dn,, can be

used to estimate the energy density using the Björken formula

dE.
e =

where R is the radius of the oxy-

gen nucleus ( = 3 fm) and t0 the

proper time (1 fm/c). An energy

density of = 2.7 GeV/fm3 was

reached for the central 1 60 + Au

events at 200 A GeV (paper /4/).

This is close to the critical

value for a phase transition to

the quark-gluon plasma according

to lattice QCD calculations.

Preliminary results from the
32S run confirmed the importance

of the geometry of the colli-

sions. The transverse energy

reaches values approximately 1.6

times the values for the 1 60

case. This is close to 322'3 /

162/3 which is proportional to

the change in the projected area

of the two projectiles and

&A* 200 GeV E, In 2.«Si|SS S
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2. The Experiments

thereby proportional to the increase in participating matter. This

means that the energy density estimated by the Björken formula in 3 2S +

Au collisions is not larger than the 1 60 + Au values since both the

numerator and the denominator in the expression are multiplied by

almost the same factor. The volume and lifetime of the interacting

region is, however, believed to be larger in sulphur collisions than in

oxygen induced collisions.

With the information from ZDC and MIRAC it is possible to determine

the transverse energy per participating nucleon. This value has shown

to be almost independent of projectile-target combinations and the

centrality of the collisions at a given projectile energy for the

pseudo-rapidity interval 2.4 - 5.5, fig 5.

2.1.4 The Time of Flight Spectrometer

A time of flight (TOF) wall of two layers of scintillator bars was

placed in front of the fifth sixpack in the MIRAC to give the velocity

and charge of the particles hitting the fifth sixpack. Each TOF layer

consists of thirty 3.8 • 8 • 72 cm3 bars, earlier used in the outer

wall of the Plastic Ball/Wall spectrometer [9]. The TOF wall and the

fifth sixpack together formed a single arm energy-velocity spectrometer

in order to study the production of antibaryons.

To be able to identify individual particles the energy response of
# • '

the fifth sixpack at low energies must be known. However, the fifth

sixpack was never calibrated at low energies because the CERN accelera-

tors could not deliver particles with energies lower than 2 GeV during

our calibration period. This fact made the investigation more difficult

since neither the linearity nor the absolute calibration of the calori-

meter were known at low energies.

In order to study the particle identification in the fifth sixpack

the position, charge and velocity of the particles had to be known.

These were determined by the multiplicity arrays [10] arH the TOF wall.

To get the correct flight time of the particles the time signal must be

corrected for the hit position of the particles in a TOF module. It was

found, by comparing flight time and the hit position for particles with
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(5 = 1, that the correction was 0.07 ns/cm [1AJ. The energy signals in

the TOF modules were also corrected for the light attenuation with an

attenuation length of 415 cm. With this setup the time of flight reso-

lution for particles at a velocity close to the speed of light vas

found to be 2.85 + 0.052 which corresponds to about 600 ps [14].

The energy measured in the hit tower of the fifth sixpack was used

in this investigation. It was found that at these low energies where

the incoming particle does not create a large shower it was sufficient

to use the energy in just one tower [14]. A summation of the neigh-

bouring towers just increased the noice level. If particles with higher

energies are studied a summation of the neighbouring towers is needed

since the produced showers are in this case of the same size as an in-

dividual tower.

In fig 6 the mass distributions, i e the energy divided by (y - 1)

where Y is (1 - B 2 ) ~ 1 / 2 , are plotted for singly charged particles with
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city cuts are 0 < 0.90, 0.94 and 0.995 in tig a-c respectively.

Fig 6.
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0 less than 0.90 (a), 0.94 (b) and 0-995 (c). It is assumed that the

calorimeter measures the kinetic energy of a particle which is valid

for protons. For mesons the denominator should be y instead since these

particles decay inside the calorimeter and thus the total energy ought

to be measured. Using (y - 1) will introduce an enhancement in the

meson mass with a tail to larger values in the mass spectrum. The kaons

and protons vill in this case have their mass peaks almost at the same

position around 1 GeV.

