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Stellingen
behorende bij het proefschrift:
The Study of Hadron Dynamics in Relativistic Heavy Ion Collisions
1. De interacties tussen resonanties en nucleonen en tussen resonanties onderling kunnen door middel van relativistische zware ionen reakties bestudeerd worden.
2. In tegenstelling tot eerdere beweringen is het pion wel geschikt om de hete reaktiezone bij relativistische kernbotsingen te onderzoeken. (Dit proefschrift, hoofdstuk
5.5)
3. Er kan geen onderscheid gemaakt worden tussen bijdragen van 'toeschouwers' en
'deelnemers' aan een spectrum gemeten bij de zwaartepuntsrapiditeit indien bij
de meting geïntegreerd is over de azimut ten opzichte van het reaktievlak. (Dit
proefschrift, hoofdstuk 5.5)
4. De energie-afhankelijke geometrische acceptantie van pionen is zo gecompliceerd
dat men tijdens een experiment de detectorgeometrie niet op basis van ad-hoc argumenten kan veranderen. (Dit proefschrift, hoofdstuk 4.3)
5. Bij een multi-detector systeem zoals TAPS die zeer veel observabelen meet, is het
onmogelijk alle beschikbare informatie te verwerken.
6. De veel gebruikte methode om dosis-effect relaties van tumorinductie door straling
weer te geven door de gemiddelde incidentie van een groep dieren uit te zetten tegen
de gemiddelde dosis, is onvoldoende voor het verkrijgen van inzicht in het effect van
straling omdat de gemiddelde leeftijd van de groepen zeer sterk uiteen kan lopen.
7. Gezien de sterke correlatie tussen de natuurlijke kans op kanker en het verhoogde
risico ten gevolge van straling is het sterk te betwijfelen of volstaan kan worden met
één enkele (internationale) stralingsnorm zoals het ICRP dat voorstelt.
8. De praktijk om van alle experimentele resultaten van dierproeven alleen de groepsgemiddelden te publiceren, reduceert de bruikbaarheid van deze experimenten.
9. De stelling 'A theme should have a certain something which Ike whole world already
knows. * geldt niet alleen voor de muziek, maar zeker ook voor de wetenschap.
(1) Arnold Schönberg. Fundamentals of musical composition
10. Het is opmerkelijk dat het gezegde "zoals de baas is, is zijn hond" omgekeerd zo
vaak opgaat voor musici en hun instrument.
11. Met een wereldbevolking van 5 miljard mensen kan de jacht niet langer een serieuze
mogelijkheid zijn om de mensheid van voedsel te voorzien.
12. In de discussies rond euthanasie is het verwerpelijk dat sommige mensen menen te
mogen oordelen over de dragelijkheid van het lijden van anderen.

13. Het lijkt een kenmerk van de Nederlandse politiek te zijn om alles waarin Nederland
zich onderscheidt van het buitenland af te willen schaffen. Het beleid op het gebied
van de universitaire studies en vervolgopleidingen sinds de aanloop van de twee-fasen
structuur is hiervan een sprekend voorbeeld.
14. De populariteit van bronwater doet vermoeden dat lucht het volgende commerciële
succes wordt.
15. Het scheiden van fietsen en auto's op gevaarlijke kruispunten leidt er nogal eens toe
dat de doorstroom van auto's verbetert terwijl dat niet opgaat voor de fietsen.
16. Het is af te raden met een skegloze kano in zee te gaan.
Lars Venema

28 februari 1994

Chapter 1
Introduction
The main emphasis in nuclear physics has been on structure and .eaction dynamics at
fairly low excitation energies before it became feasible to study in relativistic heavy ion
collisions the properties of hadronic matter at densities higher than normally encountered in ordinary nuclei. A great impulse for nuclear physics may be expected when
more detailed knowledge of the behaviour of hadrons under conditions far away from the
conditions normally encountered in nuclei becomes available. The properties of highly
compressed nuclear matter" is regarded as a very important question.
The properties of highly compressed nuclear matter are also important outside the
field of nuclear physics. Answers to questions concerning the stability of neutron stars
and the ignition of supernova explosions [1] appear to depend on the compressibility of
nuclear matter.
It was recognized in the early 70's that during high energy heavy ion collisions a state
of high density nuclear matter may be created. When nuclei with high velocity collide
and the penetration speed of the projectile nucleus is higher than the velocity of sound
in the nuclear medium, r.ucleons will accrete in the overlap region. The flux of ntcleons
into this region caused by the projectile momentum will exceed the flux out of this region
due to the increased pressure. At least twice the normal nuclear density can be achieved
because of this mechanism [2]. Even higher densities can be expected due to the Lorentz
contraction of bodies moving at relativistic velocity and due to the development of shock
waves in the dense overlap zone.
The question of the nuclear compressibility has received much attention. Different
models describing astrophysical phenomena require different nuclear compressibilities. A
number of theoretical models describing nuclear matter yield quite different values for the
compressibility and the first experimental results still allow for a wide range of possible
values. Some of the values are listed in table 1.1. The different requirements from astrophysical models is not a contradiction as there are far more uncertainties in the models
than the constraints in the table suggest.
The compressibility (K) is related to the so-called Equation Of State (EOS) which
expresses the total energy of the system as a function of the density (cf. figure 1.1). Before
the advent of relativistic heavy-ion collisions only the ground state of nuclear matter could
be probed. Relativistic heavy-ion experiments offer the opportunity to probe the EOS
"Nuclear matter is a hypothetical infinitely large nucleus.

Table 1.1: Various values for the compressibility (K) required in models or extracted from
models or data. The first two values give limits with which the models are still capable to describe
the supernova or neutron star. The next two values were derived from theoretical nuclear matter
calculations and the last two values are based upon experimental data.

Supernovae
neutron stars
rel. Brueckner
rel. Brueckner incl A degrees of freedom
Giant Monopole Resonance
Sideward Flow data

<J80 MeV [1]
>200 MeV [lj
250 MeV [3]
150 MeV [3, 4]
120 - 351 MeV [5]
165 - 220 MeV [6]

along the trajectory indicated in the figure.

3

P/p c

Figure 1.1: Internal energy of nuclear matter as function of density p is called the Equation Of
State. Its minimum corresponds to the ground slate density p0 of nuclear matter. Most nuclei
are close at this minimum (from [7]).

Apart from the possibility to study macroscopic quantities such as compressibility,
relativistic heavy-ion experiments also enable us to study the behaviour of hadronic matter
at different densities. Recent theoretical developments predict a strong influence of the
nuclear medium on the behaviour of hadrons [3, 4]. The study of the interactions between
hadrons in the medium at different densities can provide the constraints needed to include
nuclear medium effects in theoretical models.
During relativistic heavy-ion collisions the thermal excitation is high. This leads to
random motion and many collisions of nucleons. Provided the center of mass (cm.)
energy is high enough, nucleons may be excited into resonant states and mesons will

be produced. Figure 1.2 is a speculative density-temperature diagram showing different
phases of hadronic matter. The possible trajectories through this diagram in heavy-ion
collisions resulting from theoretical simulations are indicated by the arrows.
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Figure 1.2: Conjecture of the density-temperature diagram of hadronic matter. Different expected phases are indicated as well as possible trajectories during heavy-ion collisions (A and B).
The dashed lines indicate the density and temperature domains that become accessible in nuclear
collisions at different bombarding energy (from /8J).

Although the main discussion in the next sections will concern the compressibility of
nuclear matter, the main effort in studying relativistic heavy ion reactions is currently bent
on the investigation of the AW-dynamics during the collisions. Due to the high density
and thermal excitation many nuclear resonances will be created and these resonances
reinteract with the nuclear medium. In this sense it is even possible to study nucleonresonance dynamics, which is not possible outside the relativistic heavy ion physics. The
emphasis on compressibility in the next sections originates from the historical perspective
which is used to clarify the questions that led to the experiments described in this thesis.

1.1

History

The importance of meson production in relativistic heavy-ion collisions has already been
indicated. In this thesis pion production will be the main topic. First, a short historical
overview will be given to show the evolution of ideas connected to the relativistic heavyion experiments and to give a short overview of the experimental achievements up to the

moment the experiments described in this thesis were started. It is important to realize
what the aims of the studies were at that time. This is sketched below.
In the early days of the relativistic heavy ion experiments, the emphasis was on the
EOS. To relate observables to the properties of the EOS, several steps had to be taken. In
heavy ion collisions part of the incident center of mass energy is used to heat the system
and to increase the pressure. The expectation was that the total energy of the system
(W) could easily be decomposed into a thermal and a compressional part, according to
W = Eth + Ec.

(1.1)

On basis of theoretical estimates heavy reaction systems were expected to be thermalized
to a high degree [9]. Therefore, a chemical and thermal equilibrium should exist among
the nucleons, the nucleon resonances and the mesons. Thus the measurement of particle
spectra or particle abundances was expected to reveal the temperature in the collision
and therefore the contribution of Eth to W would be determined [10, 2, 9).
As will be shown below, this approach encountered many problems concerning the
contribution of Eu,. Later, it turned out that not all available center of mass energy is
used either to heat the system or to compress it. Furthermore, it was shown that the
thermal energy and the compressional energy are strongly coupled [11]. E.g. a change in
temperature leads to a change in particle content in the system and the chemical potentials
governing the equilibrium are again dependent on density and temperature. Another way
of approaching the subject was needed: the study of the complete dynamical evolution of
the collision.

1.1.1

First Experiments

In the mid-seventies the heavy-ion accelerators at Dubna and Berkeley became available
which could deliver heavy-ion beams with an energy high enough to study the behaviour
of hadronic matter under conditions far away from equilibrium. Papers from Chapline
et al. [2j, Scheid et al. [12] and later also by Sobel et al. [13] pointed to the mechanism
for producing hot and dense nuclear matter. Chapline et al. predicted a high thermal
excitation, while Scheid et al. argued that high density shock waves should occur in violent
head-on collisions, leading to a preferential collective sideward emission of compressed hot
matter. When bombarding a fixed target with beams of about 1 GeV/u the projectile
velocity (vp a= 0.6c) exceeds the velocity of sound of ordinary nuclear matter (v, = 0.3c).
So, a dynamical pile-up of nuclear matter should occur and a zone of highly compressed
matter is created.
The accelerator 'Bevalac' from the Lawrence Berkeley Laboratories opened in 1974
the possibility to study nuclear matter at higher densities, albeit in a non-equilibrium
system with very high thermal excitation. The first results clearly demonstrated that the
inclusive spectra appeared to be thermal. The data could be reproduced fairly well by
the fireball model (Westfall et al. [14]), which is based on simple geometrical (Bowman et
al. [15]), kinematical and statistical concepts while the model ignores dynamical effects
entirely. A pictorial representation of the fireball model is shown in figure 1.5A.
In parallel, more advanced approaches to model the relativistic heavy ion collisions
were further developed, such as the hydrodynamical model [12], the cascade model [16,

17, 18] and the classical (Newtonian) equations of motion [19, 20]. These were all fairly
successful in reproducing the inclusive proton and light-fragment spectra on a qualitative
level. At this level, it turned out that the measurements of central collisions with high
particle multiplicities [21] and searching for correlations between fragment groups [22] were
more sensitive to the underlying reaction mechanisms than inclusive measurements and
therefore more capable to discriminate between the different models: thus more exclusive
data were required.

1.1.2

Pion Spectra

The attraction of measuring pion spectra is that pions are particles produced in the reaction
and therefore carry information from the reaction and the signal is not disturbed by the
initial conditions of the collision. As was mentioned earlier, a high degree of thermalization
y/as expected in the heavy reaction systems and the pion spectrum was supposed to
yield information from that instant of time where due to cooling and expansion chemical
equilibrium is achieved and particles stop to interact ("freeze-out", cf. chapter 2). This
chemical equilibrium was expected to be justified by the large reabsorption probability of
free pions in the nuclear medium which ensures a strong coupling between the pions and
the baryons in the system.
The spectral slopes thus tell us something about the freeze-out temperature of the particles emitted. Considering each species as one component of a gas in thermal equilibrium,
its grandcanonical distribution in non-relativistic momentum space is (c = 1)
(2St+l)V
(1-2)
The arrow indicates the transition to the classical limit. 5, is the spin, m, the mass and
Hi the chemical potential, V is the fireball volume at time t and ± refers to fermions (+)
and bosons ( —) respectively. Fits with
d3a
f-E\
— = const, exp ^ — J

,. „,
(1.3)

permit one, therefore, to extract a temperature from the spectral slope (cf. appendix A.2)
and thus have a handle to the thermal and compressional energy.
The interpretation of the slope parameter (7~) as the temperature of the hot reaction
zone turned out to be incorrect for the following reasons: A global thermalization requires
an isotropic source in the center of mass frame. Therefore a measurement perpendicular
to the beam direction (Tx) and one parallel (7f|) should yield 71 ~ 7j|. From data [21]
in general 7j_ < 7j| was obtained, thus global thermalization was not achieved. Even
in central collisions there is an anisotropic contribution from pions produced in single
TViV-scattering in the "corona" of the nuclei. This corona consists of colder not fully
participating matter that surrounds the hot reaction zone. This effect will mainly contribute to the pion spectra in forward and backward direction, leading to an asymmetric
distribution of pions in polar angle [21, 23].
The simultaneous measurement of pion and proton spectra made the situation even
more complicated (cf. figure 1.3). The slope parameter of the spectra, indicating the

temperature of the system in a thermal model, turned out to be different for protons
and pions [24]. The generally larger slope parameter for protons than for pions may be
explained by the "parent-daughter" effect [9], i.e. the pions are produced through the
decay of the A resonance and no. directly in the hot medium. Therefore the pions are
not in thermal equilibrium with the other particles in the hot reaction zone.
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Figure 1.3: Pion and proton spectra from several nuclear collisions at 800 MeV/u. The slope
parameter EQ results from a jit by exp( — E^/Eo) (from [24j).

In 1980 Hagedorn and Rafelski [25] already predicted lower temperatures for the pion
spectra with respect to the baryon spectra because they found that the freeze-out temperature is higher for baryons than for pions. Pions are created during later stages in
the collision and therefore the pion spectrum has a lower tempe-ature. The freeze-out
moment of the pions does not reveal information of the moment of high density. The
pion spectrum was, therefore, no longer believed to be useful to reveal information that
could lead to extract the compressional energy component in the collision. However, the
observation of two slopes in the pion spectra [23, 26] (cf. figure 1.4) instead of one single
slope according to equation 1.3 initiated new discussions about the sensitivity of the pion
spectra to the high density stage in the collision.
At this stage it was generally accepted that most pions emerging from the reaction
were produced via the A-decay. However, the two slopes could not be explained by
ordinary A-decay Radial flow as a result of the compression as was suggested by Stock
et al. [27], was ruled out because it inevitably resulted in a thermal spectrum with one
effective temperature unless very large flow velocities were assumed (/3JS0.4) [23]. The
explanations for the origin of the two slopes proposed by Brockmann et al. were: (1)

La + La 1350 MeV/N
I
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Figure 1.4: 7 W temperatures for the pion spectrum in the reaction La + La at 1.35 GeV/u
(from [26]).

there are two components, one from the A decay, having a lower effective temperature,
and the other from the direct production of pions, which are in thermal equilibrium
with the medium; and alternatively (2) the second component may arise from heavier
resonances which lead to pions with a different effective temperature due to the different
decay kinematics.
As was shown by hydrodynamic calculations including only the A resonance [28] (cf.
chapter 2) the two spectral slopes could be reproduced supporting the first explanation
given by Brockmann et al. One slope thus originates from the thermal pion gas (the second
component) while the first slope fits the pions released after the A-decay. According to this
model, the first slope is density dependent as the A's are boosted by the decompression
of the hot zone and it thus provides a handle on the density in the reaction system.
Hahn and Glendenning [29], however, showed that the uncoupling of the two sources
is unphysical. Final state interactions will smear the signal from the thermal pions and
therefore it is unlikely that there can be a clear signal from the pions produced in the
hot and dense zone. They proposed instead an expanding and cooling source of pions as
the origin of the concave spectrum. In their vision, the concaveness is not caused by two
different slopes (temperatures) but it shows a deviation from the Boltzmann distribution.
Employing a hydrodynamical model to the La + La reaction at 1.35 GeV/u, they
found three sources for the concaveness of the spectra. Firstly, at each instant of time,
the sum of different volume elements (each with different temperature) already gave rise
to concave pion spectra. Secondly, using Bose-Einstein- instead of Boltzmann-statistics to
describe the pion occupation numbers, increased the concaveness of the spectra. Thirdly,
the integration of all pion spectra over the time evolution of the system yielded a concave
spectrum. This last effect had the strongest influence.

Although this explanation is appealing there are still some problems connected with
it: light systems should have concave spectra as well and this is not observed to the extent
as predicted on basis of this picture. Secondly, if the two components in the pion spectra
are purely dynamical, then the proton spectra should exhibit the same behaviour. This
is, up to now, not yet observed.

1.1.S

Pion Yield

During the beginning of the 80's, due to the aforementioned difficulties with the pion
spectra the attention moved to the pion yield, which was believed to be a 'primordial'
observable*. Although reabsorption of pions will take place during all stages in the collisions, it was first assumed that this will not alter the total pion yield [9].
The total pion yield was believed to be an absolute measure for Er and thus could
help to derive the compressional energy. However, this hope was jeopardized by several
critical observations. The total available cm.-energy will not be converted to thermal and
compressional energy only. In the energy regime under consideration the majority of the
energy flow is carried away by nucleons and light clusters [7]. Furthermore, a thorough
knowledge of the influence of the momentum dependent interaction of nucleons and of
the influence of the nuclear medium on the cross-sections is needed before the observed
pion yield can be understood. Thus also the pion yield turned out to be very sensitive to
the reaction dynamics.

1.1.4

Collective Motion

As already mentioned, it appeared that not all available cm.-energy was converted in
thermal and compressional energy. Apparently, energy is carried away in another form:
collective motion of nuclei or flow. This phenomenon is illustrated in figure 1.5. In the
left part the original fireball model is shown, where the two 'spectators' leave the reaction
zone unhindered and the 'participants' form a fireball. The total available energy in the
fireball is given by the number of participants. On the right of the figure, there are no
real spectators'. The non-participating nucleons are pushed aside by the 'pressure' in the
reaction zone and thus carry away part of the available energy.
The occurrence of this phenomenon was first predicted on basis of hydrodynamics
by Scheid et al. [12]. The sphericity method was employed for the analysis of the flow
patterns in heavy-ion reactions. The three-dimensional sphericity tensor

is calculated from the momenta of all measured particles for each event (the subscripts i,j
refer to the Cartesian coordinates and v runs over all particles). The weight factor w is
chosen so that the composite particles have the same weight per nucleon as the individual
'A primordial observable is an observable that assumes its asymptotic value during the high density
phase of the collision [9].
'Spectators in the sense that they did not influence the collision zone.

(A)

BEFORE

AFTER

>£^

„

(B)

BEFORE

-_•

AFTER

Figure 1.5: Pictorial sketch of the sideward flow. (A) represents the original fireball picture
while (B) is a representation of the collision when flow occurs.

nucleons [30]. The sphericity tensor approximates the event shape by an ellipsoid whose
orientation in space and whose aspect ratios can be calculated by diagonalizing the tensor.
Experimentally, flow was observed [31], especially in heavy systems. The flow angle
is strongly related to the centrality of the collision and to the incident energy. For the
latter, the flow angle reaches a maximum at 400 MeV/u [7, 32, 33].
A more exclusive approach [34] led to the description of flow by the average transverse
momentum (see appendix A) in the reaction plane as a function of rapidity. Figure 1.6
shows such a plot for Au + Au at 200 MeV/u for different kinds of fragments. The flow
is defined as
F

=

where {px/A) is the mean transverse momentum per nucleon in the reaction plane. The
flow is clearly visible in the figure and its magnitude turns out to depend on the mass of
the fragments.
Another aspect of the collective motion is the out-of-the-reaction-plane emission: the
'squeeze-out'. Squeeze-out of nucleons is caused by the compression in the reaction zone.
This compression leads to flow in the reaction plane where the majority of spectators
are concentrated. Perpendicular to the reaction plane relatively few particles will hinder
the particle emission from the hot reaction zone leading to two 'jets' of ^articles. The
squeeze-out is visualized in figure 1.7.
The squeeze-out can be measured by the particle yield as a function of the azimuthal
angle at midrapidity. It is only present at midrapidity as the squeeze-out is an observable
from the reaction zone. The fact that particles emitted perpendicular to the reaction
plane are relatively unobstructed by cold matter offers an opportunity to study the hot
reaction zone directly.

-0.8

-0.6

-0.4

0.6

-0.2

0.8

Rapidity./

CM

Figure 1.6: Average fraction of the transverse momentum pt in the reaction plane for different
fragments as function of rapidity (cf. appendix A) for Au + Au at SOO MeV/u (from [32]).

on plane squeeze-out

Figure 1.7: Pictorial representation of the in-plane bounce-off and the out-of-the-reaction-plane
squeeze-out of participant matter (from [35]).
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1.2

Goals

Above, several points were indicated where additional studies are needed to improve the
understanding of relativistic heavy-ion collisions. The emphasis in this thesis is on the
pion production, however, other observables are needed to select certain event types. This
event selection can be made by the measurement of charged particle emission patterns as
well.
The questions that will be addressed are the following:
• For La + La reactions at energies above 1 GeV/u two slopes were observed for
charged pions. This signal was absent in lighter systems. Does this apply also for
neutral pion production?
• The impact parameter dependence of the pion production was up to now barely
investigated. Is the pion spectrum sensitive to impact parameter selections and
does the two slope nature of the spectrum depend on it?
• Does the preferential emission of nucleons with respect to the reaction plane influence the emission pattern of the pions?
To be able to single out different aspects in the production process of pions, the
experimental data are compared to theoretical models. The increasing complexity in the
experiments makes this comparison more complicated. The major advantage of the highly
exclusive approach both in experiment and in model comparison is that the models are
tested simultaneously on different aspects of the multi-body dynamics.
Preferably more than one model should be used to be able to point to the differences in
the model predictions. Special care should be taken to guarantee that the implementation
of the experimental cuts, like detector acceptances, is the same in all models.
Two systems of different mass were selected, Ar -f Ca and Au + Au, both at 1 GeV/u.
The x°-meson emission pattern was measured together with the charged particle multiplicity in the forward hemisphere (7° < 0lllb < 30°).