In each figure the experimental results from = 70000 3 2S + Au

events are shown together with the pure proton distribution as well as

the total distribution from Fritiof events diffused with a time resolu-

tion of 2.85% and an energy resolution of 40%. In the experimental

sample a three-fold coincidence was required, i e both TOF layers

should give a signal within one nanosecond and the particle should be

registered in at least one multiplicity layer. After the hard cuts

applied to accept the particles in the TOF wall, the multiplicity

arrays and the fifth sixpack the experimental sample only consists of

about 1000 particles. Since only the experimental behaviour is investi-

gated and no cross-sections for the different particle types the ex-

perimental and the total Fritiof samples are normalized to unity

whereas the proton sample is normalized with the same factor as the

total Fritiof sample. For both data and the Fritiof samples the same

trends are observed. For the lowest velocity cut, fig 6a, the peak

around 1 GeV is easy to identify vhereas in fig 6b the pion distribu-

tion starts to influence the 1 GeV mass peak. In the last case, fig 6c,

the high pion yield dominates completely. The 1 GeV peak is believed to

consist of mainly protons with some contamination of kaons. The proton

and kaon peak position in the data is in fairly good agreement with the

proton peak from the Fritiof sample which implies that the energy

calibration of the calorimeter seems to be approximately valid also at

these low energies. In the Fritiof samples there are relatively more

pions in all the cases which might be due to the fact that no energy

loss in the material in front of the fifth sixpack is included in the

calculation. Further neglected in the Fritiof calculation is the

leakage between towers which depends on the hit position, background

from neutral particles and the too long calorimeter modules for the
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particle energy of interest.

The antiprotons hitting the fifth sixpack are too few and also the

mass spectrum for antiprotons is very bread and therefore no mass peak

of the antiprotons can be found in the experimental sample with P <

0.94 |14).

To improve the identification of particles at least two require-

ments must be fulfilled. First of all the time resolution must be im-

proved by increasing the flight path of the particles and secondly the

energy resolution must be improved by minimizing the material in front

of the detectors as well as to design the calorimeter to the proper

energy range.

2.1.5 The Other WA80 Detectors

The Plastic Ball [9] existed even before the VA80 collaboration was

formed. In this setup the Plastic Ball consists of 655 AE - E tele-

scopes. The Plastic Vail and the rest of the telescopes in the forward

angular region have been removed and replaced by other downstream de-

tectors. The Plastic Ball covers the full azimuthal angle in the region

-1.7 < n < 1.3. The Plastic Ball is used to identify low energy (35 -

200 A MeV) p, d, t and He fragments in the target fragmentation region

and also serves as a multiplicity detector in the covered region.

In order to determine the charged particle multiplicities of the

collisions the WA80 has large areas of multiplicity arrays with a high

granularity covering, with 2 planes, the full azimuthal angle in the

region 1.4 < »l < 4.0 [10). The multipicity arrays consist of streamer

tube cells. In the centre of each cell there is a thin anode wire with

a voltage of 4750 V. Each streamer tube is capacitively coupled to

small sensitive pads. Altogether there are approximately 43000 pads in

the multiplicity arrays. A charged particle passing through the stream-

er tube will create a discharge which will be registered by the pad

closest to the passage of the particle. All electronics needed to read

out the pads are placed on the back side of the streamer tubes to in-

crease the speed of the read-out sequence. The main problems for the

charged particle detection in the multiplicity arrays are the multiple
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hits in a pad and to determine the number of particles in areas where

many neighbouring pads have fired. The efficiency of the multiplicity

arrays is = 87* for a single plane [10].

SAPHIR [111 is the only device in the WA80 setup which is dedicated

to a specific signal for a transition into the quark-gluon plasma

phase. SAPHIR is an electromagnetic calorimeter used to measure a clean

momentum distribution of neutral pions and to detect single photons

coining directly from the collision volume. SAPHIR covers = 1/6 of the

azimuthal angle in the region 1.5 < h. < 2.1. A relative energy resolu-

tion of (6//1T + O.A)Z (E in GeV) was found for SAPHIR and the spatial

resolution is < 5 mm [11). In front of SAPHIR there are multiplicity

arrays to reject charged particles which must be excluded in the analy-

sis of the SAPHIR data-

2.2 The EMU01 Experiment

During these years I have worked with two different emulsion tech-

niques within the EMU01 experiment. The conventional technique is used

in the target fragmentation publication /6/ whereas a new technique is

employed in paper /3/, /A/ and /5/ of this thesis.

Emulsions provide a cheap and high resolution An detector. The ad-

vantages with the emulsions are the An coverage with the unambiguous

spatial and angular resolutions and the few corrections to be consider-

ed in the measurements. The main disadvantage with this technique is

the slow data processing. Other problems with emulsions are the diffi-

culty to identify particles and to determine the identity of the target

nucleus since nuclear emulsion consists of different nuclei, i e H, C,

N, 0 , S, Br, Ag and I nuclei.

Nuclear emulsion is mainly silver bromide crystals with a small

amount of iodine in the crystal lattice, gelatin and water. A charged

particle passing the emulsion will ionize the silver bromide crystals

along its path. In the development of the emulsion the silver will be

produced as black grains and it is possible to follow the particle

tracks in a microscope. The grain density can be used as a measure of

the energy loss per unit length which depends on the emulsion composi-
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tion, the charge and the velocity of the particle.

Different techniques to identify particles have been developed. For

relativistic charged particles the grain (or rather gap in between

grains) density can be used to determine the charge of the particles.

Particles with a charge larger than = 6 can be identified by photo-

metric light absorption measurements of the tracks [151. For particles

stopping in the emulsion stack it is possible to determine the charge

and energy of the particles by determining the grain density or photo-

metric width as a function of the residual range. These techniques are

time consuming and therefore a classification based on the visual

appearence of the particle tracks in the emulsion is commonly used

instead. In emulsion work it is customary to classify the particles

into the following groups; shower particles, projectile fragments and

particles producing grey and black tracks. These are defined in paper

/6/ of this thesis.

2.2.1 The Emulsion Stacks

In emulsion experiments an emulsion stack normally consists of many

thin (= 600 urn) pellicles which are pressed together during the exposu-

re. After the development, the pellicles are glued into frames fitting

the stage of the microscope. The particle tracks are then studied in

the microscope at typically 250 - 1000 times magnification.

Along-the-track scanning is a common procedure to find interactions

in the emulsion pellicles. All beam particles are then followed from

the entry point in the emulsion until they either interact or leave the

area of interest. This procedure has a very high detection efficiency.

2.2.2 The New Measuring Station

A picture of an 1 60 + Emulsion nucleus collision at 200 A GeV is

shown in fig 7. As can be seen most of the produced particles emerge in

the very forward angular region. In order to maintain the high accuracy

of the measurements in this angular region and speed up the measuring
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• -• * w .*

Fig 7. A photograph of a »'0 • Eaulsion nucleus collision at 200 A GeV.

procedure the EMU01 collaboration decided to use a different technique,

(paper /3/ and M / ) , as a complement to the standard technique with

emulsion stacks.

The emulsion layers in a tocm •

chamber are placed perpendicular-

ly to the beam with paper honey-

comb blocks and plastic layers

separating the layers during the

exposure, fig 8. The honeycomb

blocks are used to stabilize the

emulsion plates in the chambers

and consist of very little mate-

rial. In order to measure tracks

in these chambers a new measuring

station was developed.

The setup of the measuring Fig 8. Layout of the emulsion charter

with tvo aicroscope fields of

viev.station is shown in fig 9. It

consists of a microscope equipped

with a projection tube, a coordinate digitizing pad and a micro-

computer. Looking in the microscope the operator sees three images

superimposed, i e the monitor of a PC computer, the cursor of the

coordinate digitizing pad and the particle tracks in the emulsion pel-

licle. The station is adjusted in such a way that the operator will

see, in the microscope, a light dot projected from the monitor of every

point which is measured with the cursor on the coordinate pad. A part

of the software package described in paper fUl is used for this adjust-

ment.
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Fig 9. The sain building blocks of the
measuring station.

For the measuring proce-

dure a menu-based software

package vas developed to cont-

rol the whole chain of measu-

rement IUI. Using a menu-based

package simplifies the intro-

duction of new scanners to the

station and decreases the pos-

sibilities of making fatal

errors during the measuring

procedure.

In the measuring procedure the event is first categorized and then

measured through the whole chamber starting with the vertex plane. All

measured coordinates in different planes are transformed to a common

coordinate system using non-interacting beam tracks in the vicinity of

the collision as reference. The operator interprets the emulsion image

and measures each shower particle track which is also displayed on the

screen in a position corresponding to the measured point. When one

plane is finished predictions for the next plane of all tracks measured

in earlier planes will appear on the screen. Vhen all predicted points

have been handled the operator can add further tracks in regions not

earlier measured. All tracks are then reconstructed using a full three

dimensional least square fit. A possibility to investigate the event

afterwards is also included in the software package. This has shown to

be of great importance when checking that no tracks are measured twice

as well as controlling that just shower particles are measured. The

investigation is normally not made by the same operator that measured

the event.