1.3

This Thesis

In this thesis, I will concentrate on the slopes of the pion spectra in relation to the
emission pattern of charged particles in the forward hemisphere. The production yields
were treated in the theses of M. Pfeiffer and 0. Schwalb [36, 37].
In the next chapter the theoretical models will be presented. Together with this section
it is an introduction into the language of the relativistic heavy ion collisions. Chapter 3
describes the experimental setup as well as results from tests performed to study the
capability of the detector for measuring photons and charged particles. In the discussion
of the analysis of the data several aspects from these test-results are used. The lasersystem has proven its use during the experiments and in the analysis.
In chapter 4 the analysis methods of the data will be discussed, which because of the
complexity of the data is quite involved. A good understanding of detector biases and
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sources of experimental uncertainties is essential. Also the relevant details for the reaction
plane determination and impact parameter selection will be discussed.
The discussions of the results in chapter 5 are divided into two parts: the inclusive
treatment of the data (sections Ö. 1-5.3) and the more exclusive analysis of the data
(in section 5.4 and 5.5). Apart from the presentation of the experimental results much
attention will be paid to model comparisons.
A summary of the results and the outlook will be presented in chapter 6.
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Chapter 2
Theory
The development over the past ten years of the theory of relativistic heavy ion collisions
is strongly correlated with the experimental progress. New theoretical insights led to
predictions that stimulated new experiments and vice versa.
One difficulty in nuclear physics is connected to the number of particles involved. The
number of particles is on one hand too small to allow a fully statistical treatment, but
on the other hand too large to aim for a complete microscopic description of the system.
In relativistic heavy-ion collisions it is tempting to assume complete equilibration of the
system. However, the degree of equilibration is in fact one of the questions to be answered.
One aim of relativistic heavy-ion experiments is to study the nucleon-nucleon interaction at densities higher than the normal nuclear density. This density can be obtained
in central heavy-ion collisions at sufficiently high energies. The accretion of particles in
the collision zone is a consequence of the fact that the projectile velocity is larger than
the speed at which the particles can escape from this zone (i.e. the velocity of sound in
nuclear matter). This picture implies that the number of particles is sufficiently large
to suffer multiple scattering during a long enough period of time in the region where the
matter is compressed. Cascade calculations showed that for heavier reaction systems (like
|fLa + | f La or ^ 7 Au + ^ 7 Au) these conditions are fulfilled [9].
It is not possible to compress hadronic matter in high energy collisions without the
accompanying process of thermal excitation. It is therefore very difficult to define an
observable for the density of the system or for the thermal excitation. The decomposition
of the available center of mass energy into thermal excitation and compressional energy
is indeed a major difficulty in all models. It can be accomplished by the introduction of a
mean, density dependent potential inside the reaction system, i.e. the EOS (cf. figure 1.1).
The exact form of this EOS is usually an input into the models.
Over the past years many observables were predicted to be sensitive to the EOS (see
chapter 1 and [7, 9, 35]). Later, these observables turned out to be more sensitive to other
aspects as well. For instance, the prediction of the pion yield is very strongly influenced by
the use of momentum dependent potentials, reabsorption mechanisms and Pauli blocking.
It appears therefore impossible to derive information on the EOS from the pion data in a
straightforward procedure. However, the understanding of the various mechanisms that
play a role in relativistic heavy-ion collisions has been improved considerably during the
last decade.
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In heavy-ion physics many observables are dependent on the size of the reaction system,
the incoming energy and the impact parameter. It is rather difficult to separate the
trivial scaling based upon geometry from the more interesting physics (see section 5.3 and
appendix A.3). A good description for the scaling is important for the understanding of
the processes involved in the collision. In addition it provides a good test of theoretical
models. It may indicate eirrors in the description of the geometrical properties of the
model.
The theoretical models used to study relativistic heavy ion collisions can be roughly
divided into two classes (which will be discussed in some detail in the next sections):
1. statistical macroscopic models like those based on fluid dynamics [28, 38]. The
advantage of these models is their transparency to the relevant physics. A macroscopic language is developed from these models with concepts like EOS, particle flow,
squeeze-out, thermalization, freeze-out, entropy and chemical equilibrium. Quantities like compressional energy and thermal energy are explicitly defined within the
frame-work of the macroscopic models. A necessary prerequisite of these models is
local equilibrium, as the particle spectra and yields are calculated under the assumption of thermal equilibrium. This assumption will not always be valid, especially
when the shadowing of a hot reaction (participant) zone by colder spectator mass
is considered. For these situations a non-equilibrium description is required such as
given by:
2. microscopic dynamical models. These are the various Cascade models (see
section 2.2), although the genesis of these models might be very different. The
advantage of these models is that they do not require local thermal and chemical equilibrium. In principle, correlations are preserved among scattered hadrons
in the underlying theory. However, the numerical implementation removes these
correlations at least partially. Some implementations are able to retain more correlations than others, but none are complete. The major drawback of these models
is their complexity with respect to different aspects of the underlying physics. Reaction channels are switched on and off to determine their influence on the final
observable, but this also changes the dynamical evolution and, therefore, it is not
a very selective method to check the relevance of a particular channel to the observable under study. Typical examples of these models are IntraNuclear Cascade
(INC) [39, 40], Quantum Molecular Dynamics (QMD) [41, 42, 43] and BoltzmannUehling-Uhlenbeck/Vlasov-Uehling-Uhlenbeck (BUU/VUU) [42, 44, 45].
The statistical macroscopic models were initially used much more than the microscopic
models. Therefore, the language used nowadays in relativistic heavy ion collisions is based
upon the concepts of these statistical models. Typical examples of this language are
the terms "flow", "squeeze-out" and "freeze-out". The use of these concepts within the
framework of microscopic models may appear problematic. This is indeed true, if the
concepts are based upon special features from statistical models only. However, when
concepts refer to actual physical observables this problem no longer exists. Although the
microscopic mechanism might be quite unrelated to the observed phenomena, the use of
the macroscopic language can be very clarifying.
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First the hydrodynamical model will be described, mainly because a good understanding of the concepts from this kind of models is essential. In the second half of this chapter
the microscopic models (used in this thesis) and their background will be introduced.

2.1

The Hydrodynamical Model

The hydrodynamical model is a macroscopic model, describing the nuclear collision in
terms of macroscopic quantities like pressure, energy density and temperature. The validity of the model strongly depends on local thermal equilibrium. The hadronic matter
is described as a fluid. If the internal energy or density of fluid elements increases, nuclear
resonances or mesons are produced to reduce the free energy of the system.
In the hydrodynamical models two prepared fluids collide. Depending on the sophistication of the model instantaneous thermalization occurs (as in the One Fluid Model
(OFM)) or a gradual thermalization takes place (as in the Two Fluid Model (TFM)). The
whole fluid is treated on basis of statistical mechanics where abundances of the different
'gasses' minimize the free energy of the system.

2.1.1

The One Fluid Model

A detailed review of the model described here can be iound in [28]. The two nuclei are
represented by spherical drops of fluid. These drops are simulated by test particles, that
occupy cells of a grid. Many test particles are used to represent the fluid in order to reduce
numerical instabilities in the calculation. Whether the grid cell contains resonances or
ordinary baryons depends on the energy density, the particle density and the chemical
potentials. The requirement of local equilibrium is rather crucial because each grid cell is
in chemical equilibrium during the collision, even when the grid cell is suddenly populated
by test particles from both the projectile and target. This creates constraints on the
systems that can be described by this model.
The condition of local equilibrium can be expressed by the two characteristic times of
the system under consideration
TTcl. < Tfc,
(2.1)
where TH is the 'hydrodynamic' time: the time it takes for the two fluids to pass through
each other (r/, « Ä^^l~icm. [fai/c]). The relaxation time rr(.( is related to the speed of the
energy- and momentum transfer in the system of colliding nucleons and can be approximated by Tre[. « (pffyc,)"1, where c, is the velocity of sound [38] in hot hadronic matter
(«0.2c-0.5c [28]), p the density and err the transport cross section, which is dependent on
the incident energy of the nucleons. Even at moderate energies at least 2-3 collisions per
nucleon are needed to reach thermal equilibrium.
If the condition rTei, <C TA is violated the OFM is no longer valid and a multi-fluid
approach will be necessary (cf. section 2.1.2). The condition 2.1 is most easily met by
heavy reaction systems and low incident energies. Note that condition 2.1 should be
considered as a necessary and not as a sufficient condition.
In the initial configuration the test particles occupy a sphere with uniform density p0
and radius R = TQA1^3. The boundary condition that the external pressure is always zero,
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is maintained during the whole simulation. Each test particle contributes to the baryon
and charge density and this knowledge is used during the simulation and in the final
state. The test particles in one grid ceD constitute fluid elements with certain pressure
and energy density.
The calculation is performed in time steps. In each step, the fluid is propagated
obeying the baryon current conservation, the momentum conservation and the energy
conservation relations. These relations lead to a new particle and energy density for each
grid cell. The energy density of each fluid element is related via the EOS of hadronic
matter to the thermodynamic parameters determining the state of the system. The EOS
together with these new cell parameters leads to a new set of statistical properties of each
fluid element serving as input for the next time step.
The calculation stops after all test particles have reached the freeze-out situation. This
moment is defined when the densities in a grid cell and in the neighbouring cells drop
below a certain value. In the final state the baryon number density, the hydrodynamic
velocity and the temperature is known for each test particle, together with the freeze-out
times. From this state, the final observables will be calculated. (The concept 'freeze-out'
is clearly defined in this procedure.) Unstable particles will decay and the test particles
will be clustered to real baryons. In order to obtain the final state fragment distribution the coalescence mechanism (cf. section 2.2) is allowed to create heavier particles.
For each fluid element the particle spectrum is thus determined. The total final state
observables are determined by the summation over all fluid elements taking the proper
Lorentz-transformation into account for the different fluid elements.

2.1.2

The Two Fluid Model

If the condition of thermal equilibrium is not completely justified, the OFM is no longer
valid. This can be the case if the transport cross section is too small; the system is then
transparent. This transparency is already observed in the energy range of 1 GeV/u and
below, where the average path length required for thermaüzation equals several mean
free paths, so that the initial stopping will be lower than assumed in the OFM. For light
reaction systems the average path length exceeds even the size of the nuclei. The result
is that especially during the initial phase of the collision the heating is much slower and
the compression is less compared to the predictions from the OFM.
The main difference between the OFM and the TFM is, that in the latter the assumption of instantaneous thermalization when the two nuclei collide has been dropped. The
thermaüzation in the TFM is produced by the introduction of friction between the two
fluids, resulting in a gradual deceleration and heating.
The main problem of the TFM is the definition of the frictional force. This frictional
force is strongly related to the stopping power of nuclear matter. For different energy
regimes the frictional force could be different.
A general form for the frictional force F is
F; = -Fl = ~D(a)ppPt(uip-u[),
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(2.2)

with D{a) (a friction form factor dependent on af/N and rapidity) parametrised as
D{s) = )yiN<TNN(y) tanh (y)(3 - 5/(2 cosh2 y)).

(2.3)

Superscript i runs over the coordinate-space, subscript p and t stand for projectile and
target respectively, u is the 4-velocity of the particles and p is the density. The coefficient
D[s) is thus dependent on the nucleon-nucleon cross section as well as it is dependent on
the incident energy. The dependence of D on the rapidity y is introduced to reproduce the
correct limiting behaviour of D as y approaches infinity. The frictional force is coupled
to the energy and momentum of each fluid element via

K = dkT?,

(2.4)

where T£ is the energy-momentum tensor for fluid a and dk the partial derivative of
coordinate k. Furthermore the propagation of the fluids is governed by the continuum
condition d{J^ = 0 and of course by the EOS.
The two fluid model is superior to the one fluid model in reproducing the experimentally observed stopping power of nuclear matter. The central density achieved in collisions
is lower in the two fluid model as compared to the one fluid model, resulting in smaller
flow angles (see section 1.1.4). At higher energies the differences between the two models
are most pronounced.

2.2

Cascade Models

A short overview will be presented here to clarify the different philosophies behind the
microscopic models. First the general principles behind the Cascade models will be presented. A comprehensive overview of the IntraNuclear Cascade models (INC) is given
in [40] by D. L'Hote and J. Cugnon.
In general the microscopic models calculating the dynamical evolution of colliding
nuclei are cascade models in the sense described in the next paragraphs. The intranuclear
cascade models describe the nucleus-nucleus collisions in terms of multiple scattering
involving many-fermion systems, including the creation and absorption of mesons.
The first INC model dates back to 1947 and was invented by Serber [46]. It consisted
of a simulation of multiple scattering of one proton inside a nucleus. The model was
very successful in describing hadron-nucleus interactions for incident energies of several
GeV. It was extended to describe heavy-ion collisions in the same energy range. Later
extensions widened the energy domain where the model is valid, both to higher and lower
energies.
Most cascade models work on the following basis. All particles in the colliding system
are propagated in time during a time interval St. This propagation can be along straight
line trajectories, or in the more recent versions along trajectories influenced by a mean
potential. During each time step the distance is calculated between all pairs of nucleons. The minimum distance between all pairs during that time step is compared to the
interaction radius deduced from the cross section. If the condition
1
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"

(2.5)

is met then the two particles scatter, where -i/s is the center-of-mass energy or invariant
mass. The final state after the scattering is stochastically determined by applying a
Monte Carlo method. The final state is constrained by energy-momentum conservation.
More constraints are included depending on the level of sophistication of the model, like:
Pauli-blocking, angular distribution, or conservation of different quantum numbers. The
possible reaction channels are populated randomly according to the branching ratios for
that particular process. The unphysical scattering between nucleons of the same nuclei is
excluded unless they did already scatter on another particle.
Initially, the following scattering processes were included in the models,
N +N

— N +R

(2.6)

N+N

-> N + N + r.

(2.7)

The resonances (R) were treated perturbatively, i.e. they could be produced but were not
included in the subsequent dynamical evolution. More sophisticated models include also
resonant scattering like
N + R -» N + R
N + R -> N + N
R + R -» R + R

(2.8)
(2.9)
(2.10)

and meson production, absorption and (re)scattering
R ^

N + Tz

(2.11)

N + ir -> N + *
N + N +*

-»

(2.12)

N+N.

(2.13)

According to the models, direct pion production (2.7) is negligible compared to the indirect process (2.11) for reactions at 1 GeV/u [47, 48]. In this energy domain, the pion
production and scattering is governed by the A(1232)-resonance. Although the A is the
most important resonance also the N'(\440) and AT"(1535) [49] play a role at these energies. For example the iV"(1535) is the only reaction channel for the 17-production via
#"(1535) -> N + 7f.
Not all cross sections and branching ratios in the collisions are known. Clearly reactions like R + N and R+R can not be measured directly in the laboratory. It is now
recognized that heavy-ion reactions may contribute to a better understanding of these
elementary processes.
Another uncertain aspect in the model is the medium modification of the cross sections.
The medium modification to the elementary cross sections is deduced from self-consistent
theoretical models (e.g. [44]). Unknown cross sections are derived via detailed balance
provided the inverse process is known.
Detailed balance implies chemical equilibrium although this equilibrium is questionable during the collision. Detailed balance relates the probability for a process to the
probability foi the inverse process using time reversal invariance. The detailed balance is
expressed by
<r{NR -» NN) = —

\— ^(NN

18

-> NR),

(2.14)

where g is the spin degeneracy (2« +1). The momenta p are the center of mass momenta of
the nucleons and the factor 1/(1 + £JVJV) corrects for the possibility that the two nucleons
in the final state are identical.
Equation 2.14 is incorrect to the extend that it ignores the width of the resonances.
The distribution of a resonance mass is not necessarily the same inside the colliding system
as compared to free resonance scattering or pion absorption data. The dynamics of the
nuclear collision affects the mass distribution of a resonance which in turn influences
the decay width of this resonance. Therefore, the mass dependence of the width should
explicitly be taken into account. The detailed balance formula
9

NN) =

-±

9R

(2.15)

derived recently by Danielewicz and Bertsch [50], incorporates the finite and mass dependent width of the resonance. AR in equation 2.15 is the spectral function of the resonance
R.
The effect of this modified detailed balance on the IT production in heavy-ion collisions
is calculated by Bao-An Li [51]. Within the framework of his model the reabsorption
increases for low energy pions. This results in a reduction of the low energy pions in the
pion spectra especially around mid-rapidity.
As is shown in earlier publications (e.g. [45]), 7r-mesons of different energy originate
from different stages in the dynamical evolution of the collision. This indicates that
the dynamics of the collision can be modified by the improved detailed balance scheme.
Azimuthal correlations (see section 4.5.3) might also be influenced.
For the prediction of composite particles emerging from the reaction a coalescence
algorithm [52, 32] is usually applied. This algorithm clusters particles close in phase space
into composite particles. One of the objections against coalescence is that coalescence is
applied at the end of the cascading process only and in this way the fragments do not
contribute to the dynamical evolution of the simulation. The agreement with data is
however encouraging [52]. The details of the coalescence mechanism will not be discussed
here as coalescence is used in this thesis to reduce the charged particle multiplicity in one
model only. This cannot be considered as a test of the coalescence mechanism.
The production and absorption of pions within Cascade models are somewhat problematic. The interaction between the nucleons is represented by the two-body scattering
of 'classical' objects. A necessary condition for this approximation is that the de Broglie
wavelength, of the particles (A = Ä/p) is smaller than the internucleon distance. For incoming nucleons with energies larger than 20 MeV/u, the de Broglie wavelength is comparable
to the internucleon distances and this is the onset of the regime where the INC models
are valid. Using the same argument for the pion production, the minimum momentum for
the pions is 200 MeV/c. The approximation of binary collisions in order to produce pions
with momenta lower than 200 MeV/c can therefore no longer be justified. This problem
is usually ignored for practical reasons: at this moment it is virtually impossible to treat
the pion production in a multi-nucleon environment correctly.
In the following the models used in this thesis will be presented. The BoltzmannUehling-Uhlenbeck (BUU) model is treated first. The Boltzmann transport equations
describe, self consistently, the propagation of particles in a mean potential produced by
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these particles themselver. Most of the microscopic models nowadays make use of the
Boltzrnann equations. It is treated in some detail to point to the approximations and
assumptions included in these models, especially those steps leading to the situation that
the model describes only the propagation of single particles in a self-consistent potential.

2.2.1

The Boltzmann-Uehling-Uhlenbeck Model

The BUU-model is based on the classical kinetic equation for dilute gases postulated
by Boltzmann in 1872. The model describes the propagation of the density of particles
in phase space. The model consists of a propagation part that determines the motion of
particles under the influence of a potential and a collision part that represents the collisions
between the particles of the gas. The Boltzmann equation describes the propagation of
the distribution function of a dilute gas because it is based upon the assumptions that
(1) the propagation of the particles apart from the collisions is unhindered and (2) the
collisions only occur between two particles. Uehling and Uhlenbeck derived a quantum
mechanical analogue of the Boltzmann equation in 1933. which only modifies the collision
term.
In 1985 the first BUU-code was developed to model heavy-ion collisions. Its advantage over the (at that time available) Cascade models was the inclusion of the density
dependent mean field potential. It became possible to extend the model to energies down
to 50 MeV/u, where mean field effects and hard core scattering as modelled with the
Cascade models, are equally important. Various formulations of transport codes based
upon the Boltzmann equation became available like BUU [53], VUU (Vlasov-UehlingUhlenbeck) [54] and LV (Landau-Vlasov) [55]. The underlying physics of these models
are identical and the main differences lie in the numerical implementations.
Botermans and Malfliet [56] and also Cassing et al. [57] showed that the Boltzmann
equation can also be derived in a non-perturbative approach. The major importance of
this derivation is the increase in validity of the models to cases where the particles are no
longer interacting only weakly (as in the dilute gas assumption). Nucleons in nuclei are
not interacting weakly and therefore this derivation is more than of academic importance
only.
The BUU-models in the present implementation are essentially Cascade models, although the underlying philosophy is different: the BUU-models do not propagate nucleons
but they solve the time evolution of the density distribution p(f,p,l). The density distribution is an operator, where the diagonal elements are close to what is known as the
classical densities, according to
n(x) =<x\p\x> .
(2.16)
An appropriate definition of p is
P

= £|$ n >|fc n | 2 <$ n |,

(2.17)

n

where | $ n > is an eigenstate of the system and the wave function of the system is described
by 9 = $3„ fcn$n- In a pure state all bn will be zero but one. In a more general state, this
is no longer the case. The only constraint on fc; is the normalization of p.
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The density distribution p is far too complicated to handle. Therefore a truncation
scheme is constructed. Reduced distribution functions ft are defined as

j

-.db,,

(2.18)

where
(2.19)
and the dependence on particles I + 1 to N is removed by integration.
Solving Liouvilles equation for the density operator
jtP={HN,p},

(2.20)

where {A,B} = EÜLi[(Vr<.A) • (V p i ß) - {VPiA) • (VTiB)} are the Poisson brackets, and
Hjt = !£i[^+ < K r »)] + 53y Vij > where <j> is an external field and Vij the interactions between
particles i and j , yields
~h

= {Ht, ft} + ^

/ £ <(V,..Vil<+l) • ( V p , / , + 1 ) ^ + i -

(2-21)

For £ = 1 this is equal to the famous Vlasov equation plus an additional collision term
if f2 is written as /^(CiiCz)') = /i(Ci>0/i(C2i0- ^ n ' s m e a n s ^ n a * correlations, like antisymmetrization due to Fermi statistics, between particles are not considered. Then equation 2.21 reduces to

dt

\m

+ VpU(r)

• V r - (V r tf(f)) • V j /,(Ci,0 = IaM,

(2-22)

with
^coH = 7^~T^ dp2dp3dil\vu\-jf.S(pi

-f pi — f>3 — Pi)

/i^.Ä.O)).

(2-23)

and

tf(f,0 = yjv(r,fu

\Ap\)Mfl,fl,t)dP1dp1 + <j>{r),

(2.24)

which are the Boltzmann-Uehling-Uhlenbeck equations. i/i2 is the relative velocity between two colliding nucleons. The relativistic extension of the BUU equation looks very
similar to equation 2.22 [58, 44]. The purpose to review the deduction of the BUU equations is to demonstrate that the only input consists of the form of the density distribution.
Having written down these equations the question arrives how this model is implemented for nuclei. f\ and t have to be discretized to be able to tackle this problem
numerically. The discretization of t in time steps necessitates the separation of equation 2.22 in two separate steps: the propagation of the particles under influence of the
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mean field potential and the scattering of two particles (the collision term). The density
distribution is represented by so-called test particles according to [47]

* £ 0 = }f E *(* - *('))*(? -

ft(0),

(2.25)

where each nucleon is represented by N test particles. The implementation of test-particles
to solve equation 2.22 makes the model essentially a Cascade model. The large number of
test particles involved reduces the fluctuations in the density distribution caused by the
motion of discrete objects.
A further smoothing can be achieved by smearing each test particle with a Gaussian
width when the density distribution derived from the test particle distribution is used in
the calculation of the potential and when the Pauli-blocking factors are determined. The
propagation of test particles is calculated by the classical Hamilton equations [53, 59]
dH
Pi

=

--5T-

which results from the substitution of (2.25) in the left hand side of equation 2.22. For
ordinary baryons they read

f-

=

|

+ VpC/,

(2.27)

U denotes the density dependent mean field potential and ^ is replaced by |£ to include
the relativistic kinematics. Usually a Skyrme type potential is taken of the form
U(pB) = ^tüPB +

7

-t3p"B,

(2.28)

where ps is the baryon density of the system.
The parameters in this potential are chosen to reproduce the Equation Of State (EOS)
with a compressibility (K) of 308 MeV, a nucleon mass of 938 MeV and a binding energy
of-16 MeV at p = po (= 0.17 fm~3) [60]. The disadvantage of these potentials is their lack
of binding near the surface of the nucleus. A nucleus without collision slowly evaporates
according to the calculations. However, tuning the parameters such that this evaporation
process is slow compared to the typical collision times, the error introduced by this will be
negligible. The rate of evaporation is very sensitive to the initial conditions of the density
distribution. The parameters for the potential in equation 2.28 used here are listed in
table 2.1
The N test particles per nucleon are implemented using the method of parallel ensembles. Each nucleon is per ensamble represented by 1 test-particle, but for calculations
where the density is needed e.g. 1000 parallel calculations (ensembles) are averaged. For
calculations using PB all test-particles are added together, but test-particles can only
scatter if they belong to the same ensemble.
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Table 2.1: Used parameters for equation 2.28. These yield the properties of the EOS as listed
in the text (from [60]).
3
to -1.18 GeV fm
5
t3 1.85 GeV fm
K
5/3

The main disadvantage of this method is that fluctuations in the particle density aie
washed away. A beginning cluster of particles in one ensemble will be torn apart by the
potential created in the other ensembles. It is important to realize that these correlations
are not the correlations from the density matrix, which are created by the very nature of
the particles.
The BUU model used in this thesis as described above is the code developed by
Gy. Wolf et al.[47,49].

2.2.2

The "Quantum Molecular Dynamics" Models

The "Quantum Molecular Dynamics" (QMD) model was developed with the aim to be
able to describe the cluster formation in the heavy-ion collisions as well. The mean field
potential was replaced by microscopic 2,3-body potentials to restore the two-body correlations. The parallel ensemble method had to be rejected to allow for density fluctuations.
An extensive overview of these models can be found in [61, 62, 63]. As basis the molecular dynamical (MD) model was used. Many changes were made to adopt the model to
the special needs of the heavy-ion collisions, like the hard-core repulsion, Pauli-blocking
and Fermi-motion of nucleons in the ground state. In Isospin QMD (IQMD) the isospin
degrees of freedom are treated as well.
To preserve possible clustering of particles during the collision the method of parallel
ensembles cannot longer be applied. Strong unphysical density fluctuations are prevented
by describing each particle by
M?,P,t) = - l y e - P - W A e - G H M O ) ' » ,

(2.29)

where the Gaussian width 2L is constant in time. The total particle distribution is the
sum of all single particle distributions

/(r.p,*) = £*(»*. Ä.0-

(2.30)

1=1

The dynamics of these distribution functions are calculated with the Hamiltonian
equations 2.26. The total potential is constructed from the elementary potentials in the
following way
V = Vloc + VYuk + Vcoul + V w + V.ym,
(2.31)
where we have the local hard core repulsion (V/„c), a Yukawa long range term (Vyak), a
Coulomb term (Vcw) explicitly taking the charge of the particles into account, a momentum dependent interaction (Vmdi) and a symmetry term homogenizing the proton and
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neutron distributions. They are expressed by

vioc = E E a(* - ?i) + 5 E E *«*(* - 3

(2-32)

>«
V #Bm

=

4 In2 ( l + t s ( j S - ft)*)*(* ~ 3 ) .

*6 — Si3jS(fi -

Tj).

Pa

S{ are isospin numbers and s = \ for protons and 3 = — 1 for neutrons. The parameters
(U) are determined by solving the equation relating the two- and three-body potentials
to the mean field potential, the EOS. This equation is of the type of equation 2.24.
The form of the elementary potentials (equation 2.33) is such that analytical relations
between the parameters in the potentials and the parameters of an EOS parametrization
exist according to equation 2.28 (plus some additional terms). The parameters are listed
in table 2.2. The parameters <i and t2 can be adjusted to provide the required EOS.
Table 2.2: Used parameters in the IQMD code for the potentials. The properties of the EOS
are determined by the remaining free parameters.

h 15 MeV

u

1.57 MeV

te
a

25 MeV
1.5 fm

4
2
h 5- IQ" MeV"

The pion production and rescattering on nucleons is accomplished via the A-resonance.
s-wave scattering (equation 2.7) is ignored [48]. The code was used in the mode with the
hard EOS (U = {-l2Apfp0 + 70.5{p/po)!) MeV corresponding to K = 380 MeV) and the
collision condition is the same as in equation 2.5.
The relativistic extension of the IQMD model is RQMD. The relativistic covariant
treatment of the collision is absolute necessary for ultra relativistic heavy-ion reactions.
However, it should be noted that relativistic models are up to now never completely
relativistic. For example in RQMD, the retardation is not taken into account as can be
seen below.
The two constraints made in the extension from IQMD (see above) to RQMD [43]
are the on-shell condition of the particle masses and the fixation of the relative times
of the particles (this last effect has a strong influence on the retardation). With these
constraints the equations reproduce the correct description with 6n -f 1 degrees of freedom
in the non-relativistic limit. These constraints are expressed as
*:=P?-m.?-V==0
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i=l,...,n,

(2.33)

for the on-shell condition (the particles get effective mass by interaction) and
4>i •= Y
7~^ ^2
(<?• ~ QiYiVi + Pi)» = 0
i = n + 1, • • •, 2ra,
(2-34)
#i
(* - ft)2
expresses the fixation of the relative times of the particles. For the propagation of the
system some evolution parameter (r) is needed, which is the one additional degree of
freedom. The canonical Hamilton equations read now

d

JEi - JJL-Yi9*.

/ 236)

where H follows from
2N-1

H = £ A^n

(2.36)

i=l

and A,- follow from the invariance of the system and are in general complicated phase
space functions.
The resonances with masses higher than 2 GeV are treated with a phenomenological
string decay model. For nuclear collisions at 1 GeV/u these resonances do not play a role.
The nuclear potential is used up to a certain energy. Above this (high) energy, the model
runs in a Cascade mode, where only "hard collisions" take place.

2.2.3

The Toneev Gudima Cascade Model (QGSM)

The Quark Gluon String Model of V.D. Toneev and K.K. Gudima [52] is a Cascade model
developed with extensions to low energy physics (pre-equilibrium particle emission and
evaporation of remnants) and extensions to high energy physics (by the inclusion of the
quark ghion string model). These last extensions will be irrelevant in this thesis, due to
the energies considered here.
The first step in the collision is an intranuclear cascade during a cascade time <CMC.
The main ingredient for this model is the propagation of nucleons via the relativistic
Boltzmann equation, where three 'gasses' are considered: (A) the projectile spectators,
(B) the target spectators and (C) the participants,
/ d u j ,

(2.37)

J=B,CJ

= -fB

Y. IfJQBJ<rfJdu>j,

(2.38)

J=ACJ
J=A,C

c

{TP{c)
p1c)dJc{T,.P
{c)))

= -f f Y, J [fJQcJ<rZJtd"J

(2-39)

J=A,B

- ff JA/BQAB
JJ

Y —j
-
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du

dwAdwB,

where
QlJ =
Very clearly visible in these equations are the terms taking care of the loss of particles
in the spectator region and the gain of these particles in the participant region. However,
particles from the participant zone can become spectators as well! Collisions between
particles of the same 'gas1 are excluded.
The version of the model used in this thesis applies the old detailed balance scheme
(equation 2.14). In the most recent code this is changed. The original nuclei are bound
by a "frozen" mean field. Dynamical effects of the mean field (via the Vlasov term of the
BUU equations) are neglected in the model [39].
Upon completion of the cascade stage there remain excited residual nuclei, which are
subsequently treated by the pre-equih'brium emission. The pre-equilibrium emission is
based upon the master-equation

1(E-,t)+

E //

Ai T

n

(2.40)

p

( > + J) »+AE', <)*(r + Bi + E-- E')dE'dT,

where Pn(E, t) is the probability of finding the system at time t in a state described by
the exciton number n (i.e. the number of particles above plus holes below the Fermi
level), excitation energy E", \±(n) and \*(T,n) are the transition rates into states with
n' = n ± 2 and into the continuum via emission of a particle j with a kinetic energy T.
The absence of a density dependent potential makes this model very suitable to study
its deficiencies in search for density dependent observables. Especially the collisions with
small impact parameters are good candidates for this study.

2.2.4

Overview of the Models

As a summary of all models used in this thesis, various properties are listed below in
table 2.3. One of the objectives in relativistic heavy-ion collisions is the search for compressional effects or observables sensitive to the density. Not all models include density
dependent potentials. The comparison of the experimental data with models without density dependent potentials could therefore be very useful. The differences between IQMD
and RQMD should be small in the given energy regime. The specific relativistic treatment in RQMD plays a role especially at higher energies. However, the RQMD model is
not used with the density dependent potential, due to portability problems of the computer code. The model results from RQMD are therefore labelled RQMD-WP to stress
this fact. The models BUU and IQMD should exhibit the compressional effects. This is
contained in BUU in a mean field potential, whereas IQMD has the effects in the two
body potentials. The momentum dependent interaction (MDI) is not taken into account
in these model calculations, although the effects are expected to be in the same order of
magnitude as the effects resulting from the density dependent potential.
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Table 2.3: A comparison between the models used in this thesis. This list is intended as a
general overview and is by no means complete.
* The mode to run with momentum dependent interaction is available, but not selected during
the calculation of the data used in this thesis
* The improved detailed balance is included in recent versions of QGSM

BUU [47, 49, 60] IQMD [48, 42, 63] RQMD [43]
rel. kinematics
MDI

compressibility
potential
Coulomb
asymm. pot.
Yukawa
theory
events
part, correl.
coalescence
fragments
isospin
particles
Pauli-bio eking
resonances

Yes
No
308

mean field
No
-

one body
parallel
No
No
No
Yes

point particles
Yes

A, J\T(1440),
i\r*/i

JV

Yes
No*
380
NN-corr.

Yes
Nof
none'
NN-corr.

explicit
Yes
Yes
N body
single
Yes
No
Not
Yes
Gaussians
Yes
A

No
Yes
No
Nbody
single
Yes
No
Not
Yes
Gaussians
Yes
A(...),N-(...)

QGSM [52, 39]
Yes
No
none
"frozen"
mean field
No
No
No
one body
single
No
Yes
Yes
No
point particles
Yes
A

New
No

New
No

OldNo

coc\

llDouJ

detailed balance New [64]
No
Bose-statistics

The data from the BUU and IQMD models were calculated in Darmstadt and Frankfurt by Gy. Wolf and St. Bass, respectively. These calculations lasted several weeks of
computer time. The model results from QGSM and RQMD were calculated on the Convex of the rekencentrum of the Rijksuniversiteit van Groningen by M. Sumbera. For these
models, several months computation time were needed to achieve the required amount of
theoretical data.
The output of all these models was converted to the same format, containing the final
state particles and their momentum. A filter program implemented the required experimental filter. Only QGSM and RQMD calculated the whole range of impact parameters.
The BUU and IQMD codes calculated only selected impact parameters (see section 4.5).
A whole impact parameter range was simulated by combining the data for the individual
impact parameters according to the proper weights.
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Chapter 3
Experimental Setup
In this chapter the setups of the two experiments at GSI are described. The experiments were performed with TAPS in combination with the Forward Wall of the FoPicollaboration. TAPS, a photon detector designed for photons with energies up to several
GeV, was employed for the detection of the x°- and »/-mesons. The Forward Wall, a
charged particle detector, was used for the event characterization.
Essentially the two experiments discussed in this thesis made use of the same setup.
Differences between the setups of these experiments existed mainly in the trigger electronics, the data-acquisition and the detector positions. These differences were dictated
by the different reaction systems that were studied and they incorporated small changes
and improvements based on earlier experience and expected different beam intensities.
An overall description of the setup used in the experiments will be given in section 3.1.
A more elaborate discussion concerning TAPS can be found in section 3.2, where the
detector properties of TAPS and results from tests performed with these detectors as well
as an elaborate discussion concerning the laser calibration system will be presented.

3.1

The Experiment

In the two different experiments described in this thesis two systems: 40Ar + "°'Ca and
197
Au + 19rAu were studied at 1.0 GeV/u incident energy. The setup shown in figure 3.1
consisted out of TAPS and the Forward Wall of the FoPi-collaboration. TAPS was employed for the detection of photons from the 2-, decay of the ir°- and 77-mesons. The
branching ratios are 98.8% for the ir°- and 38.9% for the 77-meson. The Forward Wall
was employed for event characterization via charged particle multiplicity detection and
the measurement of the azimuthal distribution of charged particles in the projectile hemisphere.
In the discussion of the hardware first the beam, targets, beam monitoring and triggering devices will be treated. This will be followed by a description of the Forward Wall
and TAPS. Finally, a short overview of the data acquisition will be given.
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3.1.1

Beams, Targets and Beam Detectors

The beams were delivered by the heavy ion synchrotron SIS (Schwer Ionen Synchrotron)
at GSI with an intensity of 10* - 105 and 106 - 107 particles per spill for Ar + Ca and
Au + Au, respectively. The complete spill period lasted 3 s for the Ar + Ca experiment
and the duration of a spill was 300 ms. For the Au -f Au experiment a spill period
lasted 9 s and the spill duration 4 s. The beams bombarded targets mounted in an
aluminum beani pipe of 100 mm diameter and 2 mm wall thickness. The choice of the
target thickness was determined such, as to provide sufficient reactions per spill while the
conversion probability of photons in the target had to be kept as low as possible. These
constraints resulted in a Ca target of 3 mm thickness (1.02 g/cm2), corresponding to 0.4%
nuclear interaction length and a Au target of 0.1 mm thickness (0.188 g/cm2) with 0.1%
nuclear interaction length.

tower 1
BaE
IPW

TAPS tower

Figure 3.1: Setup for TAPS experiments in cave-B of the SIS-facility at GSI.

The whole setup is shown schematically in figure 3.1. Directly in front of the target the
in-beam start-detector (SC) was mounted. The start-detector consisted in both experi-
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ments of a scintillator foil. However, different start-detectors were used. For the Ar + Ca
experiment, the start-detector was a plastic foil (Bicron-418) of 100 /im thickness and
40 mm diameter read out by 4 photomultipliers [65]. The intrinsic time-resolution of this
detector was 100 ps. For the Au + Au experiment a new start-detector was designed.
A plastic foil (also Bicron-418) of 200 /im thickness and an effective diameter of 15 mm
was mounted in the beamline 300 mm upstream from the target with a tilt ai jle of 45°.
Light from the scintillation foil was collected in two photomultipliers. A split annular
scintillation foil with an opening of 18 mm, coupled directly to two different photomultipliers, allowed rejection of events caused by the beam halo and events originating in
the start scintillation foil [66]. The veto foil was mounted 80 mm downstream from the
'start' foil. The intrinsic time resolution (<r) of the start detector, measured between the
two photomultipliers, was 150 ps. The advantage of this new start detector configuration
was that it only triggered the data acquisition when the particles were very close to the
'optical axis' of the beamline. The in-beam start detector was able to cope with count
rates up to 3 • 106 particles per second.
For the case that the countrate of the in-beam start-detector got too high so called
reaction counters (FD) were available. These counters mounted close to the target measured reaction products from the target. The reaction counters, in contrast to the beam
counters, trigger only when a reaction has taken place inside the target. This allowed to
handle a higher beam intensity. The reaction courters consisted of 16 plastic, 5 mm thick,
(NE102A) finger detectors, mounted around the beampipe 6 cm from the target. The fingers, with a length of 5 cm, covered a solid angle of 5% of At: between 32° < 0 < 55° [67].
In the Ar + Ca-experiment they were not used in the trigger logic. Their efficiency was
tested during this experiment. During the Au + Au-experiment they turned out to be
not necessary either as trigger, because the limiting factor was found to be the data acquisition system, instead of the in-beam start-detector. The reaction counters were only
employed for monitoring the beam-rates.
Further beam monitoring was performed downstream at the end of the beamline with
a 6 mm thick plastic scintillator (BC) with an area of 16 by 8 cm2 to determine the
efficiency of the start-counters. In the Ar -f Ca experiment a wire chamber (WC) was
positioned in front of the thick plastic scintillator for beam diagnostics. During the first
experiments with the new SIS-accelerator the beam diagnostics and beam guiding were
the responsibility of the experimental groups. Later the diagnostics were taken over by
the accelerator-crew and the extra wire chamber was no longer needed.

3.1.2

The Forward Wall

The Forward Wall (FW) [68] of the FoPi-collaboration was employed for event selection.
Only the Outer Plastic Wall (OPW) of the FW was used for the analysis presented in
this thesis, as will be motivated in section 4.5. The OPW covers a polar range from 7°
to 30°. It consists of 512 plastic scintillation bars, grouped in 8 radial sectors each of
which covered an azimuthal angle of 45°. The active scintillator lengths vary from 45 cm
to 165 cm. The strips are of rectangular cross section (1.8 cm thick and 2.4 cm high) and
are read out on two sides by photomultipliers. The FW-setup is shown in figure 3.2.
The information of the FW was reduced to give only the multiplicity from the sectors in
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Figure 3.2: The Outer Plastic Wall of the Forward Wall of the FoPi-collaboration at GSI. Left
is a three dimensional representation. 64 plastic scintillaiors form one radial t ector. The right
plot is a polar view showing the sectors and the varying density of bars with polar angle. The
outer diameter is 4 meters.

order to cope with the high countrates in the TAPS data-acquisition system. A complete
read-out cycle of the FW would last too long for the data rates expected in TAPS.
To save all information available during the Au + Au expe.-iment two data-acquisition
systems were used. The TAPS data-acquisition was running i the same mode as in the
Ar -f Ca experiment to collect data with high statistics. The FoPi data-acquisition was
extended to contain both the full FW information together with the TAPS data. Thus
the full information from one event was stored by the FoPi data-acquisition with a larger
deadtime. The analysis of the data from this system is in progress and will be treated in
the thesis of A.E. Raschke [69].
The electronic scheme used for the FW is shown in figure 3.3. It is seen from this figure
how the multiplicity information is derived. The analog signals from the phototubes at
the ends of each strip were split in the Splitter Card DP1630. One of these signals was
used to derive a logic signal with Constant Fraction Discriminators (CFD). A coincidence
between the two photomultipliers on a scintillator was necessary to deliver the trigger for

Table 3.1: Energy thresholds of the Forward Wall for different charged particles (from [68]).
These values are mainly determined by the amount of material traversed before the FW it
reached.

zE

1 2 3 4 5 6
9 12
23
[MeV/u]
47
60
70
80
91
111
134
t,hr
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the multiplicity unit. In this unit the multiplicity of a sector was represented by an analog
signal which is converted in the TAPS data-acquisition in an Analog to Digital Converter
(ADC).