For the 3 2S run a 250 urn Au foil was placed in front of the target

emulsion plate in some of the chambers. In this way the EMU01 can study

pure 3 2S + Au samples of shower particles at small emission angles.

With this measuring station the events with the highest number of

produced particles can be measured in, at most, 4 - 5 hours. The pro-

cedure is also more accurate than the conventional one since it is

possible to measure all tracks closer to the vertex point where they

are all resolved and where it is easier to reject background tracks.
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Another interesting feature with this setup is that the more produced

particles there are to compare the easier it is to interpret the field

of view and thereby make the measurement. The station and the software

package developed in Lund has been copied by other groups within the

EMU01 collaboration.

Vith the emulsion chambers the angles of the individual shower par-

ticles are measured very accurately. This information can be used to

study fluctuations in the particle densities on an event-by-event

basis. Non-statistical fluctuations might be a signal for the creation

of a quark-gluon plasma [16].

It is, however, almost impossible to determine the charge of the

particles in the chambers. To study this quantity and to get the 4n

coverage of the collisions both stacks as well as the chambers were

exposed during the data taking. The chambers are used for accurate

angular measurements in the forward cone and the stacks mainly for the

target fragmentation and the charge determination of the particles.

2.2.3 Results from the EMU01 Experiment

To determine the centrali-

ty of the collisions, analo-

gous to the energy measured by

the ZDC in WA80, the EMU01 has

inferred the forward charge

flow, QZD, as the number of

charges in the projectile

fragmentation cone. The angle

cut of the cone is chosen to

exclude almost all spectator

protons and to minimize the

number of produced pions

within the cone. The angle is

determined with the expression

10

Pig 10. Pseudo-rapidity distribution for
charged particles in peripheral
" 0 + Emulsion collisions at 200
A GeV (fig 2c in paper /5/). The
arrov shovs the pseudo-rapidity
value corresponding to the cut
angle of the forward charge flov
Q.o-

- 23 -



2. The Experiments

= - in( - ) + 0.36

where Cj i s a constant and p b # t B is the momentum of the beam nucleus

[17]. This i s shown in fig 10 where the arrow at \] = 6.5 corresponds to

the calculated cut

angle (3 mrad) at 200 A

GeV. For 200, 60 and

14.6 A GeV the cut

angles are 3, 10 and 39

mrad respectively. With

a proper choice of the

cut angle this quantity

is energy independent

due to the limiting

fragmentation behaviour

(see below) and i s an

efficient quantity to

determine the centrali-

ty of the emulsion

events. To get a simi-

lar energy independent

determination of the

centrality by the ener-

gy measured in the ZDC,

the hole in the MIRAC

wall, which allows the

projectile spectator

fragments to reach the

ZDC (see fig 3), has to

be increased with de-

creasing projectile

energy.

In fig 11 the

pseudo-rapidity densi-

t ies of shower partic-

Fig 11. Pseudo-rapidity distributions of charged
particles in 1 (0 + Emulsion nuclei colli-
sions at 14.6, 60 and 200 A GeV for a
minimum bias sample (a and b) and a
central sample with QtD < 2 (c and d).
The first figure (a and c) in each row is
in the rest frame of the target whereas
the other (b and d) are in the rest frame
of the projectile.
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les in 1 60 + Emulsion nuclei collisions at 14.6, 60 and 200 A GeV are

shown (18]. In fig lla and lie the distributions are shown in the

target rest frame whereas fig lib and lid show the same distributions

in the rest frame of the projectile. As can be seen both in the target

region (n < 1 in fig lla and lie) and in the projectile region (H > -1

in fig lib and lid) the distributions at different energies fall on top

of each other indicating that the particle production in these regions

is independent of the projectile energy, i e limiting fragmentation.

This indicates that the formation time for most of the produced partic-

les at these energies is longer than the time for the nuclei to pass

through each other. Limiting fragmentation was fulfilled for both the

peripheral as well as the central sample. In the central region of

pseudo-rapidity, on the other hand, the particle density increases with

energy.

In the EMU01 we have observed a scaling in the "normalized" shower

particle multiplicity, ns / <ns>, at 14.6, 60 and 200 A GeV
 1 60 + Emul-

sion collisions [17]. Since the elementary nucleon-nucleon cross-

section is essentially energy independent at these energies the scaling

is a consequence of the nuclear geometry and reflects the distribution

of participating nucleons.

The pseudo-rapidity density, p, of shower particles is used to de-

termine the energy density in 160 + Emulsion collisions at 200 A GeV.