LeCroy 1440
HV system

DP1630, 16 fold
Splitter
Card

analog E

Linear
Delay

LeCroy 188S F
Fastbus

DL1610
Logic
Dela
y

LeCroy 1872
Fastbus
TDC

AOC

- Stop

MB
Multiplicity Box
64 told

-+ to main logic

Figure 3.3: Schematic drawing of the electronics of the Forward Wall of the FoPi-collaboration
at GSI. The information from the two photomultipliers at the ends of each bar is, after splitting
into two identical signals in the Splitter Card, fed into the CF8102. The analog multiplicity
information is derived from a coincidence of the two photomultipliers at both ends of each bar
and is extracted from the multiplicity-unit M B .

The detection thresholds for the charged particles are shown in table 3.1 for a setup
where the space between target and OPW was filled with a bag filled with helium. These
thresholds indicate the minimal energy of charged particles to allow full identification in
the OPW. The identification is possible when the particles penetrate the plastic bars.
These thresholds were calculated taking into account the energy loss in the air between
beampipe and the FW, in the target itself and in the beampipe. In our case the thresholds are higher and depending on the polar angle due to the aluminum beampipe. The
minimum energy for particles (up to Z=2) to pass the aluminum beampipe is calculated
and the values are shown in table 3.2. The values from table 3.1 were however used in the
model calculations discussed in chapter 5. The slightly higher thresholds from table 3.2
probably reduce the multiplicities extracted from those calculations.
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Table 3.2: Energy thresholds in MeV of the Forward
pass 2 mm aluminum with the specified polar angle.
d
t
polar angle
P
64 86 103
7"
29 39
46
30°

3.1.3

Wall for different charged particles to
a

He
230
101

"He
260
114

TAPS

The Two Arm Photon Spectrometer (TAPS) [70] consisted during these experiments of
256 BaF2 detector-modules arranged in 4 blocks with individual Charged Particle Veto
detectors (CPV) in front of each BaF2-module (see section 3.2). The 4 blocks (each
48 x 41.6 cm2) were mounted in two towers that were positioned on both sides of the
beamline. The exact position of the blocks was optimized for each experiment. In both
experiments the requirements were a good acceptance for neutral pions for the full energy
range around midrapidity as well as a good acceptance for the 7;-mesons and a consistent
overlap probability of showers (sections 3.2.2.2, 4.1.4 and 4.2) for different experiments.
These requirements led to the positions of the blocks in the experiments as shown in
table 3.3. The relevant parameters for the setup were the angle between the towers and
the beamline {8XAPS see figure 3.1) and the angle the blocks made in the towers with
respect to the horizontal plane (<J>TAPS)- The corresponding angles in polar coordinates
are also shown.
Table 3.3: The block positions for the different setups, d is the distance between target and
front of the BaFi; OTAPS •» the angle between the beamline and the tower; <I>TAPS M &e angle
between the blocks and the horizontal plane containing the beamline. The angles are relative to
the center of the blocks.
Setup
Block

d[m]
»TAPS [°]
0TAPS [°]
frpol.i 1 J

*,-., [°I

A
1.20
52.5
12.1
53.5
15.1

Ar + Ca
B
C
1.20
1.20
52.5
-52.5
-12.1
12.1
53.5
53.5
344.9 164.9

D
1.20
-52.5
-12.1
53.5
195.1

A
2.00
52
23
55.5
28.3

Au + Au - A
B
C
D
2.00
2.00
2.00
52
-52
-52
-23
23
-23
55.5
55.5
55.5
331.7 151.7 208.3

A
2.00
52
7.3
52.4
9.2

Au + A u - B
B
C
D
2.00
2.00
2.00
52
-52
-52
-7.3
7.3
-7.3
52.4
52.4
52.4
350.8 170.8 189.2

The differences in the block positions between the 40Ar + ""'Ca- and 197Au + 19rAuexperiment were motivated by the different particle multiplicities in these reactions. The
particle multiplicity was considerably higher in the 197Au + 197Au reaction than in the
40
Ar + 40Ca reaction. As a consequence the particle multiplicity per event in TAPS would
increase causing an increasing chance of overlapping hits. Therefore the distance of the
BaF2-detectors to the target was increased during the Au + Au experiment to ensure an
equal efficiency for photon detection in both experiments. This efficiency is discussed in
more detail in section 4.2. The larger distance necessitated two settings in the opening
angle of the blocks to cover the complete energy spectrum for the neutral pions (see
section 4.3) and will be referred to as Setup-A and Setup-B.
An overview of the electronics used per detector-module is shown in figure 3.4. For the
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pulse-shape analysis (see .-action 3.2.2.1) the analog signal from the BaF2-detector was
integrated in two gates, a narrow and a wide gate, with integration times of 30 ns and
2 (is, respectively (see sections 3.2.2.1 and 4.1.3). An in time well defined narrow-gate
(both the gate width as well as the position of the gate with respect to the pulse from the
BaF2) was required to achieve sufficient resolution in the narrow-gate signal used for the
pulse shape analysis. Therefore it was essential that each detector-module produced its
own timing signal for the readout. A low energy threshold per individual detector-module
was required to achieve a good energy resolution. The gates and the timing of the gates
for each BaF2 were derived from the Constant Fraction Discriminators. The thresholds
were set just above the noise level of the photomultipliers. This threshold corresponds to
an average photon energy of 3 MeV for a dynamical range of 800 MeV for the individual
detector-modules in the experiments described in this thesis.

CPV

HV

Figure 3.4: Overview of the TAPS-electronics. HV=Lecroy 14JO power supply; Spl =
Active Analog Split (design Univ. Gießen); CFD = Ganelec Constant Fraction Discriminator FCC8; LED=GS7 Leading Edge Discriminator LE1600; T>L=Logic Delay (500ns) GSI
DL1600; RDV=Ganelec gate and delay generator; QDC = Gane/ec Charge to Digital Converter
QDC1612; TDC=Ganelec Time to Digital Converter TDC1612, The thick arrows represent
ECL-signal connections.

For selective triggering a higher threshold was required than was used for the CFD.
Because exact timing is less important for the triggering of the data acquisition system,
Leading Edge Discriminators were used. The LED-thresholds were set to approximately
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10 MeV photon equivalent energy. The output signal of the LED's and CFD's used by
TAPS were daisy chained to provide an OR-signal of all LED- and CFD-channels.

3.1.4

TAPS Data Acquisition

Because of the limited capacity of the data acquisition system it is necessary to consider
only events of interest. This requires a selective trigger scheme. The draw-back of very
selective triggers is their bias on the data collection. Usually different triggers are used to
be able to study the effects of the bias in detail. The trigger scheme is shown in table 3.4
for both experiments. Most of the triggers described are self-explanatory. The triggers 6
to 8 were reserved for the laser-system (see section 3.2.3.2). The most selective triggers
were those containing the 'NEU2' condition. The NEU2-trigger required that two neutral
hits were detected by TAPS, which is a necessary condition to observe a 27-decay of a
meson.
Table 3.4: The trigger schemes for the experiments Ar + Ca and Au + Au. CFD denotes a
constant fraction discriminator; LED the leading edge discriminator; STA is the start counter
in use; NEU2 the smart LED trigger for neutral hits, see text; min. bias, means a hit in the
Forward Wall; central. Forward Wall multiplicity above a threshold of 30 charged particle hits.
* only during the last period of the experiment.
trigger Ar + Ca
Au + Au
1
CFD-OR
CFD-OR
LED-OR
2
LED-OR
STA-singles
STA-singles
3
4
CFD-OR k STA
CFD-OR & STA
5
LED-OR k STA
LED-OR k STA
Laser trigger
6
Laser trigger
7
Photo Diode trigger
Photo Diode trigger
8
Laser + Photo Diode Laser + Photo Diode
9
NEU2
STA k min. bias. FW
10
Cosmics
STA k CFD-OR & min. bias.
11
STA & NEU2
STA k NEU2
12
STA k Cosmics
STA & NEU2 k min. bias.
13
Finger start detector STA k NEU2 k central.
14
LAND or
HALO counter
15
Finger start detector
CPV block C*
16
Beam counter
This trigger was produced with the aid of the programmable Multiplicity-unit shown
in figure 3.4. One unit contained the 64 channels of one TAPS-block and provided a level 1
signal if there was one channel with an anti-coincidence between a BaFj-module and its
corresponding CPV. Thus a level 1 trigger per block signaling a neutral hit in TAPS was
available. Requiring a coincidence between two level 1 triggers from the Multiplicityunits led to the NEU2-trigger in the Ar + Ca experiment. The Cosmics-trigger in this
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ACQUISITION
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Figure 3.5: Schematic overview of the data acquisition system of TAPS.

experiment was a trigger designed for the calibration of the BaF2-modules using cosmic
muons.
The 27-trigger was extended in the Au -f Au experiment to include two neutral hits
in one block in this NEU2-trigger. This was possible by programming the level 2 signal
of the Multiplicity-unit to fire on two neutral hits. In the Au + Au reaction this trigger
was combined with multiplicity selections in the FW. The requirement of a minimum
multiplicity of 30 particles provided the central trigger. The last three triggers for the
same experiment were only included to record the count rates and did not trigger the
dat a-acquisition.
The data-acquisition of TAPS was modularly built in three layers (figure 3.5). The
signals from the detectors were converted inside CAMAC-modules. The CAMAC-crates
were controlled and readout by the CAMAC crate controllers designed and manufactured
by GSI. A VSB-bus chained the crate controllers and connected them via a microprocessor
(FIC) to VME. The processor controlled the readout, packed the data into buffers and
sent the buffers via a DMA link to a VAX-3200, where the buffers were stored on magnetic
tape. This system is able to handle data rates up to 200 Kbytes/s, corresponding to an
average of 500 events/s. The main bottleneck was the sequential readout of the CAMAC
modules via the VSB bus. One complete readout cycle lasted approximately 80/JS. The
length of the cycle increased significantly for high multiplicity events, such as a laser
event, where all detectors fired.
Several other processors (FIC's) were in VME available for controlling the CAMAC
adjustable electronics (CFD, LED, RDV), via an independent VSB-chain, and for performing some online spectra accumulation. The VAX was connected via ethernet with
the whole GSI-cluster. Various online monitoring and analysis packages could be linked
up to the data stream to monitor the experiment.
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3.2
3.2.1

The TAPS-detector
The Detector

The special environment for photon detection in heavy-ion reactions induces strong requirements on the detector used. The high particle multiplicity demands that the detector
has a high granularity. This high multiplicity places also strong requirements on the particle identification possibilities of the detector. A high energy resolution is required for a
good identification of the 7T°- and 7;-mesons. This last point is clarified by recalling the
way the neutral mesons are identified. These mesons decay into two photons that carry
the signature of the meson in their invariant mass,
^

)

,

(3.1)

where E\ and £ 2 are the respective photon energies and ©12 is the opening angle between
the two photons. The recognition of the neutral meson depends strongly on the resolution
obtained for the invariant mass. This is given by
A0 1

2E~J
\2E
As is shown in [71], the main contribution in the width of the invariant mass peak of the
neutral meson stems from the energy resolution. Only for mesons with very high kinetic
energy (~ 2 GeV) the position resolution will become more important.
Table 3.5: Properties of BaF2 scintillators (collected from [72, 73, 74]).

density
index of refraction
wavelength a.
b.
decay time a.

4.89
1.50
310
195,210

2.05

nm
nm
ns
ns
cm

6.6

MeV/cm

3.39
12.7

cm
MeV

620

b.

0.6

radiation length
(dE/dx)nfip
Moliere radius
critical energy

g/cm3
at 325 nm

All these requirements led to the choice of BaF2 as scintillation material for TAPS.
The high granularity is produced by choosing small modules packed close together in
a larger structure. Particle identification is possible by the exploitation of the intrinsic
pulse shape of the BaF2 and its excellent timing properties (< 200 ps), due to the very
short rise-time of the fast scintillation component in BaF2 (see table 3.5). The pulse shape
makes separation possible between baryons and photons, the time-of-flight enables a clean
separation between photons and neutrons. The separation of electrons from photons is
obtained from the Charged Particle Veto (CPV).
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Figure 3.6: Dimensions (in mm) and shape of a single BaF^-module with photomutliplier tube.
A is the crystal; B the photomultiplier-tvbe (Hamamatsu R2059-01); C the fi-metal shielding
and D is the quartz fiber for the laser-system.

The condition of a high energy resolution poses constraints on the size of the detectormodules. The length of the detector should be sufficient to give a significant energy
deposition inside the scintillator. A single TAPS module is a hexagonal shaped BaF2scintillator of 25 cm length and 5.9 cm inscribed diameter. The light signal is read out
at the back end by a photomultiplier that is sensitive to the UV-scintillation light of the
BaFj. A cylindrical endcap on one side of the crystal makes a gradual transition from the
hexagonal shaped scintillator to the photomultiplier. Figure 3.6 shows one module with
its dimensions. The properties of BaF2 as scintillator are collected in table 3.5.
64 BaF2-detectors were assembled in one block as shown in figure 3.7. The dimensions
of the block are given in units of cm.
In front of each individual BaF2-module a Charged Particle Veto (CPV) module was
mounted. Employing the CPV, separation between electrons/positrons and photons is
possible. The main objective of the CPV was the possibility to trigger the data acquisition
explicitly on neutral hits. A CPV-module consisted of a 5 mm thick hexagonal plastic
scintillator (NE102A), with an inscribed diameter of 6.5 cm. The cross section of the
CPV was larger than that of the BaFj-scintillator to ensure 100% coverage of the BaF2detector array by CPV paddles. Due to the overlap of the CPV-modules a single charged
particle can cause up to 3 veto signals from the CPV-array. The light was guided to
the photomultipliers via plexiglass lightguides of lengths ranging from 18 to 54 cm, see
figure 3.8. The thickness of the scintillator was chosen such that the signal from minimum
ionizing particles could be separated from the noise of the CP V-detector with an efficiency
of 100%. The threshold of the CPV was put below the energy deposition of the minimum
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51

Figure 3.7: A BaFj-array of 64 modules. The dimensions are in units of cm.
PMT-liousing

Plexiglass Lightguide
Light Fibre

A r r a j of 32

A r r a y of 32 p M T , s
P M T s

BaF2-TAPS-Modules

b)

Plexiglass Ligbtguide

Figure 3.S: A CPV-modvle. The hexagonal scmtillator is glued to a perspex lightguide with a
length between 18 to 54 cm (a). Each scintillator was mounted exactly in front of a BaF^-module
(b).
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ionizing particles which is approximately 1 MeV. The CPV is described in detail in [65].
Apart from its ability to detect photons, TAPS is a good particle detector. Results
from tests with charged particles will be described in section 3.2.2.

3.2.2

Performance Tests of the Detector

During the design phase of the detector system various tests were carried out to study the
performance of the BaF2-scintillator, the whole detector and of all pieces of electronics
which were especially developed for the detector system. Information concerning properties of BaF2-scintillators like light transmission, heat sensitivity, particle separation and
response of BaF2-modules to photons can be found in internal reports [75, 76, 77]. The
tests demonstrating the capabilities and the response of BaF2-detectors to various types
of particles will be briefly summarized in the following subsections.
3.2.2.1

Charged Particle and Puise Shape Analysis

Very crucial for the experiments is the capability of BaFj to separate hadrons from photons
by exploiting the different pulse shapes of the signals caused by these particles. The
explanation of this pulse shape behaviour is based upon the difference in ionization density
of photons and particles inside the scintillate material. The difference in ionization
density causes different occupation densities of electron hole pairs in the energy levels of
the BaF2-scintillator [78]. The recombination of these pairs proceeds via de-excitation
channels with different decay times resulting in a pulse shape dependence for the different
particles.
To study the separation of hadrons from photons in more detail test experiments were
performed at the K=160 cyclotron of the KVI in Groningen. Beams of 60 MeV protons
and 120 MeV "He were used to bombard various targets, like ""'C, na 'Pb and ZnS. The
detector was positioned at a distance of 60 cm at 45° with respect to the beam just outside
the scattering chamber. Elastically and inelastically scattered beam particles, reaction
products created by neutron pick-up or stripping reactions as well as photons from the
decay of the excited target nucleus were measured. The reaction products had to pass a
12 (im Kapton foil and the detector wrapping before entering the crystal. Also a silicon
AE detector (200jjm thickness) was mounted in front of the BaF2 detector allowing to
separate all isotopes (p/d/t and3He/4He) unambiguously. The analog signals were led
through cables with a length similar to the length needed for the experiments at SIS.
The pulse from the BaF2-detector was integrated in two gates, a narrow gate with an
integration time of 20 ns and a wide gate with an integration time of 2 /is. A typical plot
of the energy signal from the two gates is shown in figure 3.9 for the reaction 4He + 208 Pb.
It shows a very clear separation between photons, hydrogen and helium.
The information from the wide and narrow gate was linearized and rotated to create
horizontal particle bands. These bands were projected onto the "mass axis" to express the
particle separation numerically (figure 3.10). The silicon AE detector was used to separate
the different mass peaks completely. The results for the intrinsic BaFj mass-resolution
are given in table 3.6. The mass separation from table 3.6 is defined as the difference
between the two mass peak positions divided by the FWHM of the rightmost peak of 'he
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Figure 3.9: Scatter plot of the integrated energy in the wide versus the narrow gate in the
reaction iHe + Pb. A clear separation between photons, hydrogen and helium is visible. The
energy scales are calibrated in equivalent proton energy (MeVp).
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Figure 3.10: Projection of the linearized pulse shape analysis plot. An additional energy
threshold (equivalent proton energy of 6 MeV) was applied. There is a clear separation visible
between 7 and protons as well as between hydrogen and helium.
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Table 3.6: Mass separation of the PaF2-detector for different isotopes.

(<r(M)/AM)PSA

(<r(M)/AM)TOF

1.7
0.7
2.6
0.4

2.3
2.0
1.2
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Figure 3.11: Projection of the linearized time-of-flight versus energy spectrum onto the time
axis. The hydrogen isotopes are selected by a pulse shape analysis cut. The various isotopes are
now clearly distinguishable.

two. Between hydrogen and helium a very clean mass separation cut is possible.
Using the time-of-flight of the particles in addition, a better resolution can be achieved.
The hydrogen and helium isotopes were first separated by a pulse shape cut to separate 3H
from 3He. The time resolution of 1.3 ns in these test-experiments was solely determined
by the width of the cyclotron pulse. The RF-signal of the cyclotron was used as the
stop signal for the time-of-flight measurement. The linearized time spectrum is shown in
figure 3.11 for the hydrogen isotopes. The numerical values for the mass resolution can
be found in table 3.6.
After the separation of the isotopes the energy resolution was measured. Figure 3.12
shows the energy spectrum of protons from the reaction p -f 12C at 55 MeV incident
energy. The peak at maximum energy corresponds to elastic scattering, the second peak
originates from inelastic proton scattering exciting the 4.4 MeV state of 12 C. The energy
resolution of BaF2 for protons of 50 MeV is 2.3% (FWHM/peak position).
Finally, the photon spectrum from the excited 12C is shown in figure 3.13. The 4.4 MeV

43

10 15 20 25 30 35 40 45 50 55 60
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Figure 3.12: Proton spectrum from the reaction l2C(p,p')uC~. The elastically scattered protons
are clearly distinguishable. The first inelastic peak arises from protons that excite the 44 MeV
state ofl2C.

Energy (MeV)
Figure 3.13: Photon spectrum from the reaction 12C(p,p'y)uC.
recognized together with the single escape peak.
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The 4.4 MeV photon is easily

line is clearly visible together with the single escape peak at 3.9 MeV. The energy resolution for photons in this energy range is 4% (FWHM/peak position). The 4.4 MeV
peak of the photon spectrum is better described by an asymmetric distribution (tailed
Gaussian) than by a standard Gaussian, as is also the case for the much higher photon
energies [79, 80, 71], see also section 3.2.2.2. This is not the case for the charged particle
spectra, for which a Gaussian describes the peak well.
3.2.2.2

Photon Response Tests

Various tests were performed at the electron accelerator in Gießen and at the tagged
photon facilities MAMI-A and MAMI-B in Mainz to study the response of BaF2 to photons [81, 82, 70, 79, 80, 71]. A short overview of the results will be given in this subsection
as it influences the steps made in the analysis. In order to explain the behaviour of photons in the detector, a short review describing the interactions of photons with matter is
given here.
Photons interact with matter via three main processes. These are the photoelectric
effect, the Compton effect and pair production [83]. The photoelectric effect is most
effective for low-energy gamma radiation. The relative importance of the Compton effect,
the scattering of a photon off a quasi free electron, starts to increase and it dominates from
500 keV until e+e~-pair production starts to dominate. The threshold for the production
of e+e~-pairs is at 1.022 MeV. The cross section for pair production increases with photon
energy and from 4 MeV on this is the major conversion process (compare also figure 3.14).
Effectively it means that photons with energies larger than 4 MeV will create electron and
positron pairs, and the original photon energy will be shared between these two particles.
The main interaction of high energy electrons (positrons) with matter is bremsstrahlung, converting the kinetic energy of the electrons (positrons) into photons. The 'critical
energy' (Ec), where bremsstrahlung starts to be the dominant interaction of electrons
(positrons) with matter, is for BaF2 12.7 MeV [78]. This low value compared to the
'critical energy' of other materials is caused by the high charge density of BaF2. Below
this 'critical energy' the energy loss of the electrons (positrons) is dominated by ionization
and collision losses. The net result of bremsstrahlung is that each high energy electron
(positron) is converted into a photon accompanied by a lower energy electron (positron).
The combination of the interaction of photons with matter and the interactions of
electrons and positrons with matter results in an electromagnetic shower provided the
energy of the incident particle is high enough. The characteristics of these showers are
determined by the material wherein the shower develops. The range of the shower in
the material is determined by the mean free path A of the photons and the 'radiation
length' of the electrons. The radiation length (LTad) is defined as the distance traversed
by the electron after which its energy is reduced by a factor 1/e. The 'radiation length'
of the electron and the mean free path of the photons are related to each other by the
relation X^ = |L r o j [83]. The radiation length for BaF2 equals 2.05 cm. The spread of
the shower is expressed by its 'Moliere radius' PM- It is a measure of the average lateral
deflection of an electron with energy Ec (PM = 3.4 cm for BaFa), see also table 3.5.
The Moliere radius is comparable with the dimensions of one BaFj-module. Therefore
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Figure 3.14: Absorption cross section of photons in lead (from [84])- The individual contribution from different interaction mechanisms are shown.

most of the photon showers should extend over more than one BaF2-module. This is
indeed observed in various (test)-experiments and also in GEANT3 [85] simulations. The
average number of BaF2-modules which contain part of the electromagnetic shower with
an energy deposition above 3 MeV (the CFD-threshold) for different incident photon
energies are listed in table 3.7.
Table 3.7: The average number of BaFi-modules with an energy deposition larger than 3 MeV
for photons impinging TAPS with different incident energy (from [71J).
Incident photon energy
51 101 201 301 401 500 600 699
Average number of modules 1.4 1.9 2.9 3.8 4.8 5.5 6.2 6.6

The energy deposition in all detectors has to be taken into account to obtain the
maximum information of each shower representing the hit of a photon (or a particle).
This is convincingly demonstrated when the energy response (resolution and line shape)
of photons from one single detector module is compared with the response when the
neighbouring modules have been taken into account, see figure 3.15.
The spectrum is fitted with the lineshape proposed by [79]
- G)0(EP - E)

ex P (

(3.3)

where
(3.4)
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Figure 3.15: TAe e#ec< of the neighbouring detector modules on the energy response of TAPS
to photons. The top figure shows the response of a single TAPS module, the bottom figure shows
the response after the cluster analysis.

and 9(x) is the Heaviside step function. It is clear from these considerations that part
of the photon energy will be lost: energy will be deposited in the material between the
detector modules, some modules will have energy depositions below their threshold and
some parts of the shower will leak away through the front and rear end of the detector. It
is shown in [71] that this loss is linearly related to the energy of the photon. Only a linear
function is necessary to correct the sum energy. The energy resolution achieved after the
inclusion of the neighbouring detector modules can be well described by

(E)

_ 2J±

(3.5)

(energy in GeV) for energies E < 0.4 GeV, which is a fit to data from a test-experiment
with the Mainz microtron (MAMI-B). At higher energies the data-points start to flatten
off to a constant value of a(E) = 3% [80]. This resolution is determined from the FWHM
(=z 2V21og2<r) of the asymmetric energy response (see figure 3.15).
As seen from equation 3.2, the capability of the detector to measure 7r°-mesons is not
only determined by the energy resolution. The position resolution can be of importance
too. It is shown in [71] that the resolution of the invariant mass peak of the T°-meson is
solely determined by the energy resolution of the detector when the position resolution is
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taken to be the granularity of the detector. This is true at least for the photon energies
encountered in the two experiments described in this thesis. Nevertheless, the fact that a
photon shower is spread over more than one module creates the possibility to determine
the position with a better resolution than the detector size. Two methods of position
reconstruction are compared.
The first method just determines the position by using the first moment of the energy
distribution over the dimensions of the detector-block, according to

where x; is the position of the center of a BaF2-module i in the block coordinates and £; is
the energy deposition in that module. Although this method improves the determination
of the position with a precision better than the size of one detector-module, the sensitivity
to parts of the showers in neighbouring detector modules is too low. This can be improved
by a scheme proposed by Awes et al. in [86], using logarithmic weights instead of the
linear weight in equation 3.6

where

^ = max{o,[^ + log(j)]}.

(3.8)

ET is the sum of all energies in one shower and W is a dimensionless free parameter that
controls the cutoff energy for neighbouring detectors as well as the sensitivity to them.
The dependence of this parameter W to the energy of the photon shower turned out to
be small, allowing for one single value (W = 5) in the analysis.
A note of warning concerns the hits near the edge of a block, where parts of the
shower leak out of the detector. The sensitivity of this reconstruction method to losses of
parts of the shower is larger than the more primitive center of gravity method with linear
weights (equation 3.6). This loss causes the reconstructed position to be shifted towards
the center of the block with respect to the point of incidence. In addition, corrections
could be applied also for showers that hit the detector under an angle different from 0°
along the principal axis of the crystal. In this case the shower develops more towards the
edge of the block causing the reconstructed position to shift also to the edge of the block
and moving away from the point where the photon shower started. The magnitude of
these effects can be studied very well with the GEANT3 simulations, as shown by [71]. A
correction procedure can be applied for photons not entering the block perpendicularly.
These corrections, however, were not needed in the present vork, as will be shown in
section 4.1.5.
The position resolutions found in test experiments using the position reconstruction
method of equation 3.7 are listed in table 3.8. The gradual improvement of the position
resolution with increasing energy is explained by the increasing size of the shower with
energy. This causes the fluctuations in the shower to decrease. It is important to realize
that the fluctuations in the shower sizes are considerable. Photons of 700 MeV deposit in
2% of the hits all their energy in just one detector module!
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Table 3.8: The position resolution for photons of different incident energy (from [71]).
Incident photon energy
51 101 201 301 401 500 600 699
Position resolution (ff in cm) 2.1 1.9 1.7 1.3 1.2 1.0 0.9 0.8

An important result of all these tests with photons is that it proved the GEANT3
simulations with our detector geometry to be very reliable. Shower distributions can be
predicted and simulated with a high degree of accuracy. This accuracy is necessary as the
GEANT3-code is used to simulate the detector efficiency, see section 4.3.

3.2.3

The Laser System

3.2.3.1

Introduction

In order to monitor the gain stability and performance of the detector system a laser
calibration system was used [87]. In the design the portability of TAPS was taken into
account. The costs of the system were reduced by using a light guiding system from one
central laser to aU individual detectors. The gaindrifts of the photomultiplier tubes of the
BaF2-modules, e.g. due to temperature variation, can be determined with this system.
The performance of the laser system and of all BaF2's and CPV's was analyzed by
software at fixed time intervals during the experiments. A warning was given if parts
of the system drop out of the present range of gains. Offline the system was employed
for gain drift corrections. To be able to guarantee stability in the lasersystem itself, a
reference system was designed. A complete description of the hardware is given in the
next section.
3.2.3.2

Hardware of the Laser System

The system is shown in figure 3.16. The light source is a Nj-laser producing UV-light
in pulses with a width of about 3 ns. UV-light is used to monitor the light transmission
through the BaF2-crystal, because it resembles the light produced by BaF2. The laser is
mounted in a metal box to shield the environment from the RF noise produced by the
spark discharge, that generats the laser light. The light is focussed with a quartz lens
onto a quartz fiber (0 1 mm), after having passed through a beamsplitter and a CAMACcontrolled set of neutral density filters, and guided to the first distribution box. The
beamsplitter reflects 10% of the original intensity into another quartz fiber (0 200/tm)
also leading to the first distribution box. The main intensity passes the neutral density
filters to adjust the total intensity to the proper intensity for the gain stability control.
The laser box and the first distribution box are physically separated. The laser box was
positioned far away from all photomultipliers used in the experiments to prevent high
frequency noise from the laser in the electrical signals from the photomultipliers.
The first distribution box (II in figure 3.16) contains a light distribution point and
the laser reference system. At the light distribution point the laser light is redistributed
over several 600 (im quartz fibers leading to the individual detector blocks and reference
photomultipliers. A quartz lens system is provided to focus and homogenize the light
onto the ends of the 600 fim fibers.
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The light distribution for each TAPS block into the individual detector modules (64 BaF% and
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The reference system consists of two parts: seven photomultipliers, measuring the
light directly and from a return fiber coming from the second distribution box near the
TAPS blocks, and 2 silicon photodiodes. Photodiodes were chosen for their excellent
linearity in their energy response. The absolute gain of the photodiodes was established
with the aid of the direct conversion signal of 59.5 keV photons from an 241Arn-source
(figure 3.17). Both laser and the 241Am spectrum are accumulated at the same time,
thus making time dependent corrections for the amplification of the photodiode signals
possible. Two photodiodes were used for redundancy.
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Figure 3.17: A photodiode spectrum of the 59.5 ke V line from the 241 Am-source. A fit is shown
with a Gaussian distribution, resulting in an energy resolution of 6.7% (FWHM). The lower line
at 26.3 ke V is not visible due to the threshold setting of the electronics.
T h e reference photomultipliers m o n i t o r t h e light transmission. To cancel gain variations, t h e signals before a n d after transmission to t h e n e x t distribution point a r e fed
into t h e s a m e photomultiplier t u b e . T h e signals are s e p a r a t e d in t i m e corresponding to
t h e difference in p a t h - l e n g t h for t h e laser light. O n e of t h e t u b e s also acts as trigger for
t h e whole system. It receives t h e 10% p a r t from t h e b e a m s p l i t t e r , which is led t o t h e
first distribution box via a 200 /im q u a r t z fiber. A second light pulse is t a k e n from t h e
first distribution point a n d after a delay of 150 ns (30 m e t e r s of q u a r t z fiber) fed into
t h e s a m e photomultiplier. In this way also variations in transmission from t h e laserbox
to t h e first distribution box could be monitored. T h e delay of 150 ns created sufficient
difference in t i m e of t h e two pulses to s e p a r a t e t h e m by integration in two different gates
in t h e d a t a acquisition. T h e influence of t h e tail of t h e first pulse in t h e integration g a t e
for t h e second pulse is negligible. T h e other photomultipliers a r e used t o m o n i t o r t h e
transmission from t h e first t o t h e second distribution box.
In t h e second distribution box (III in figure 3.16) t h e distribution of t h e light coming
from t h e first box via t h e 600 ftm fibers into fibers leading t o t h e individual detectors
in one block takes place. T h e s a m e light distribution s y s t e m as for t h e first distribution
box is used. From this box 128 fibers lead to t h e individual d e t e c t o r s (64 B a F j ' s a n d 64
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CPV's) and one ifiber leads back to the first distribution box to a photomultiplier for lighttransmission monitoring. To enable an easy dismounting of the system, each detector is
provided with a quartz fiber, which is glued into a groove in the scintillator. The fibers
coming in bundles from the second distribution box end in modified Lemo 00 connectors,
which are used for the optical coupling of the BaFj-detectors to the laser system.
The electronics of the laser system are shown in figure 3.18. The trigger reference tube
creates the trigger LAS (cf. table 3.4). The photodiodes need an additional trigger to be
able to accumulate the M1Am 7-ray spectrum. A calibrated pulser is used to determine
the offsets in the photodiode spectra. The photodiode signals are fed into an Amplitude
to Digital Converter. The reference photomultiplier signals are integrated in a Charge
to Digital Converter (QDC1612). This is a modified version of the BaF2-QDC in order
to provide the same dynamic range of charge integration in both gates instead of the 5:1
relation used for the BaF2 wide and narrow gate, respectively.
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Laser QDC

-*

Laser trigger

anode
dynode

40m RG58

PD1

CFD

CO

external

PD-trigger

pulser

PD2

ADC

Figure 3.18: The electronics for the TAPS laser system. The external pulser provide means
of determining the ADC-offsets. VO=Photo Diode (Hamamatsu S1790-02); PA=Canberra
pre-amplifier (2003BT); MA=0rtec spectroscopic (main) amplifier (450); TSCA=Canberra
Timing-aingle-channel-analyzer (H31); CFD =Ganelec Constant Fraction Discriminator FCC8;
ref. P M ^reference photomultiplier; CO ^Coincidence Unit (CO4001).
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3.2.3.3

The Laser Analysis

The analysis software consists of two parts. Event-by-event analysis is done inside the
analysis package GOOSY (GSI Online Offline SYstem)[88]. The analysis of the spectra
produced in GOOSY is done in a monitoring program, when the laser is used online,
and in an analysis program, when the gain factors are determined offline. These latter
programs (essentially identical) take care of the initialization of GOOSY and of extracting
relevant information from GOOSY spectra for the determination of changes in gain. The
final output of the programs consists of files and plots containing information about gain
variations.
The laser intensity varies from pulse to pulse, with intensity variations up to 30%.
The intensity decreases with the age of the plasma cell and the fluctuations in pulse-topulse intensity tend to increase. This results in broad peaks in the energy response. To
determine the peak position with high accuracy a large amount of statistics is needed.
The influence of the variations of laser intensity is removed from the spectra by dividing,
on event-by-event basis, the pulses received from each detector by the pulses coming from
the photodiodes. The width of the final distribution is then determined by the resolution
of the photodiode and the detector itself. Therefore the peakposition is determined by
Peak = zoomf

:
, T
~ = zoomf • —T~—~.
,
(3.9)
• L •
lp£>
gainp
L l£
1 pp • gainpp
where L is the laser intensity, zoomf is a constant to shift the divisions in a reasonable
range of a division spectrum, TfjaF is the transmission coefficient describing the coupling
of the laser to the BaF2 and Tpn the coupling of the laser to the photodiodes. These results
are stored into spectra together with the 241 Am-spectrum and the laser spectrum measured
with the photodiodes and the ratio of the laserlight in the reference photomultipliers (both
pulses) and the photodiodes.
The peaks in the spectra are integrated and the GainValues for each individual detector is determined by

GainValue= Peak-(gainPD-%0keV")

= zoomf • -~^

• "60JfceV" • j a i n g ^ . (3.10)

The GainValues can be used to determine the GainFactors, which describe a change
in gain and can be used as a correction factor, as long as the transmission coefficients
(monitored by the reference tubes) remain constant. This is expressed by
GainFactor =

GainValueactuat - GainValue.,andard
.
GainValueltanjard

=

kgain
—,
gam

(3.11)

where the GainValue,tanjarli is measured at one reference time and it will be used as pivot
for all future corrections. It is important to realize that the factors calculated are relative
numbers and the new gain of a BaF2-module is given by
gairicorrected = gainaciMi

I'{I + GainFactor)

(3.12)

The sbsolute stability of the laser system is described by the following ratio
V

gainPDl(£)
gain i>D ,(«60keV»)
gain F O l ("60keV") '
gainCC)
'
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where the gain is again essentially the amplification factor of that particular photodiode
and C is the intensity of the laser light. The value of Q should remain constant during
the whole experiment. It is the variable which has to be checked before applying the
GainFactors to the data to correct for gain drifts of the photomultipliers.
3.2.3.4

Stability during the Au + Au Experiment

The performance during the experiments can be demonstrated in figure 3.19. In this
figure the stability of the laser is shown for the whole Au + Au experiment. Two curves
are shown in this figure. The most fluctuating curve is the result from the laser analysis
directly. It demonstrates the laser stability within 2% over a long period of time (10 days).
However, the experience with earlier experiments showed that the largest variations in
the laser stability Q originate from a moving light spot in the first distribution box.
A minimalization procedure exploiting the various redundant reference measurements is
applied to correct for this movements, resulting in the almost perfect straight line for the
laser stability and allowing for gain corrections for the BaFj-modules below 1% including
systematic errors.
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Figure 3.19: Laser-stability (Q) during the Au + An-experiment. The accuracy without and
with stability corrections is very good.

This quality for the laser stability can only be achieved by careful monitoring the
performance during the experiment. The light fibers may never be squeezed or twisted.
When used carefully during the experiments, the system is very capable of correcting
gain deviations of the detector wi'h an accuracy up to 1%, which is better than the
detector resolution. It proved ver\ helpful in cases when HV changes occurred during
experiments, but also to correct for changes in amplification of the photomultiplier caused
by temperature differences during day and night.
Apart from the calibration and monitoring, the system proved to be extremely useful
in setting up the detector system. The electronics and acquisition can easily be tested with
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Figure 3.20: The gain factor values for one particular detector during the Au + Au experiment.
The 24 hour periodicity (arrow) is very apparent.

aid of the laser. Due to the fact that the laser causes al] detectors to fire simultaneously
it is also a very good test of the acquisition system.
Figure 3.20 shows the correction factor for one BaF2 module during the Au + Au
experiment. The maximum correction value is 7% in this case. The periodic change in
the GainFactor can be attributed to day-night effects.

55

Chapter 4
Data Analysis
The complete analysis of the experiments described in this thesis is a rather complicated
procedure. It is complicated in the sense that many different types of particles are detected in an environment with high particle multiplicities. Photons and neutrons must
be separated. The reconstruction of the 7r°-mesons on top of a large background requires
new analysis techniques that were developed only recently. It is important to indicate the
principles of this analysis in order to clarify the possible sources of errors and to appreciate
the wealth of information encountered during the analysis of these kinds of experiments.
The analysis of the TAPS data is an iterative procedure for which several passes
through the data are necessary to fix the necessary parameters. First the laser analysis
from section 3.2.3.2 has to be applied to obtain the gain factors. These stabilize the
detectors against gain variations due to temperature differences during the day and correct
for the "hysteresis" of the photomultiplier tubes after switching off and on (e.g. after a
power failure). In the next steps the individual modules have to be calibrated. After
these steps in the event-by-event analysis, efficiency and acceptance corrections have to
be applied.
These steps are described in the different sections of this chapter. It starts with the
event-by-event analysis whereas later sections treat the efficiency and acceptance of the
detector. The Forward Wall analysis is treated separately at the end of this chapter.

4.1

Event-by-Event Analysis

The data analysis on an event-by-event basis is performed with the aid of the analysis
package GOOSY [88J. This package is a very deeply structured online-offline graphical
analysis and acquisition package, offering the user powerful routines for the bookkeeping
of spectia and data elements. The analysis procedure is written in modules linked to the
complete GOOSY package and it consists mainly of the following parts:
• Energy calibration:
Each individual detector module is calibrated. The gain shifts are corrected by
means of the laser analysis. After this module only calibrated values (photon equivalent energies) are used.
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• Time calibration:
The information from individual TDC channels is calibrated in ns.
• Pulse shape analysis:
The BaFj narrow and wide gate signals are trarsformed to a one-dimensional parameter describing the pulse shape ratio. This parameter is calibrated with respect
to the valley between the photon and the particle band (cf. figures 3.10 and 4.3).
• Cluster routine:
This routine performs the grouping and identification of all individual hits.
• Invariant mass analysis:
For all photon pairs the invariant mass will be determined. w° candidates are separated and the background contribution is determined.
• Forward Wall analysis:
The Forward Wall multiplicity information is calibrated and analyzed for event
characterization.
The essential contents of these steps will be described in the following subsections in the
sequence just presented, except for the Forward Wall analysis which will be treated at
the end of this rhapter (section 4.5).

4.1.1

Energy Calibration

The energy calibration of a photon detector with a detection range up to 1 GeV is a
difficult procedure. The most common radioactive sources have maximum 7-ray energies
of a few MeV, which is only 1/1000 of the full energy range. One of the solutions is to
use cosmic rays consisting of high energy muons.
These muons are created in the atmosphere when highly energetic protons interact with
oxygen and nitrogen atoms and start a hadronic shower (analogous to the electromagnetic
shower from section 3.2.2.) Pions are the main constituents of these hadronic showers and
these decay into muons and neutrinos. The life-time of the muons is large enough to reach
the surface of the earth. These muons have a wide range of energies, but their spectrum
is well known.
Most of these muons are 'minimum ionizing1 particles, i.e. the energy loss per unit
length is independent of the exact energy of the particle. The difference in interaction
between the muons and electrons with matter is caused by the differences in their respective masses. Muons are heavy particles (mass - 106 MeV) and this fact reduces the
importance of the bremsstrahlung considerably.
During tests in 1987 the equivalent photon energy corresponding to the average muon
energy loss per unit length in BaFä was determined [81]. It was found to be
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which is close to the calculated minimum ionizing energy loss according to the Bethe-Bloch
formula, ( ^ ) m i n = 6.6 MeV/cm.
For the cosmic muon distribution passing through horizontally positioned BaFamodules this value leads to a mean energy-loss of muons corresponding to AE ~ 42 MeV. The
detector modules can be positioned vertically in the towers by rotating the blocks and
placing them above each other. This setting allows for a trigger requiring the muon to pass
through the full length of two BaFj-modules (in different blocks) and their corresponding
CPV-modules. Under this trigger condition the muons deposit an average energy of
approximately 168 MeV in each BaF2-module [89]. The muon spectra for these settings
were simulated with GEANT3, taking also into account that the muons first had to pass
the concrete of the experimental area. These spectra were used to calibrate all individual
detector modules. During the calibration runs, the laser system was exploited to stabilize
the gains.
Unfortunately, this calibration does not lead to the final calibration for photon clusters, but it fixed at least the relative calibration between the detector-modules. For the
calibration of photon clusters an additional correction is needed. This correction procedure will be discussed and explained in sections 4.1.4 and 4.1.5. In order to maintain
stability the laser system is operated during the whole run. The combination of the laser
stabilization together with the calibration v/ith cosmic rays results in a stable energy
calibration for each detector during the whole experiment.