Using the Björken formula

3 p ' < m t >

~ 2
2 T Q • n • R

where <mt> is the average transverse mass of a pion (= 0.38 GeV), R is

the radius of the oxygen nucleus (3 fm), t0 = 1 fm/c and 3/2 is used to

compensate for the neutral component which is invisible in the emul-

sion, the energy density reaches = 3 GeV/fm3 for central 1 60 + Emulsion

collisions, paper 151, a value which is close to the one found in paper

111.

The first result from the 32S run in 1987 has been published

[19]. In this case both 32S + Emulsion nuclei and 3 2S + Au collisions

are studied Similar to the WA80 sulphur results the maximum energy
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density was observed to be close to that of the oxygen sample. Most

data are well described by the Fritiof model but a few high multiplici-

ty 3 2S + Au events show larger fluctuations than the predictions from

Fritiof.

The target fragmentation, i e particles producing grey and black

tracks in the emulsion, in 1 60 induced interactions at 200 A GeV has

been studied in the emulsion stacks. Grey track producing particles are

particles at a velocity (3 < 0.7 and which produce tracks with a range >

3 mm in the emulsion. These are mainly knock-out protons in the energy

interval 26.2 - 375 MeV with a small contamination of charged pions and

kaons in the energy interval 11.6 - 55.6 MeV and 19.8 - 198 MeV respec-

tively. Black track producing particles have a range < 3 mm in the

emulsion. These are low energy evaporation products, both singly and

multiply charged, from the target nuclei. The angular distributions of

grey track producing particles are exponential both for -60 + Emulsion

collisions at 14.6, 60 and 200 A GeV as well as for proton + Emulsion

collisions at different incident energies [20]. This effect cannot be

explained neither by the Ranft [7] nor the Fritiof [6] models where a

more forward peaked angular distribution is predicted. The multiplicity

distribution of black track producing particles cannot be explained by

the models either. These deviations show that a complete cascade in the

target nucleus together with an evaporation process are needed in order

to describe the target fragmentation of nucleus-nucleus collisions.
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So far the theoretical discussions have not given any unambiguous

signal for the creation of a quark-gluon plasma. One problem is the

uncertainties in the hadronization process of a quark-gluon plasma.

Does the quark-gluon plasma hadronize through explosions in the quark-

gluon plasma volume, a creation of a mixed phase of quark-gluon plasma

bubbles interspersed with hadronic matter or in other ways? Some of the

most discussed signals are the J/Y suppression [21], the production of

dileptons and photons [22], fluctuations [16], an enhanced strangeness

production [23] and a plateau in the correlation between the mean

transverse momentum and the multiplicity per unit rapidity, dN/dy [24].

None of them is a unique signal itself and they ought to be combined

when the quark-g]uon plasma is searched for. Some of these signals will

be briefly discussed below in connection with results observed.

A discussed signal for a transition to the quark-gluon plasma is

analogous to boiling water (fig 12a). The temperature increases with

increasing energy until the transition temperature is reached. Then the

transition occurs and the temperature stays constant until all matter

has undergone the transition. After this the temperature will increase

again with increasing energy. It has been shown [24] that <pt> reflects

the temperature of the system. Since the number of produced particles

per unit pseudo-rapidity, dN/df|, reflects the energy available for par-

ticle production it can be used as a measure of the entropy.

An interesting result following this idea has been seen in the

SAPHIR data (fig 12b) [11]. Here the average transverse momentum for

photons with pt > 0.4 GeV is plotted versus the entropy density. This

figure first shows a region with increasing <pt> and then the curve

stays almost constant with increasing entropy density. This follows the

discussed idea but the measured entropy density is not high enough to

find out if a second region with increasing <pt> is present.

The basic idea of the J/Y suppression is as follows [21]. J/Y con-

sists of a charmed quark-antiquark pair. The internal distance between

the quarks in a J/T particle is rather long. In hadronic matter the

quark density is low and the charmed quark-antiquark pair can easily

"see" each other and combine to a J/f. In a quark-gluon plasma the
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quark density is

much higher and

therefore it is

more difficult for

the charmed quarks

to combine due to

screening by other

quarks. The charmed

quarks will rather

combine with u or d

quarks to produce

other charmed par-

ticles. The J/f

suppression is

further predicted

to decrease with

increasing pt of

the J/f [25J. It

should be pointed

out that ideas to

explain the sup-

pression by con-

sidering secondary

interactions in

hadronic matter in-

stead of a creation

of a quark-gluon

plasma creation

also exist [26].