4.1.2

Time Calibration

One of the problems in the first TAPS experiments was the cross talk of the logic signals
inside the cables and the electronics modules. The close packing inside CAMAC modules created more cross talk than expected, but also the transmission of the ECL signals
through the 40 meter long twisted pair cables attributed significantly to the cross talk.
Measurements of this effect resulted in time shifts of detector signals when the multiplicity of signals inside the same electronic module or cable was larger than one. This
effect turned out to be additive, i.e. knowing the shifts of all individual detectors for the
various multiplicity-2 combinations (M = 2) inside the same CAMAC modules or cable
was sufficient to correct for even the cumulative effect of higher multiplicities. These time
shifts could be measured well with the laser system. The TDC time peak position could
be determined during this measurement to ±1 channel, corresponding to approximately
60 ps. Checks performed after applying the corrections derived from the M = 2 combinations demonstrated that the resolution of the time peak worsened with a factor of 1.3
- 1.5 for the higher multiplicities. The main contribution to the time spectrum, however,
is from M = 1 and M = 2 events. For these events the decrease in resolution compared
to the correction factors used (up to 1.5 ns) is negligible.
The relative time calibration was performed by varying the TDC-start signals by a
known common delay. The absolute calibration was performed with the prompt photon
peak. Finally for each event-file the time zero point was checked and corrected if necessary.
These corrections were very small (±30 ps).
The result of this procedure is shown in the time-resolution of the prompt (photon)
peak in the time spectrum. Before the correction the time resolution of the photon peak
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was 1.5 ns, after the correction it had improved to 600 ps FWHM. The time spectrum for
the reaction An + Au is shown in figure 4.1. The fit is a Gaussian distribution on top
of a tailed Gaussian distribution describing the particle time spectrum. The width (a) of
the time peak is 231 ps, corresponding to a FWHM of 540 ps.
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Figure 4 . 1 : Time spectrum ofall BaF^-modules added together during the Au + Auexperiment.
The curve shows a fit by a Gaussian on top of a tailed Gaussian distribution related to the
analytical form given in equation 3.3. A resolution (FWHM of the Gaussian) of 540 ps has been
achieved.

4.1-3

Pulse Shape Analysis

The pulse shape differences of BaFj-scintillator signals in their response tc photons and
hadrons was used to separate photons from hadrons. For photons a strong fast component
is present. The integration in the narrow gate was especially sensitive to this fast component. The pulse shape difference is clearly demonstrated in figure 3.9. For the experiments
described in this thesis, the BaF2-detector was optimized for the dynamic range up to
800 MeV photons. The pulse shape analysis plot for a single detector module exposed to
reaction products from Au + Au collisions is shown in figure 4.2. For convenience in the
analysis, we define the pulse shape (PSA) as the angle given by the coefficient of narrowand wide gate signal.
The pulse shape varies from detector to detector and therefore a spline curve was drawn
through the valley between the photons and the hadrons for each detector module. The
2-dimensional structure was linearized according to this spline. The spline was defined to
be at 45° in the narrow versus wide gate plot.
The projection of the linearized narrow versus wide gate plot for all BaF2-modules
together is shown in figure 4.3. The separation between photons and hadrons is clearly
visible.
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Figure 4.2: Scatter plot of the narrow versus the wide gate of a BaFi. The gain of the photomultiplier is chosen to allow for a dynamical range of 800 MeV. Two lines can be distinguished,
the photon branch and the particle branch. The points below the particle branch can be attributed
to pile-up (compare figure 3.9).
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Figure 4.3: Linearized pulse shape analysis plot for all 256 BaF2 modules together.
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4.1.4

Cluster Routine

The interaction process of high energy photons with matter causes the spread of the
average photon shower, determined by the Moliere radius, to be larger than the size of a
detector module (see section 3.2.2). The best energy response for photons will be achieved
by summing up the information coming from several modules (figure 3.15). However, just
summing up a central detector with one or two rings of neighbours is not the best way
to improve the photon response since contaminations of nearby hits cannot be avoided.
Furthermore, the shape of the shower is often elongated and can even extend beyond the
second ring of neighbouring modules. A better approach is to combine adjacent detectors
in clusters that have signals above a certain threshold via a clustering algorithm that is
sketched below.
This clustering algorithm is also appropriate for particle hits. In our energy domain
hadronic showers will not develop, but a certain fraction of the charged particles and
neutrons loses its energy in more than one detector module. Only the central modules of
one TAPS block are exactly radially oriented with respect to the target, all other modules
will be hit under a certain angle. Therefore these particles can enter another module
before they have lost all their energy. It is shown in table 4.1 that 30% of the charged
particle hits belong to clusters containing more than one module. Examples of hits in a
TAPS block are shown in figure 4.4.
Table 4 . 1 : Distribution of the number of modules in clusters of different particle classes for the
reaction Au + Au at 1 GeV/u. The difference between neutron(S) and (3) lies in the stage of
separating them from the photons. Neutrons(3) exhibit a hadron pulse shape characteristic and
neutrons(S) could be separated only by time-of-flight.

# of modules
1

photons
neutrons(2)
neutrons(3)
neutrons
charged
rejected

31.2%
80.6%
68.7%
74.6%
70.6%
0.0%

2

4

5

6

7

8

<#)

26.4% 20.6% 11.5%
11.5% 4.5% 2.1%
21.6% 6.5% 2.0%
16.5% 5.5% 2.0%
22.4% 5.1% 1.3%
40.8% 27.9% 15.3%

5.5%
0.8%
0.7%
0.8%
0.4%
7.7%

2.5%
0.3%
0.3%
0.3%
0.1%
3.9%

1.2%
0.1%
0.1%
0.1%
0.1%
2.0%

0.5%
0.1%
0.1%
0.1%
0.0%
1.1%

2.53
1.33
1.47
1.40
1.39
3.24

3

The algorithm used in this analysis procedure consists of the following steps:
1. All detectors with energy response above a certain threshold (Tt) are combined
into clusters which should contain at least one detector with energy above a higher
threshold (Tu)- Typical values for these thresholds were 3 MeV for Ti (the hardware
thresholds of the CFD's) and 20 MeV for TH (see appendix C). These thresholds
were implemented to be able to reduce noise and spurious clusters. In a very high
multiplicity environment these thresholds can be used to achieve a cleaner separation
of clusters. The pay-off will be a reduced energy resolution and a different low energy
cutoff for photons and particles.
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Figure 4.4: Examples of particle hits in TAPS. The plots are examples taken from the 1 GeV/u
AT + Ca experiment. The BaF2 hexagonal cross sections are replaced in this plot by squares.
Clusters marked in black are recognized as photon clusters, those with horizontal or vertical
hatches as charged hadrons or neutrons, respectively. The last event shows a clear double hit
pattern with two maxima.

2. The characteristics of all modules in one cluster are compared to separate the hits
into particle classes. The detector with the highest energy response plays an important role in this procedure. It is referred to as the central detector independent of the
geometry of the cluster. The minimum number of possible neighbours should exceed
the number required by an input parameter (nmin). For example, the requirement
of 6 neighbours excludes all detectors on the boundary of a block as maximum
detector of a valid cluster. This improves the resolution but reduces the detector
acceptance strongly. In this thesis at least 3 neighbouring detectors are required so
that only two edge modules were rejected (see figure 3.7). The central detector has
also the best time resolution. A v-jto signal from the corresponding CPV-module
or one or more neighbouring CPV-modules indicates a charged particle hit. (Up to
three CPV-signals for one charged particle are still possible, due to the overlap of
the CPV-modules (see table 4.2).) The cluster is called a photon cluster if (1) the
hit in the central detector is neutral, i.e. no CPV-hit was found in the corresponding
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CPV or the CPV's of the neighbouring detectors, if (2) the pulse shape response to
the hit is in the upper branch of the narrow versus the wide gate plot (photon-like,
see figure 4.2) and if (3) the time-of-flight of the particle is within the prompt time
window (cf. appendix C). The neighbouring energy depositions are added only if
the neighbours also have photon-like characteristics. Depending on the setting of
the analysis routine the whole cluster (condition 'stringent') or only one neighbour
(conditions 'medium' and 'coarse') will be rejected if it contains a contaminated hit.
The difference between the conditions 'medium' and 'coarse' consist in the acceptance of the cluster routine for a cluster with contaminated modules. When the
condition 'medium' is selected a cluster is only rejected if the contaminated hit is a
neighbour of the central detector. The condition 'coarse' causes the routine to accept all clusters, even those contaminated in neighbours of the central detector. The
contribution from the contaminated modules is removed from the accepted photon
cluster. For the photon analysis the most severe cut ('stringent') is recommended,
but for the TT° analysis the additional invariant mass analysis window will remove the
contaminations (see next subsection). The weaker conditions 'medium' and 'coarse'
will deteriorate the resolution of the detector somewhat. On the other hand, they
improve the photon efficiency considerably.
Table 4.2: Distribution of number of CPV-modules in clusters of two particle classes for the
reaction Au + Aui at 1 GeV/u.

# of CPV
2
3
4 {#>
1
charged 0.0% 86.3% 12.9% 0.8% 0.0% 1.14
rejected 27.0% 54 .8% 14.5% 3.2% 0.5% 0.96
0

If the hit in the central module is not identified as a photon but the hit is neutral (by
CPV analysis alone) it is accepted as a neutron. If there is a CPV-signal related to
a maximum module in a cluster or related to a module neighbouring to a maximum
module and the response of the central BaF2 is in the particle branch of the pulse
shape analysis, it will be treated as a charged particle hit. All clusters with mixed
characteristics, due to overlap of showers or backscattering of electrons (for photon
clusters), will be rejected. 10% of the total hits in TAPS (compare table 4.3) are
rejected according to this procedure.
3. The position reconstruction algorithm (equation 3.7) is used to infer the position
of incidence of the particle in the TAPS block. Near the edge of the block two
effects will influence the reconstruction. The angle of incidence will increase and the
reconstruction will result in a position more to the edge of the block. Second, part of
the shower escapes from the block undetected. This effect moves the reconstructed
position to the center of the block. Both effects more or less counterbalance each
other. Tests with different kinds of position reconstruction demonstrated that the
7T°-yield and resolution are rather insensitive to the algorithm chosen (compare
section 4.1.5.)
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4. For photon clusters a recalibration of energy is necessary. The detector modules are
relatively calibrated according to the description in section 4.1.1. Two corrections
are necessary to achieve an absolute calibration: First, parts of the photon shower
will not be deposited in any detector module but will leak away at the back, at the
front, between the detector modules and through the sides of the detector block.
This effect can be simulated by the package GEANT3. It corresponds to a systematic
shift of the mean response to lower energies. Second, in addition to this energy loss
caused by the showering process there is a systematic shift in energy to lower values,
due to the difference of response of the detector to cosmic radiation as compared to
photons.
These two shifts can be corrected with one multiplication factor. The total energy
resolution achieved can be checked after the invariant mass analysis. This will be
discussed later.
At the end of this procedure all hits have been assigned to clusters, the clusters
are identified into particle classes, making use of time-of-flight, the veto from the CPVmodules and the intrinsic pulse shape discrimination of the BaFj-scintillator. The cluster
energy of all particle classes is calibrated in (equivalent) photon energies. The last recalibration step is only performed on the hits which have been recognized as photons. The
influence of the parameters on the resolution will be discussed in the next subsection.
One point should be mentioned here. It turned out during the Mainz test-experiment,
performed in march 1992, that the cluster-routine found more photon clusters than the
number of truly incident photons. This effect is caused by the fact that some fraction of
the photon shower might get disconnected from the main shower, producing an additional
low energy photon cluster (these stray photons were christened 'Spritzers'). There is no
way to distinguish these secondary showers from real low energy photons. This effect was
studied in more detail in the Mainz test-experiment and with GEANT3 simulations [71].
The number of secondary showers is approximately 10% at low energies (approx. 50 MeV)
and increases to 20% for 700 MeV photons. However, the energy of these secondary
showers is very low and by using an additional photon threshold of 10 MeV (Tp) already
90% of the secondary showers are removed.
Table 4.3 shows the relative abundances of the different particle classes recognized by
the routine in the Au + Au-reaction. The number of particles in class 6 corresponds to
the relative area of these edge detectors (see parameters in appendix C). In the group of
the rejected clusters (class 5 and 6) 10% photon candidates will be found (see section 4.2).
Fast charged baryons will be abundant in this class due to the effect that the pulse shape
of the fast particles shifts into the photon band [65]. Therefore the efficiency in charged
baryon detection will drop according to these selection criteria. The neutrons will not
have this problem. For these particles the pulse shape analysis was not used.

4.1.5

Invariant Mass Analysis

4.1.5.1

Invariant Mass Reconstruction

After the previous analysis steps, the photon hit information is available to perform the
invariant mass analysis with all photon pairs. The main decay branch for neutral pions
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Table 4.3: Distribution of particle classes of the cluster-analysis for An + An with the analysis
parameters from appendix C. Photons are class 1; slow photon-like particles are class 2; neutral
hadrans (pulse shape) are class 3; charged hadrons are class 4; clusters with mixed characteristics
are class 5 and clusters with a maximum detector with too few neighbours are class 6. Classes 2
and 3 together are 'neutrons'.

particle class block-A block-B block-C block-D ^blocks
1
2.75%
2.73%
2.68%
2.41% 10.57%
2
5.43%
4.98% 21.11%
5.52%
5.19%
3
5.29%
5.47%
5.72%
4.59% 21.07%
8.18%
8.61%
7.45% 11.70% 35.94%
4
1.82%
2.00%
1.99%
1.66%
7.47%
5
0.86%
0.97%
0.97%
1.03%
3.84%
6
£classes
24.70% 24.95% 23.97% 26.38%
is into two photons (99.8%). The photon pair originating from one pion still carries the
signature of that particle in its invariant mass. Due to the decay of the pion into two
photons, while taking into account the energy and momentum conservation, the energy
and opening angle of the photons from the i:0 obey the following relation
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A priori it is not known which photons form pairs originating from one meson, so the
invariant mass is calculated for all photon pair combinations detected by TAPS in one
event. Most combinations will be uncorrelated. These uncorrelated pairs create the combinatorial background below the TT° mass-peak. The invariant mass spectrum determined
this way is shown in figure 4.5 for the Au + Au-reaction at 1 GeV/u setup-B. A mass
resolution of 17% (FWHM) is achieved with the analysis parameters listed in appendix C.
The number of 7r°-mesons can be determined after subtraction of the background. In
principle the background can be fitted by a polyromial to extract the 7r°-number. However, for the extraction of the neutral pion spectrum this method fails. The geometrical
acceptance of TAPS with its 4 blocks is such that the invariant mass spectrum is a strongly
varying function of 7r°-momentum.
This is illustrated in figure 4.6, where the transverse momentum is shown as function
of invariant mass for all pairs detected in the experiment Ar + Ca. Photons originating
from a 7T°-meson with low momentum (in the center of mass) will be emitted with a large
opening angle (up to 180°) and can only be detected in two opposite towers. Photon pairs
(correlated and uncorrelated) with large opening angle will have a relatively large invariant
mass as can be seen from equation 4.2. Vice versa, a photon pair which is detected in
one tower has due to the small opening angle a relative small invariant mass. Therefore,
correlated photon pairs in one tower correspond to a TT0-meson with high momentum.
The opening angles available in TAPS suppress pairs of photons for certain invariant
mass and intermediate transverse momentum combinations. This effect creates a gap in
the acceptance of TAPS to 7r°-mesons.
Thii uneven acceptance causes the background to change rapidly as a function of pion
momentum as well. It is therefore impossible to extract the pion number for one particular
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Figure 4.5: Invariant mass spectrum of all photon pairs detected by TAPS in one event for the
Av. + Au reaction at 1 GeV/u, for setup- B. Their0 mass-peak is visible on top of a combinatorial
background. The dashed curve shows the background determined by event mixing. The right
spectrum is the invariant mass spectrum background subtracted. The resolution of the ir° mass
peak is 17% (FWHM).

momentum bin by the parametrization of the background with one uniquely determined
polynomial function.
The solution to this problem is to determine the background by the method of event
mixing [90, 91]. In order to reproduce a background with the same features as the background below the invariant mass resonance it is essential that the phase space distribution
of the background photons is identical to that of the uncorrelated background photons in
the real events. The procedure of event mixing is sketched below (see also [37]).
The method of event mixing is based upon the assumption that photons from different
events are not correlated. Therefore, the resonances (the ir° or ?/-meson) are absent when
the invariant mass is determined of a photon pair if the two photons originate from
different events.
For each photon pair in TAPS, a background distribution is constructed by randomly
selecting two photons from different events. For computational ease in the event-by-event
analysis, all photons are stored in so called "history" buffers. Intuitively all photons should
be stored in the history buffers that are used for the reconstruction of the combinatorial
background. However, this assumption is not completely correct. Photon pairs from the
reionance region will be more abundant than photon pairs producing an invariant mass
distribution without a resonance [91]. When all photons from this resonance region are
used to calculate the combinatorial background, the background will have a too large
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Figure 4.6: Contour plot of the invariant mass versus x° transverse momentum. The large
structure below pt — 250 Me V/c is from photon pairs where the two photons hit different towers,
for the structure above pt = 250 Me V/c the two decay photons are in different blocks in the same
tower. This plot is from the reaction Ar + Ca.

contribution from those photons. The ratio of the yield of the meson peak to the yield
of the combinatorial background was used to suppress at random photon pairs from the
resonance region in the history buffers.
The phase space coverage was reproduced by selecting for each event several background events (up to 50) from the history buffers, where the history photon pairs were
selected from events with the same photon multiplicity detected by TAPS and the same
OPW multiplicity. The photon pairs were further selected to have an opening angle close
to the opening angle of the original pair. This selection was implemented by requiring
that the two photons selected from the history buffers had to be in the same TAPS blocks
or in an equivalent configuration of the blocks as the original pair.
The low invariant mass part of the background spectrum needed special attention.
One problem may be caused by an improper treatment of history pairs with both photons found in one block. In the mixed events smaller opening angles are possible if the
photon showers from the different events are not allowed to merge into one cluster when
their patterns overlap. Using the module patterns of the photon clusters to reject pairs
with overlapping showers cured this problem. The contribution from 'Spritzers' (see section 4.1.4) to the background was reduced in addition, by storing the photons only when
they belonged to pairs in opposite towers. This procedure caused a small under-estimation
of the background from mixed events, but only for very small invariant masses (below
40 MeV).
Several ways were used to judge the effect of different steps in the event mixing. First,
control ipectra were used to check the quality of the background. The total background
•pectrum if produced from 5 pair combinations. These combinations were related to the

Table 4.4: Results from different numerical test procedures to test the quality of the background.
P{x2) = f£i f[z\n)dz
»» the probability of having a x2 larger than the current value, with
2
f(z\n) = j . / i r ^ M ^ " ' 6 " ' ^ . 2 ^ 0- The windows outside the resonance region consisted in
total of 280 channels.
X2

Ar + Ca
Au + Au-A
Au + Au-B

0.896
0.757
0.833

P(X2)

0.893
0.999
0.981

KolmOgOrOV

Pltolmogorov

0.2464
0.2066
0.1943

> 0.99
> 0.99
> 0.99

different block combinations possible with TAPS. (Pair 1 corresponded to the pair with
the two photons in the same TAPS block, pairs 2 and 3 to pairs with the photons in one
tower but different blocks and pairs 4 and 5 to pairs with photons in the opposite towers.)
For each pair combination the background spectrum was fitted to the full spectrum of
the same pair combination outside the resonance region. The normalization factor thus
extracted reflected of course the number of background pairs used per original pair.
With these spectra it was possible, during the development of this analysis routine, to
judge for which pair combination the problems were worse. The x2- a nd the Kolmogorovtests [92] were used in addition to judge the total background spectrum. Some of the
results are presented in table 4.4. These tests led to the optimum background reconstruction method (described above) and the optimum set of parameters used in the analysis
(see appendix C). Usually these parameters were compromises, like the number of neighbouring available detectors and the width of the window around the invariant mass peak.
For both experiments the results of the Kolmogorov test means that the confidence level
that the combinatorial background outside the invariant mass window is equivalent to the
mixed-events background is higher than 99%. (For the 280 test channels the value of the
Kolmogorov test for the 99% confidence level is at 0.097!) Note that this is the result of
the tntegrai invariant mass background.
The inclusion of the OPW multiplicity in the selection of photon pairs for the event
mixing was initiated by the more exclusive analysis where the OPW multiplicity is used
for event characterization. In this analysis the background from mixed events of the
invariant mass spectrum for selection on the OPW multiplicity deteriorated compared to
the more inclusive approach. To improve the background for these selections, additional
background buffers were created to recall the history not only for photon multiplicity,
but for the OPW multiplicity as well. This solved the problems with the background
in the exclusive analysis. The explanation of this unexpected effect might be a different
contribution of neutrons in the photon analysis for high versus low OPW multiplicities.
4.1.5.2

Resolution

Once the ir°-mesons are identified, the energy response can be improved by a recalibration
of the photon pair energy assuming the correct value of the ir° mass. This recalibration
ig bated upon equation 4.2. The opening angle between the two photons and their asymmetry in energy ( g 7 ' ~g'"a) are assumed to be correct. The final equations (equations A.23

and A.24) were applied during the analysis. The effect on the momentum resolution of
TAPS for the ir°-meson is simulated with GEANT3 and is demonstrated in figure 4.7.
The correction factors determined with this recalibration method are distributed around
1.0, after applying all corrections from the previous section (section 4.1.4). The effect of
this method is that the energy response becomes more symmetric.
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Figure 4.7: Transverse momentum resolution of the tr0-meson without (top row) and with
(bottom row) photon recalibralion. The data were obtained from GEANT simulations.