A result of the

J/Y suppression has

<Pt>.
dn/dy

a)

§ 220

EOOA-GeV: MO+Au(o) *O+C(v) p*Au(«)

60AOV: MO+Au(o) P*Au(a)160 -

Fig 12. In a) the expected structure in the <pt>

versus dN/dy correlation, resulting froa a

phase transition, is shovn (the dashed line

is the structure expected for a given cent-

rality). The figure is frön ref [24]. In b)

the average transverse nonentua for photons

vith pt > 0.4 CeV is shovn as a function of

the entropy density (11].

emerged from the

analysis of the NA38 data [27]. This experiment is designed to investi-

gate the J/Y suppression by measuring the u*p- pairs from the J/f

decay. The result from the analysis of 1 60 interactions was that the

suppression is 0.64 ± 0.06 in central 1 60 + U interaction at 200 A GeV

- 28 -



3. Discussion

compared to peripheral ones. Also the J/t suppression decreased with

increasing pt of the J/Y. The same results have also preliminarily been

seen in the 32S collisions (28].

The size of the particle source can be determined by interfero-

metric studies of identical particles [29]. This is done by the NA35

collaboration where the correlations between negative pions are studied

[30]. In the rapidity interval 2 < y < 3 a large source of almost sphe-

rical shape (transverse radius = 8.1 fm and longitudinal radius =5.6

fm) was observed. This might be due to a formation of a large therma-

lized fireball near mid-rapidity expanding to low energy densities at

which the pions decouple. In the rapidity interval 1 < y < 2 the trans-

verse radius of the pion emitting source (4.3 fm) is almost consistent

with the projectile radius whereas the longitudinal radius decreases to

2.6 fm [30].

An enhanced production of strange particles can be a signal of a

phase transition into the quark-gluon plasma [23]. This is due to the

fact that the critical temperature for a phase transition and the mass

of the strange quarks are of the same magnitude. Furthermore, the

quarks are fermions and thus governed by the Pauli exclusion principle.

Therefore the creation of strange quark-antiquark pairs can be ener-

getically favourable in the u and d rich environment from the baryon

matter. The strange quark-antiquark pairs are mainly created by anni-

hilation of the light quark-antiquark pairs and interactions between

gluons. When the hadronization takes place the quark density and tempe-

rature decrease rapidly. Since the enhanced strangeness content can

only be eliminated by annihilation between strange quark-antiquark

pairs, which rarely happens at low quark densities, the strangeness

content will almost remain through the hadronization process.

An enhanced number of charged kaons compared to the predictions

from the Fritiof model has been reported recently in 14.6 A GeV Si + Au

collisions [31]. On the other hand Fritiof is able to predict the num-

ber of charged kaons rather well in p + p and p + A collisions.

Neutral strange particles are investigated in 60 and 200 A GeV 1 60

+ Au collisions by the NA35 collaboration [32]. Their conclusion is

that the strange particle production in 1 60 + Au collision resemble a

superposition of p + Au collisions. There is, thus, no enhancement in
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the strangeness production in nucleus-nucleus collisions compared to

hadron-nucleus collisions. The experimental results from the NA35 col-

laboration on neutral strange particles can only be described in an

approximate way by the Fritiof model [32].

The fixed target heavy-ion project at ultra-relativistic energies

will continue at CERN during the coining years. In 1990 and 1991 there

will be two runs with sulphur. After that the injector of the CERN SPS

may be rebuilt to accelerate Pb nuclei to 160 A GeV. In a Pb + Pb col-

lision the volume to surface ratio is larger and therefore it is a more

favourable system for the search for a quark-gluon plasma. In these

collisions we expect that the quark-gluon plasma will exist long enough

and in such large volumes that it will be easier to detect than in the

small systems used so far.

In a longer perspective the results from the Relativistic Heavy-Ion

Collider (RHIC) at Brookhaven will be of great interest. In this col-

lider complex it will be possible to collide heavy-ions at 100 + 100 A

GeV which is a large increase in the available centre of mass energy of

the colliding system (from 20 A GeV at CERN SPS to 200 A GeV). The

great advantage with a collider is that the centre of mass of the

system does not move in the laboratory frame as in the fixed target

experiments. The produced particles will therefore not be distributed

as forwardly peaked as in fixed target experiments with the same centre

of mass energy. This improves the possibility to measure individual

particles. At these energies it is believed that the central region

(fig lb) will be created in which the baryon free quark-gluon plasma

may be formed.

Discussion for the future of CERN includes the plans for building

the Large Hadron Collider (LHC). In this huge complex the aim is to

collide heavy-ion beams of 3.5 - k A TeV each, which is an increase of

the centre of mass energy by more than a factor of 300 compared to the

energies available today.
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4.1 The WA80 Laser Stability System for Calorimeters

This paper, which is partly included in the Nuclear Instruments and

Methods publications for the sampling calorimeters [12,13], describes

the laser calibration system for the calorimeters.

A schematic picture of the system vas shown in fig 4. The laser

light from a pulsed nitrogen laser is brought through a UV transparent

optical fibre from the laser box into the experimental area very close

to the calorimeters. The light is then fed to all the modules in two

steps, using radiation resistant polystyrene fibres since the radiation

damages are expected to be high in the calorimeter environment. The

fibres are glued into the calorimeter modules at the front end of the

wavelength shifters. Thus the laser system monitors the whole read-out

chain from the wavelength shifters to the digitalization and read-out

of the ADC's. As reference detectors a photomultiplier, which also

views a Nal crystal doped with 241Am, and a pin diod are used.

The laser system is merged into the UA80 trigger logics in such a

way that a laser event is interpreted as a real event with all tubes

fired. The calibration system is used for both gain setting of the

calorimeter modules before the data taking as well as gain control

during the data taking and an off-line energy correction afterwards.

The time of flight wall and the upstream halo wall are also included in

this system.

4.2 Forward and Transverse Energy Distributions in Oxygen-Induced Reac-

tions at 60 A GeV and 200 A GeV

In this letter the first results observed by the sampling calori-

meters in the VA80 setup are presented. It is found that both the

transverse energy measured by MIRAC as well as the energy measured by

the ZDC are mainly determined by the geometry of the collisions.

It was found that the ZDC energy can be used to determine the num-

ber of participating nucleons. Furthermore it was observed that the
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transverse energy per participating nucleon in the pseudo-rapidity in-

terval 1.6 - 5.5 was almost independent of the target nucleus and only

slowly decreasing with decreasing centrality of the events for a given

projectile energy.

An estimate of the energy densities observed in 1 60 + Au collisions

at the two projectile energies is made. It is found that the energy

densities using the Björken formula, in central events at 200 A GeV,

reaches = 2.7 GeV/fm3 which is close to the critical value for a phase

transition to the quark-gluon plasma according to lattice QCD calcula-

tions. For 60 A GeV the corresponding value is = 1.3 GeV/fm3. This

shows that the energy density increases with the energy of the projec-

tile in this energy domain.

The NA34 [33J and the NA35 [34] experiments at CERN as well as the

E802 experiment [31] at Brookhaven at a beam energy of 14.6 A GeV also

concluded that the energy spectra mainly reflect the geometry of the

collisions. The NA34 collaboration, which used uranium as one of the

target nuclei, observed that even the deformation of the target nuclei

was influencing the tail of the transverse energy distribution [33].

Results showing a complete stopping of the projectile nucleus in

14.6 A GeV silicon induced collisions have been presented by the E802

collaboration [31]. This was concluded since the transverse energy dis-

tributions for Si + Ag and Si + Au collisions showed saturation, i e

the Ag nucleus seems to be sufficiently thick to stop the Si nucleus at

14.6 A GeV. For smaller target nuclei the shape of the transverse ener-

gy spectra depended on the target mass. Complete stopping has not been

seen at the CERN energies. In this paper the stopping power at 60 and

200 A GeV was estimated to be = 50 - 60Z.

4.3 A Computer Based Coordinate Measuring Station for Nuclear Emulsion

Chambers

In central interaction between 200 A GeV oxygen or sulphur nuclei

and the heavier emulsion constituents, i e Br, Ag or I, up to about 600

produced chargcu particles can be emitted in the forward 30° cone. In

the emulsion chambers designed in Lund these high multiplicity events
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can be measured with high accuracy and rather fast, at most 4 - 5 hours

per event. Measurements of the tracks in the chambers needed a new mea-

suring station with a software package (paper /4/ and [35]). Both the

chambers and the station are described in this paper.

The events are measured in all emulsion planes starting with the

vertex plane. Only resolved tracks are measured and particles in dense

regions are measured in downstream planes where the tracks are resolv-

ed. The tracks are then reconstructed using a least square fit in three

dimensions. For most particles 5 - 8 measured points are used in the

reconstruction procedure whereas for some large angle tracks (> 20°)

fewer points are used.