In section 4.1.4 several references had to be made to this section, concerning the
energy response of the detector. The invariant mass peak was used to judge several steps
in the development of the cluster routine. The energy dependence of the response could
be measured by selecting high momentum 7T°-mesons ai.d compare the invariant mass
peak position and resolution with low momentum ir°-mesons. The dependence of the
peak positions was in both the Ar + Ca- and Au + Au-experiments independent of the
momentum of the 7r°-meson.
In section 3.2.2.2 the influence of the losses of th** photon shower near the edge of a
TAPS-block on the position reconstruction was discussed and references to this section
were made for the tests performed with different position reconstruction methods. Again,
the invariant mass peak resolution and position were used to judge the magnitude of this
effect. Three methods were compared: 1. linear weights (equation 3.6), 2. logarithmic
weights (equation 3.7) and 3. angle corrected logarithmic weights. The angle corrections
were determined with GEANT3 and the values were stored in a matrix. The angle of
incidence was calculated for each photon and the corresponding correction values were
determined from the matrix, using a linear interpolation method (both for energy and
angle). The results are shown in table 4.5 and demonstrate clearly the insensitivity to the
various method« which was already shown by considering equation 3.2.
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Table 4.5: Results from tests with different position algorithms and the influence on the invariant mass resolution (from [71])-

Peak position (MeV)
Resolution (MeV)
X2

4.2

lin. weights

log. weights

1351
15.
1-0

135.
16.
1.0

log. weights
angle corrected
135.
15.
1.0

Photon Efficiency

After the event-by-event analysis steps, the results of efficiency and acceptance calculations have to be applied. In section 4.1.5 the geometrical acceptance has already been
mentioned. The photon detection efficiency, especially as a function of the photon energy,
should be studied before the acceptance corrections can be performed.
There are different reasons why a photon may not be properly recognized:
1. part of the photon shower cannot be recovered. The analysis will assign too little
energy to that photon. It will be rejected by the invariant mass analysis window.
Two main reasons for this .^ss are
• the photon hits TAPS near the edge of a block and part of the shower escapes;
• the photon shower is contaminated by another particle, causing a CPV-hit or
the wrong pulse shape characteristics.
2. two particles are the source of the same shower. This can cause unrecognizable
or uncorrect characteristics of the maximum, detector. The shower will no longer
be identified as a photon shower and will be rejected. Another possibility is that
the double hit cannot be recognized as double hit and too much energy is assigned
into one cluster. Also this can lead to the rejection of this photon(s) (again by the
invariant mass analysis window).
The two cases should be considered separately. In one case, tne energy assignment is
incorrect but the photon is recognized as a photon and will be used in the invariant mass
analysis. This deteriorates the resolution of the mass peak. The loss in efficiency due to
this effect can be estimated by parametrizing the invariant mass peak by a function with
the line-shape

^p

-x)

(4.3)

where Q is the same function as given in equation 3.4

^„P.JM-Z,.

(4.4)

The values of the parameters from tlie fit to the experimental invariant mass peak can
be compared to the GEANT3-simulation results. Deviations from the GEANT3-values
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can be attributed to the energy loss in the photon energy reconstruction due to other
particles. The edge of the block effect is the same for the data and for the simulation.
The effect of the invariant mass window used in the analysis was studied. Closing this
window improves the peak-to-background ratio, but reduces 7r°-statistics. Opening this
window increases the statistics, but increases also the background below the resonance.
The influence of the invariant mass window on the 7T°-spectra was studied and turned out
to be small. An optimum value was chosen to have control on the errors in the spectra.
The losses in the tails of the distribution due to the invariant mass window cut can be
determined with use of equation 4.3.
The number of photons which were not identifiable due to overlapping showers (double
or multiple hits) should be estimated using the multiplicity in the experiment itself. This
number is estimated by injecting artificial photons in the analysis of the raw data. The
number of reconstructed photons to injected photons is a measure of the photon reconstruction efficiency. Only one photon per block was added to keep the average artificial
multiplicity as close as possible to the experimental multiplicity. Different energies were
taken for the injected photons to study the energy dependence of the photon reconstruction efficiency. The shower characteristics of the photons, like the number of modules per
cluster and the energy distribution in the cluster, were first taken from the data and later
compared with GEANT3 simulations.
The photon injection is performed according to the following rules:
1. The central detector of the shower was chosen at random;
2. The shower size was chosen at random with the constraint that the shower size
distribution equals the real distribution;
3. The energy over the different modules is divided according to an average energy
distribution;
4. The pulse shape of all detectors in the simulated photon shower is set to the photon
pulse shape;
5. The time of the cluster detectors are set to the values of true photons.
The reconstruction probability is of course strongly related to the setting of the clusterroutine (see section 4.1.4), especially the conditions controlling the rejection of clusters
(ACP.TYPE, see appendix C).
It is shown in table 4.6 and figure 4.8 that the photon detection efficiency is almost
independent of the photon energy. The flatness of the energy response is very useful; since
it allows to determine the pion acceptance corrections (see section 4.3) independently
of the exact photon efficiency. This is not so clear any more if the selection criterion
'stringent' is chosen. The probability to reconstruct a photon if it hits TAPS is about
90%, for both experiments.
The energy dependence is within 2%, apart from the analysis-parameter setting 'stringent'. A comparison between GEANT simulations employing this energy dependent photon efficiency and GEANT simulations employing a constant photon efficiency showed no
measurable effect at different ir° energies. The errors induced in the ir° energy spectrum
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Figure 4.8: The efficiency of TAPS to identify photons in the experimental environment. The
top figure is for the Ar + Ca experiment, the bottom figure is for the Au + Au experiment. The
solid line and circles represent the efficiency for the analysis-parameter AGP-TYPE = 'coarse',
the dashed line and squares for the condition 'medium' and the dotted line and triangles for the
condition 'stringent'.

Table 4.6: Photon efficiency for the TAPS detector, for both reaction systems, with different
setting of the switch ACP.TYPE ire the cluster routine. The uncertainty of the numbers is
approximately 1%.
Ar + Ca

Au + Au

ACP.TYPE
coarse
medium
stringent
ACP.TYPE
coarse
medium
stringent

20 MeV
88.3%
86.8%
86.3%
50 MeV
87.1%
82.8%
79.9%

50 MeV
88.3%
86.1%
85.7%
100 MeV
88.8%
83.3%
78.7%
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100 MeV
89.1%
85.6%
84.4%
200 MeV
91.4%
83.8%
77.3%

200 MeV
90.9%
86.6%
84.0%
400 MeV
93.1%
85.0%
72.4%

400 MeV
92.0%
88.4%
82.8%
600 MeV
93.7%
86.0%
70.4%

800 MeV
93.6%
86.5%
68.8%

by assuming a flat photon response will thus be negligible compared to the statistical

4.3

Acceptance Corrections

Complete 4TT experiments are, in principle, not possible. Each experiment has a limited
acceptance. It is essential to study and describe the cuts in phase space caused by the
detector. Apart from different efficiencies for the detection of particles of different energies,
certain regions are not covered at all by the detectors used in the experiments. These phase
space cuts can be non-trivial, especially when the measured particles are reconstructed
from the decay products. The energy thresholds for charged particles in the Forward Wall
are given in table 3.1. The geometrical cuts of the detector system (the OPW and TAPS)
are given in figure 4.9 for protons and 7r°-mesons.
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Figure 4.9: The cuts in phase space (transverse momentum pt versus rapidity) for different particles made by the detector systems TAPS and OPW of the Forward Wall of the
FoPi-collaboration for Au + An (setup-A) at 1.0 GeV/u. The vertically hatched region is the
acceptance of the OPW for protons, the horizontally hatched band is for protons in TAPS. The
cross-hatched region indicates the neutral pion acceptance. The rapidity is the laboratory rapidity. The center of mass rapidity is 0.677.

The boundaries of the shaded regions are determined by the polar angular range of
the detectors and they follow from equations A.2, A.8 and A.9. For particles with mass
m the boundaries are given by
tanhy
Pi =

2

cos 8 - tanh2 y

(4.5)

where 9 is the polar angle corresponding to the edge of the detector (see table 3.3).
For photons (and neutral mesons reconstructed from decay photons) the boundaries are
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described by
y = tanh^cosS.

(4.6)

It is clear from equation 4.5 that the acceptance regions shift with particle mass. For the
neutral mesons the geometrical acceptance is restricted to an interval in rapidity. These
windows, for the different experimental configurations, are given in table 4.7.
Table 4.7: Acceptance tn rapidity for neutral mesons in TAPS. The center f mass rapidity of
the colliding nuclei is 0.677. The 8c,m,-window corresponds to the analysis-window.
experimental setup jfto<,-window 3/cm.-window analysis-window
0c.m.
Ar + Ca
0.46-0.95
-0.22-0.28
0.50-0.90
89±12
Au + Au-A
0.51-0.78
-0.17-0.11
0.52-0.78
92±7
Au + Au-B
0.57-0.86
-0.10-0.18
0.58-0.84
88±7
The acceptance of the detector to the 7r°-mesons as a function of the different transverse momenta is far from homogeneous, due to the configuration into the four blocks.
The advantage of a flexible configuration with four moveable blocks is that the acceptance
can be optimized for that region in pt of interest. However, the configuration into four
blocks causes an inhomogeneity in <j> and not all opening angles are available in TAPS. A
plot of the acceptance (77) of TAPS to ir°-mesons as a function of transverse momentum
is shown in figure 4.10 for the three configurations of the TAPS-blocks listed in table 3.3.
A correction procedure is necessary to correct for this inhomogeneity. The energy dependence of the acceptance is strongly related to the detector response to the photons. It is
therefore important that the photon behaviour in these simulations is correct. The simulations were performed with GEANT3; the photon shower in the detector was analyzed
by the same analysis method with our analysis package. All settings and cuts, apart from
pulse shape effects and overlap-probability, were reproduced in the reconstruction of the
detector acceptance.
The applied acceptance corrections should be model independent. To remove any
model dependence, the acceptance of the detector for the detection of 7r°-mesons is calculated as a function of pt and y. In this way, the parent distribution does no longer
have influence on the final acceptance matrix. Ignoring the y-dependence requires model
assumptions which is dangerous for wider rapidity windows as the rapidity spectrum itself
is of physical interest (21]. The corrections were therefore applied to small bins in the momentum of the pion (p being decomposed into (y,pt,<t>)). There remains the assumption
that there is no physical interest in <f> itself. Therefore the (^-dependence is removed by
integration over <f>. This assumption is justified even in the situation where the azimuthal
asymmetry of pions is studied, as this asymmetry is independent of the orientation with
respect to the detector. Therefore the dependence of the detector response on <j> drops
out.
The pions were generated in the simulation according to a thermal distribution in
Pt and flat in y. The reason for this inefficient (with respect to the computation time)
distribution is to reduce the influence on the finite p(-resolution of the detector on the
acceptance. Especially, where the acceptances are rapidly changing (near the gaps) the
influence from higher momentum bins start to play a significant role if a flat distribution
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Figure 4.10: The geometrical acceptance of TAPS for detection, ofir° -mesons of different transverse momentum. Clearly visible are the gaps in the acceptance corresponding to the uncovered
region in parameter space of invariant mass versus transverse momentum in figure J.6.

in pt is taken. The exact slope of this thermal distribution is not of much influence, as
long as it is close to the true experimental distribution.
The acceptance correction will remove the differences in detection efficiency for the
transverse momentum caused by the geometry of the detector within the rapidity interval
shown in table 4.7. Each pt-spectrum is thus constructed with
/

\

u

'"(Will) ,

, . -.,

/
v(P'.,y)—r^—-dy,
(4.7)
where TJ is the acceptance of TAPS and d2N/dptdy the number of iz°-mesons per bin in
transverse momentum and rapidity. AU spectra shown are therefore acceptance-corrected
pt-spectra in the rapidity interval selected by the experimental configuration. Figure 4,10
shows the acceptances for the different setups integrated over y: Ji](pt,y)dy = r/(pt).
For the Au 4- Au experiment it was necessary to use two settings to have full coverage
of the whole 7r°-momentum spectrum. The results from the two settings were combined
into one single spectrum by matching the two spectra of the two setups at values for pt
below 300 MeV/c. The relative normalization factor is determined by integration of the
area below the ^-distribution for the two setups. The spectra were combined using the
standard weighted least-squares procedure [72]
VI

V 1

(4.8)

and the final errors
(4.9)
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This procedure combines the statistics from both setups correctly. The rapidity interval
for both setups are a little shifted with respect to each other (cf. table 4.7). The windows
were taken in both setups to be Ay — 0.26. The small shift in rapidity is neglected which
is well justified considering the width of our windows around midrapidity.

4.4

Absolute Normalization

The determination of the absolute cross sections include all efficiencies encountered in the
previous sections. The absolute normalization of the transverse momentum spectra of the
7r°-mesons is determined by equation
d or»

dptdy

AT

NA-p.urj

V<Wv/acp

jr-3-

,„24 L

rrj

lim , ,

• 1024 barn • c/MeV,

, . ,ni

(4.10)

where AT is the mass of the target atoms, NA is Avogadros number (N^ = 6.02 • 10M),
Piurf is the surface density of the target, f 2d)
' s ^ e transverse momentum spectrum
of the pions corrected for the geometrical acceptance in the rapidity interval (section 4.3)
and Wjeom is the number of beamparticles during the experiment. The other factors in
equation 4.10 are the various experimental efficiencies.
Most of these efficiencies were determined in the work of M. Pfeiffer [36] (for the
reaction Ar + Ca) and O. Schwalb [37] (for the reaction Au + Au). The efficiency e^u,
comprises the loss of photons due to the TOF-window (appendix C) or the PSA selection
(section 4.1.3 and appendix C). The conversion probability of photons in the target,
the aluminum pipe, the CPV-modules or the plastic light guides in front of the BaF2modules is expressed by econv. The efficiency of the trigger (etTg) corrects in the Ar + Ca
experiment for problems in the trigger electronics that led to a loss of events [36]. The
estimation of the photon reconstruction efficiencies (eciut) in section 4.2 yields a different
approach to the photon detection efficiency in the cluster routine compared to the method
described in [36, 37].
A contamination oi" a photon hit by some other hit can have two effects, as already
mentioned in section 4.2: the energy assignment for the photon cluster is incorrect or the
cluster is not recognized as photon. The incorrect energy assignment is the main reason
for the difference in resolution of the invariant mass peak of the data and the GEANT
simulation results. The invariant mass window used in the analysis of GEANT data for
the calculation of the detector acceptance (section 4.3) is chosen in such a way that the
ratio of the yield of the pions within the invariant mass window to the total pion yield
is the same for both experiment and GEANT simulation. This corrects for the loss of
photon detection efficiency due to the incorrect energy assignment. The second effect, the
loss of photons by overlapping showers, is calculated in section 4.2.
The 7r°-meson detection efficiency riepends on the square of the photon detection
efficiency because each of the two decay photons need to be recognized by TAPS for
the detection of a TT0-meson. The two experiments in this thesis will not have the same
efficiencies. The different values for these parameters can be found in table 4.8.
AU these factors combined with the proper scaling due to the binning of the spectra
result in the normalization factors for the 7r°-meson spectra. The resulting normalization
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Table 4.8s The various efficiencies for the reactions Ar + Ca and Av. + Au. The efficiencies
£cutj »id £eonu were combined into one number ephoton- These values together with equation 4-10
determine the normalization of the spectra.
^photon

Ar + Ca
Au+Au-A
Au+Au-B

£clu.

0.86 ± 0.03 0.90 ± 0.02
0.90 ±0.06 0.90 ± 0.02
0.90 ±0.06 0.90 ± 0.02

£trt

0.77 ± 0.05
1.0
1.0

PMUT} [ g / c m 2 ]

-Nfceam
a

(4.4 ± 0.5) • 10
(1.4 ± 0.1) • 109
(1,2 ± 0.1) • 1O10

TÖ2
0.188
0.188

factors are close to the ones derived by M. Pfeiffer and O. Schwalb. Differences are caused
by the calculated photon detection efficiency here. The resulting factor is identical with
those of 0 . Schwalb, but compared to M. Pfeiffci there is a difference of 20 %, which is
the result of a lower reconstruction efficiency in his work.

4.5

Forward Wall Analysis

In section 3.1 the hardware of the Forward Wall was described. The Forward Wall consists
of two parts, an Outer Plastic Wall (OPW) and an Inner Plastic Wall (IPW). The IPW
covers angles from 1° up to 7°. The OPW covers a polar angular range from 7° up to
30°. In this thesis only the multiplicity information from the Forward Wall is used for
event characterization. Full analysis of the data from the Forward Wall will be discussed
in [69]. The IPW is discarded from the analysis for the following reasons:
• Heavy fragments are most abundant at small angles as is seen in table 4.9 where
the distribution of charged particles is given for the different polar regions. These
fragments, when not carefully analyzed, obscure the charge distribution because it is
impossible to distinguish complex fragments from simple hadrons using multiplicity
information only.
• Particles emitted from the reaction have to pass the aluminum beam pipe before
they reach the Forward Wall. Especially at small angles the path length through
the beampipe is very long and this increases the probability of secondary reactions.
The probability for a particle to reach the IPW undisturbed is very small.
• The hardware of the IPW is, in contrast to the OPW, not very suitable for our
approach to an exclusive treatment of the data. The multiplicity units of the IPW
are concentrically arranged around the beamline thus allowing for selections on polar
angle. The OPW multiplicity sectors are grouped in units of 45° in azimuth. As
we will see later in this section the information of the azimuthal distribution is very
suitable tor our analysis.
From table 4.9 it is seen that according to thermal model predictions a significant amount
of composite fragments will be detected even in the OPW. This should be kept in mind,
especially when comparisons are made with theoretical models.
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Table 4.9: Distribution of particles estimated for the Plastic Ball at Berkeley for different
angular regions for the reaction Au + Au at 1 GeV/ufrom thermal model predictions from [93].
Particles 0° < t), o6 < 7.5° 7.5° < i?,a6 < 30° 30° < i?,a6 < 150°
IT
2.4 %
28.7 %
63%
52%
37.9 %
3.5%
K
42%
5%
52.3 %
P
d
14%
75%
11 %
a
4%
18%
78%
12
40%
60%
C
-

Target

Projectile
Figure 4.11: Definition of the impact parameter. The centers of the two nuclei and the momentum vector of the projectile span the reaction plane. The impact parameter is represented by
b.
In our analysis, the event characterization consists of the measurement and selection
of the impact parameter and the determination of the reaction plane. The reaction plane
is the plane that contains the momentum vector of the incoming particle and the center
of the target nucleus. In contrast to low energy nuclear physics, where the reaction plane
is defined by the momentum vector of the incoming and outgoing particle, there is no
observable directly related to the reaction plane. The lateral distance between the centers
of the projectile and target nuclei is the impact parameter b (figure 4.11).
The knowledge of the orientation of physical observables with respect to the reaction
plane allows to analyze the relation of the reaction geometry and the dynamics governing
the collision. This is especially important in heavy ion physics because many observables
are influenced by the geometry, e.g. the production cross section of particles and photons
depend on the number of participating particles (impact parameter) and the shape of
spectra is influenced by the collective motion of particles.

4.5.1

Calibration

The present Forward Wall analysis makes use of the analog multiplicity information whose
pulse height is proportional to the total multiplicity in one sector (see figure 3.3). This
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Figure 4.12: Multiplicity spectrum of a forward wall segment (sector).
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Figure 4.13: The OPW-multiplicity for the reaction Art + Au at 1 GeV/u as obtained by
trigger #13 (solid) and the minimum bias trigger #9 (dashed)(see table 3-4)- The histograms
are normalized with respect to the number of trigger #9 events.
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analog signal is converted in an ADC. A typical spectrum of the OPW sector multiplicity is
shown in figure 4.12. The spectrum is calibrated by applying gates around the multiplicity
peaks of the spectra. When the peaks no longer can be distinguished this pattern is
extrapolated, using the linearity of the ADC. Summing the eight sectors together yields
the total OPW multiplicity.
A typical multiplicity spectrum for the Au + Au reaction is shown in figure 4.13. The
sharp edge at M = 30 is caused by the hardware threshold of this particular trigger. The
tail at M = 120 is caused by pile-up. The chance for this is well below 10~3 per event. The
maximum around M = 80 is caused by the condition that two neutral hits were detected
by TAPS, which biases towards more central collisions. In addition, the minimum bias
spectrum is shown. The plateau, extending from M = 20 up to 80, is a characteristic
feature of this spectrum. The reduced statistics is caused by a large scale-down for this
trigger.

4.5.2

Impact Parameter Selection

The charged particle multiplicity measured with the OPW can be used to make impact
parameter selections. This can easily be visualized adopting a fireball model (see section 1.1.4): the number of participating nucleons in the fireball is inversely proportional
to the impact parameter. Figure 4.14 shows the relation between impact parameter b and
the charged particle multiplicity in the OPW as obtained with the QGSM cascade model
for the Au + Au reaction at 1 GeV/u. The dependence of the impact parameter on the
OPW multiplicity is described by a broad distribution showing a clear correlation.
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Figure 4.14: Scatter plot of OPW-multiplicity versus impact parameter for Au + Au collisions
at 1 GeV/u calculated with QGSM.