The reproducibility of a measured event was found to be very good.

All tracks from two measurements of the same event were identified. The

differences in pseudo-rapidity of the same track in the two measure-

ments was found to be a pronounced peak around An = 0 and with a

standard deviation of 0.013 units of pseudo-rapidity.

4.4 Measurement and Three Dimensional Reconstruction of Particle Tracks

in Emulsion Chambers

New computer programmes were developed for the measuring station

described above. It is convenient to have a menu based software package

to facilitate the complete analysis of the event.

In this paper the different programmes and instructions on how to

use them are described. A manual of the programmes also exists [35].

All programmes are written in the TURBO PASCAL code and use standard

graphic routines (TURBO GRAPHIX) both developed by Borland Internatio-

nal.

The programmes developed for this software package can be divided

into four parts. The first one contains the programmes used to install

the software package into the measuring station. The second part is

programmes for preparing the measurement of 3 2S + Au events where the

vertex point is in the gold foil. The third part contains the measuring

programmes where the events are measured through the whole chamber, all

tracks are reconstructed and afterwards it is investigated that the
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particles have been correctly measured. The fourth part contains some

programmes to study and make minor changes, if needed, in the raw data

files and to plot the individual events.

The reconstructed events are then transferred to a data base on a

VAX computer, where the final analysis of the collected sample is made.

4.5 Multiplicities and Rapidity Densities in 200 A GeV 1 60 Interactions

with Emulsion Nuclei

In this letter the first results observed by the EHlfOl experiment

are presented. Most of the events are measured with the measuring sta-

tion described in paper /3/ and Ikl of this thesis.

Results from both a minimum bias sample and a central sample, with

more than 150 charged relativistic particles in the events, are shown.

It vas found that the data can be nicely described by the Lund model

Fritiof. This shows that the fluctuations in participating nucleons,

the break-up of the strings and the decays of resonances play an impor-

tant role in high energy nucleus-nucleus collisions. The pseudo-

rapidity density of shower particles is used as a parameter to calcu-

late the energy density observed in the most central collisions. The

result found here using the Björken expression is almost 3 GeV/fm3

which is close to the critical density, based on lattice QCD calcula-

tions, for a phase transition to the quark-gluon plasma.

Also other experiments at CERN have measured the multiplicity of

charged particles [36,37,38]. The conclusion is that the shapes of the

multiplicity spectra are mainly determined by the geometry of the col-

lisions. The WA80 multiplicity spectra show deviations compared to

Fritiof, especially for high multiplicities in 200 A GeV oxygen induced

collisions [38]. At the present time these deviations are not complete-

ly understood.
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4.6 Target Nucleus Fragmentation in 1 60 + (Ag,Br) Interactions at

200 A GeV

In this letter the Ranft and Fritiof models are compared vith the

target related fragments, i e grey and black track producing particles,

in 200 A GeV 1 60 + Emulsion collisions. In the Ranft model |7] a first

order cascade correction in the target nucleus is included whereas in

the Fritiof model [6] the cascade correction as veil as the evaporation

processes are completely neglected. Fritiof underestimates the multi-

plicity distributions of both the grey and black track producing par-

ticles but can be used to show the importance of the intranuclear cas-

cade and evaporation processes. The Ranft model vith a formation time

of 5 fm/c can rather veil describe the multiplicity distribution of

grey track producing particles vhereas the distribution of black track

producing particles can not be explained vith any reasonable value of

the formation time parameter. Too small values of the formation time

parameter (< 4 fm/c) broke both the conservation of charge and the

baryon number and therefore smaller values of the formation time vas of

no value for the comparisons. This is most probably due to the para-

metrizations made in the initial part of the Monte Carlo programme of

the Ranft model. It should be noted that the formation time used in the

Ranft model is not the same as the proper time. The transformation is

not obvious but roughly the Ranft value is 5 - 10 times higher (7J.

A comparison vith proton + nucleus data is also made in the paper.

The experimental sample can, in this case, not be described by the

Ranft model.

It is concluded that an evaporation process is needed together vith

a complete treatment of the cascade process to explain the distribu-

tions of both grey and black track producing particles. However,

studies like this must be made in order to understand the reaction

mechanisms in the target nucleus. Results from the WA80 collaboration

from Plastic Ball also shov that a first order cascade correction alone

is unable to explain the target fragmentation (39].
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