However, the selection for the very central collisions is not possible by selecting on
charged particle multiplicity alone. The sensitivity of the charged particle multiplicity to
the impact parameter diminishes for the very central collisions. The impact parameter •
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multiplicity relation is model dependent, although a similar pattern is found in RQMDand BUU-calculations.
Beckmann et al. [94] have shown a strong impact parameter dependence on a quantity
called "directivity". It is based upon the flow of charged particles emerging from the
collision zone. Adopting the notation from Alard et al. [95], the directivity (O) is defined
as,
(4.11)

v=

where pt(i) is the transverse momentum of particle i. The particles from the target
hemisphere and from the projectile hemisphere are separated by the constraint on the
rapidities of the particles.
Alard et al. used QMD data to demonstrate the selective power on very central collisions using a cut for low directivities. The selectivity of this cut to very central reactions
can be understood when considering the collision on basis of two spheres containing marbles. For very peripheral and very central collisions the projectile sphere will not be
deflected and the marbles will hit the Forward Wall uniformly. The deflection caused by
repulsive forces is responsible for the directivity. Therefore the requirement of the absence of directivity is equivalent to the requirement of the absence of deflection. A rough
selection on multiplicity will exclude the very peripheral collisions.
In the present stage of the analysis only the multiplicity information from the 8 OPW
sectors is available. Each of these sectors was represented by its unit-vector Ü; pointing
to the center of a sector. The vectors u< were taken to be orthogonal to the beam axis.
The directivity can then be approximated by

L.ector,

Mi

ignoring the momenta of the particles, where Mi is the multiplicity measured in sector t
of the OPW.
In order to determine the directivity it is important to distinguish the particles from
the projectile and particles from the target remnant. If all particles were detected, both
from the target and the projectile, the directivity calculated by equation 4.12 would
be small in all cases due to momentum conservation. Particles from the projectile are
deflected to one side of the beam axis while the particles from the target will be at the
opposite side of the beam axis. However, due to the high projectile velocity, the projectile
remnants will be detected at smaller polar angles (larger rapidities) as compared to the
target remnants. This is demonstrated by figure 4.9. The accept x n c e of the OPW for
particles with high rapidity is much larger than the acceptance for particles with low
rapidity. Therefore, the majority of particles from the target are not detected by the
OPW. The hardware acceptance is such that equation 4.12 indeed expresses mainly the
directivity of the projectile fragments.
Another simplification lies in the fact that only multiplicities are used to express the
directivity instead of transverse momenta of the particles. The definition in equation 4.11
addi more weight to particles with higher transverse momentum. The method given by
equation 4.12 does not include different weights for particles with different transverse
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momentum. The effect of this approximation is difficult to estimate. A comparison of
these methods will be made in [69j.
The directivity distribution for the reaction Au + Au is shown in figure 4.15. Results
from the model calculations included in this thesis will be shown in figures 5.17 and 5.18
in section 5.4.1.
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Figure 4.15: The directivity from the data in the Au + Au-experiment for MOPW > 70. The
arrow indicates the cut made for the low-directivity selection, see next chapter. The histogram
is normalized to unit area.

4.5.3

Reaction Plane

In the previous section possible selections on small azimuthal alignments were discussed to
select very central collisions. The cases with strong azimuthal alignment of the emerging
particles offer another approach to the data. Danielewicz and Odyniec [34] have shown
that the direction of this alignment is strongly correlated with the reaction plane. The
knowledge of the orientation of the reaction plane on an event by event basis can be used
to study the azimuthal emission of particles from the collision zone (see section 1.1.4).
The direction of the azimuthal alignment is determined by constructing the "plane
vector" Q according to

M").

(4.13)

where wu are weights for different kinds of particles [34, 96). In Danielewicz the weights
(«;„) were taken equal to 1.0 if yv > yc.m, -f S and equal to -1.0 if yu < yc.m. — &• The
value of S was chosen such to ex J u d e the mid-rapidity region which tends to weaken the
strength of the plane vector. Therefore the correlation between the plane vector and the
reaction plane was optimized. Pions were excluded from the determination of the plane
vector.
To determine the plane vector with OPW multiplicities only, a similar method [97]
was used as for equation 4.12. Q is approximated by

Q«

(4.14)
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where ü; is again the unit-vector pointing to the center of a sector. Q is similar to V
but it is better suited to determine the reaction plane as Q is not normalized. The large
acceptance of the OPW for particles from the forward rapidity zone ensures the success
of this method, as was already shown by G. Fai, W.-M. Zhang and M. Gyulassy [98].
The accuracy in the determination of the reaction plane is influenced by the total
multiplicity in the OPW and by the strength of the flow signal expressed by the length of
the plane vector. To assure this accuracy in the Au + Au experiment two conditions were
applied. Only events with ||Q|| > 4 were considered together with the constraint of our
trigger which required that J2iccton Mi > 30, i.e. 25% of the maximum OPW multiplicity.
The multiplicity selection excluded the peripheral events, whereas the ||Q|| > 4 excluded
only an additional 12% of the non-peripheral events. It turned out that the requirement
of IIQH > 4 barely influenced the measured multiplicity distribution in the OPW. This
is shown in figure 4.16, where the average OPW multiplicity is shown as a function of

IIQII > 9-
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Figure 4.16: The influence of \\Q\\ on the average OPW multiplicity. The left plot shows the
||Q||-</ij/nfcu/ion. The vertical line indicates the ||Q|| > 4-cut. The right plot represents the
average OPW-multiplicity for the condition ||Q|| > q.

For the Ar + Ca-experiment the conditions imposed on events to ensure a high accuracy in the reaction plane determination were weakened with respect to the Au + Aucxperiment to improve on statistics. In this cose only the condition ||Q|| > 3 was used
and no further multiplicity condition was imposed.
The accuracy of determining the reaction plane with equation 4.14 was estimated in
two way«. Following the suggestion of [34, 99] each event was divided into two parts by
randomly assigning each particle hit in the OPW to one of two subsets. For these two
subsets the reaction plane azimuths were again determined according to equation 4.14.
The difference between the azimuths is shown in figure 4.17 together with a (it with a
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Gaussian. The figure is periodical with a period of 360°. The difference in appearance of
the structures at ±360° with respect to the peak at 0° is caused by the constraints on fa
and 4>i between 0° and 360°. The width of this distribution is a measure for the resolution
of the reaction plane vector after division by two factors \/2: one factor stems from
the fact that the width gives the resolution between the two reaction planes determined
from the subsets. The other factor originates from the fact that the statistics in the
ordinary reaction plane determination are twice as high as compared to the statistics in
the subsets. These considerations led to a resolution (a) of 27° in the Au + Au experiment
and a resolution of 35" for Ar + Ca. These values demonstrate that the method is quite
sensitive: the reaction plane can be determined even when the multiplicity is not very
high, as is the case in the Ar + Ca reaction.
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Figure 4.17: The distribution of azimuthal angle differences between reaction planes found
using equation 4.14 for the two subsets from each event for the reaction Au + Au at 1 GeV/u.
An additional check is performed for the Au -f Au reaction to study the sensitivity
to the orientation of the reaction plane. Since a slow charged particle in the acceptance
of TAPS is emitted at backward rapidity (compare figure 4.9) there should be a 180°
correlation with the preferred direction of particle emission in the acceptance of the OPW
due to global momentum conservation. This feature is exploited to measure the orientation
of the reaction plane with respect to a single TAPS detector block. Events containing only
one charged particle in TAPS were selected. For each block where the charged particle
had been found a spectrum of the ^distribution of the plane vector was accumulated.
The distribution is fitted by
f (.</>) = NO(1 + 5 , cos (</> - fa) + S2 cos [2<f> - <j>o)).
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(4.15)

The maximum of the distributions of relative azimuthal angles for the different TAPS
blocks is indeed located near 180° up to an average deviation of 28°, which is consistent
with the earlier determined resolution (cf. figure 4.18).
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Figure 4.18: The 4>-distribution of the plane vector Q when one charged particle hits TAPS.
Each plot represents the distribution in the case that the charged particle is found in block A-D.
The curve is a fit by equation 4.15. The block positions (setup A) are reconstructed with an
average deviation of S(P.

This last method to check the accuracy of the determination of the reaction plane
already makes use of correlations between particles detected by TAPS and the reaction
plane determination with use of the OPW. As the acceptances of both detectors are
mutually exclusive, auto-correlations [34, 100] caused by the very strong correlation of a
particle with itself are absent. All ^-angles mentioned in the following chapter will be the
azimuthal angle of the particle with respect to the reaction plane.
In a final check the ^-distribution of the plane vector using unbiased triggers is determined. This distribution should be flat as there is no preferential orientation of the
reaction plane with respect to the detector system. From table 3.4 it is clear that in
the Au + Au reaction trigger #9 is an unbiased trigger. The distribution is shown in
figure 4.1Ö.
It is clear from this figure that the ^-distribution is not flat. However, as will be
shown later, this effect is small compared to the observed asymmetry for neutral pions and
charged particles. To measure the strength of this asymmetric response the «^-distribution
is fitted with equation 4.15. The fit parameters are listed in table 4.10 and the influence
of this asymmetry will be discussed in section 5.5.
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Figure 4.19: The response of the OPW to the <j>-distribution of the unbiased events (trigger 9 from table 3.4) in the reaction Au + Au. The solid line represents a fit according to
equation 4.15.

Table 4.10: Fit parameters of the (^-distribution of the plane vector determined viiih the OPW.
The fit is performed with equation 4-15.
No 46.1±0.7

s1

8.5±1.0
47.0±6.7
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Chapter 5
Results
In August 1990 the reaction Ar + Ca and in July 1991 the reaction Au + Au, both at
1.0 GeV/u, were studied at the SIS-accelerator. These two experiments were part of a
larger group of experiments with the aim to study neutral meson production at heavy
ion collisions for different mass systems and at different energies. These two (nearly)
symmetric systems were selected to analyze both a ligh*. and a heavy system to compare
observables that might be sensitive to a higher density achieved in the heavy reaction
system Au + Au, like the shape of the pion spectrum.
The ir-meson spectra for heavy systems are known to deviate from the thermal shape
(cf. chapter 1) and therefore it was one of the objectives of this experiment to study
more carefully the pion spectra. Moreover, for the 7r°-mesons these spectra have not been
measured yet, although there is no physical reason to expect a different behaviour for
neutral pions as for charged pions. By comparison with the Ar + Ca experiment the
special features of the heavier system can be better recognized and discussed. Special
emphasis will be given to the observation of the two slopes observed in the charged pion
spectra measured in heavy reaction systems at energies above 1.0 GeV/u [23, 26].
The experimental setup is described in chapter 3 and the steps in the data analysis
were presented in chapter 4. The results of these experiments will be presented and
discussed in this chapter. The analysis is performed according to the steps mentioned in
the previous chapter. These include the corrections for the geometrical acceptance and
the absolute normalization of the 7r°-meson data.
In the first section the inclusive 7r°-meson spectra of the Ar + Ca and Au 4- Au reactions will be discussed and compared to results from theoretical models, discussed in
chapter 2. In the second section, the charged particle multiplicities in the Forward Wall
of the FoPi-collaboration will be shown. The dependence of the charged particle multiplicities on pion multiplicity get special attention. Again, the results from the model
calculations will be compared with the experimental data. In the third section, the pion
spectra of the two reaction systems will be compared to each other and to the general
trend observed in the pion spectra for different masses and different incident energies.
The last two sections of this chapter are devoted to a more exclusive analysis of the
neutral pion emission patterns. In section 5.4 the dependence of the pion spectrum on
impact parameter will be treated. Finally, in section 5.5, we arrive at the azimuthal
distribution of pions with respect to the reaction plane. These two sections are strongly
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related to sections 4.5.2 and 4.5.3. Much of the material in section 5.5 can be found
in [101].

5.1
5.1.1

Inclusive TT°-Spectra
Ar + Ca

The inclusive 7r°-meson spectrum and the rapidity (cf. appendix A) distribution are shown
in figure 5.1 for the reaction Ar + Ca. The transverse momentum spectrum is measured
within a window around midrapidity from —0.18 < yc.m. < 0.22, see table 4.7, where yc.m.
is the rapidity in the center of mass frame. The 7r°-spectra are presented as transverse
momentum spectra because the transverse momentum is invariant under Lorentz transformation. Furthermore, the transverse motion is zero before the collision and all energy in
the transverse direction thus originate from the collision. In our rapidity window (around
midrapidity and therefore p\\ <SC pt), the energy of the pion is related to the transverse
momentum according to E ~ mt = yjPt + "*2 (c = 1 throughout).
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Figure 5.1: Transverse momentum spectra of ic°-mesons emitted in a rapidity interval from
Vc.m. = -0.18 to ycm, = +0.22 in the reaction AT + Ca (left figure). The curve represents a fit
according to equation 5.1. The right figure shows the corresponding rapidity distribution.

The spectrum is well described by a thermal (Boltzmann) distribution (for more details
concerning the exact representation of this distribution see appendix A.2),
dN
dp,

(-?)•

(5.1)

The parameters of the fit to the transverse momentum spectrum of the ir°-mesons, together with the average- and the RMS-value of the transverse momentum distribution,
are collected in the first entry of table 5.1 and are referred to as minimum bias data. All
other results in the table will be discussed later in this chapter. The rapidity spectrum
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Table 5.1: Parameters extracted from the transverse momentum spectra of the ^-mesons.
T is the 'temperature' extracted with a fit by equation S.I. {pt) and RMS are the first and
second moment of the pt-distribution. Ho is a fit parameter from a fit by equation A.47, above
pt = 480 Me V/c (see section 5.3).

min. bias

r
[MeV]

X2

65±1

1.04
0.93
0.99
1.25
0.82

64±1
65±1
in-plane
65±1
out-of-plane 64±1
M<15
M>15

RMS
Ho
(Pt)
[MeV/c] [MeV/c]
197±11
120
0.155±0.00S
119
197±13
0.163±0.018
196±17
121
0.159±0.008
201±22
127
0.156±0.011
189±20
178
0.157±0.024

is within the rapidity window quite featureless. Within the statistical errors it is a flat
distribution.
It is worthwhile to note that the spectrum extends from pt = 0 MeV/c to nearly
1 GeV/c. The possibility to measure the transverse momentum spectrum up to 0 MeV/c
is certainly an advantage of a ir°-meson measurement above s^-meson detection, which
usually cut off at low transverse momentum. Shown in figure 5.2 is the two dimensional
distribution of the transverse momentum of the TTC versus rapidity. The kinematical limit
is also shown. This limit is given by (equation A.11)

Pt

-

cosh y,'cm.)

(5.2)

where E™x = 408 MeV is the maximum available center of mass energy for jr°-meson
production in the free nucleon-nucleon collision at an incident energy of 1 GeV (equation A.20). Therefore, the maximum momentum the x° can have in a binary collision of
two free nucleons equals approximately 385 MeV/c. As is seen from figure 5.2 a significant
fraction {>!%) of the pions has a larger momentum than given by the kinematical limit.
For the creation of particles above the kinematical limit more energy is needed than is
available in the center of mass system of two colliding free nucleons at 1 GeV. Particles
produced above the kinematical limit are therefore closely related to the "sub-threshold"
particles.
Several mechanisms are available as explanation for both the sub-threshold particle
production and the production of particles with energies above the kinematical limit. In
a nucleus-nucleus collision the total center of mass energy available in the collision of two
constituent nucleons contains in addition to the incident beam energy also energy from the
Fermi motion of the nucleons inside the nuclei. The contribution from the Fermi-energy
distribution increases the available center of mass energy in the nucleon-nucleon collision.
The Fermi-energy distribution in the nucleons is an important issue in the description of
the reaction dynamics of these collisions.
Another mechanism is based upon multiple scattering since meson production is rarely
a direct process. The main production channels for mesons are believed to proceed via
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Figure 5.2: TAe two-dimensional distribution of the transverse momentum of neutral pions
versus the laboratory rapidity. The dotted line indicates the kinematical limit for ?r0 production
in nucleon-nucleon collisions at 1 Ge V incident energy.
resonances (A, N",...) [47]. The resonances produced in nucleon-nucleon collisions can
later reinteract with other baryons in the reaction zone and slowly build up sufficient
energy for the production of the 'sub-threshold' particles [102]. Model calculations by
Wolf et al. [103] show that this is the main production channel for the sub-threshold
production of 77-mesons. The same line of argumentation is valid for the production of
particles with energies above the kinematical limit.
Thus sub-threshold particle production offers the possibility to study the momentum
distribution of nucleons inside nuclei and to study the magnitude of the collective phenomena in the nuclear collision. The study of the pion production above the kinematical
limit could serve this purpose equally well as the study of the sub-threshold production
of heavier mesons and thus more observables are available that models should describe
simultaneously.
The fact that the spectrum is described by a thermal distribution (equation 5.1) does
not necessarily mean that the source of the 7r°-mesons is thermal in origin. In the discussion of the two fluid model in chapter 2 the problems concerning the thermalization
have already been mentioned. The discrepancy between baryon 'temperatures' and pion
'temperatures' (chapter 1) makes it even more difficult to maintain the notion 'temperature'. Even if the spectrum originates from a thermalized source, equation 5.1 might not
give the correct parametrization. The assumption that for this system the meson density
number obeys Boltzmann statistics might be incorrect and a description including the
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Bose-Einstein distribution to incorporate the boson nature of the mesons should be applied. However, equation 5.1 describes the data well and will be used as a parametrization
of the data.

5.1.2

Au + Au

In figure 5.3 the transverse momentum spectrum for the reaction Au + Au at 1.0 GeV/u
is shown. This spectrum is produced by combining the two spectra from the two setups
with different block positions (table 3.3) as sketched in section 4.3. The spectrum is
accumulated under the condition of trigger #13, which is nearly the same minimum bias
trigger as in the Ar + Ca experiment. However, a minimum particle multiplicity in the
OPW was required to suppress peripheral events. The 'effective' rapidity window ranges
from —0.15 < y — yc.m. < 0.15, see table 4.7. The solid line in figure 5.3 represents a fit to
the data by equation 5.1. The fit parameters are collected in table 5.2 as the first entry.
Again, the other entries will be discussed in later sections of this chapter.
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Figure 5.3: Transverse momentum spectra of ir°'-mesons emitted in a rapidity interval from
yc.m. - 0.15 to yc.m. + 0.15 in the reaction Au + Au. The solid curve represents a fit according
to equation 5.1, the dashed curve to equation 5.3.

The fit is not of the same quality as the fit in figure 5.1 for the ir°-spectrum of Ar + Ca.
It is clearly visible that this spectrum is more concave and not well described by equation 5.1. As already mentioned, two components have been observed earlier in meson
spectra for heavier systems [26, 23]. In order to parametrize the concave spectrum, equation 5.1 was modified to include two components according to
dN
—

(5.3)

The dashed line in figure 5.3 is a fit of the data by this two-component Boltzmann distribution. The fit by the two-component Boltzmann distribution is largely improved compared
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Table 5.2: Parameters extracted from the transverse momentum spectra of the ir°-mesons. T
is the 'temperature' extracted with a fit by equation 5.1. (pt) and RMS are the first and second
moment of the pt-dislribution.
T
X2
[MeV]
64±1 5.15
trigger #13
30 < M < 70 63±4 3.55
67±1 3.20
M >70
72±1 1.36
V < 0.15
in-plane
58±1 3.34
out-of-plane
67±1 4.24
52 in, out
64±1 7.38

\Pt)

RMS

[MeV/c] [MeV/c]
120
181±9
180±10
118
186±13
127
205±19
130
166±11
109
191±12
127
120
179±8

to the fit with the single Boltzmann distribution. It is obvious at this point that the
single component Boltzmann distribution does not describe the data. The fit parameters
are listed in table 5.3.
Table 5.3: Parameters extracted from the transverse momentum spectra of the T°-mesons.
% is the 'temperature' extracted with a fit by equation 5.3. XIQ is the parameter from a fit by
equation A.47, above pt = 500 MeV/c. Ri represents the fraction of the yield in the second
component (equation 5-4). The parameter Tu is a fit with a single component Boltzmann distribution (equation 5.1) above pt — 600 MeV/c. The ' indicate to numerical instabilities in the
error calculation.
%

[MeVJ
trigger #13
50±4
30 < M < 70 49±3"
M > 70
49±5"
V < 0.15
58±6"
in-plane
44±5"
out-of-plane
49±4
Y, in, out
46±3"

r2

[MeV]
86±7
82±7"
88±10"
94±14*
73±5"
84±5
81±5"

X2

n0

0.62 0.157±0.004
0.61 0.152±0.005
0.45 0.160±0.005
0.60 0.160±0.007
1.35 0.142±0.011
0.89 0.155±0.004
1.09 0.152±0.003

Ä2

TH

[%}
6±5
7±6'
7±7"
8±ir
8±9'
12±12
9±5"

[MeV]
85±5
80±4
88±5
89±8
80±16"
80±5
80±5

A way to express the relative importance of the two components with respect to each
other is to calculate the ratio of the yield of the second component to the total yield
according to

where the parameters are the fit parameters of equation 5.3. Ä2 represents the fraction
of the spectrum below the second exponential. Our definition is exactly opposite to definitions from the literature [26, 45]. The motivation of our definition lies in the numerical
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stability of the error calculation for equation 5.4. We find a remarkably weak second
component compared to earlier publications [26, 45]
R2 = (6 ± 5)%.
Odyniec et al. found R2 = 35% for La + La at 1.35 GeV/u. The difference in R2 can be
caused by the higher energy of the La H- La reaction. Our result is in disagreement with
the trend of the predictions for La + La over a range of incident energies by Bao-An Li
and W. Bauer based on a hadronic transport model, an extension of BUU [45].
The large errors associated with the two-component fit are very inconvenient for a more
detailed discussion of the second component of the spectrum. The second component can
be isolated in a more robust way by fitting only the high momentum tail of the spectrum.
In figure 5.4 a fit with equation 5.1 above 600 MeV/c is shown. The value of 600 MeV/c
is chosen to be well above the kinematical limit, which is, of course, identical for the
Au + Au and the Ar + Ca reaction. The slope parameter for the second component was
found to be T = 85±5 MeV, which agrees well with the two-component fit. The advantage
of this method for obtaining the second slope is its insensitivity to the contributions at
low transverse momentum and to the errors of the data points in the region in which the
contributions from the two exponentials are comparable in magnitude.
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Figure 5.4: Transverse momentum spectra of Tf°-mesons emitted in a rapidity interval from
Vc.m. ~ 0.15 to yc.m. + 0.15 in the reaction Au + Au. The curve represents a fit according to
equation 5.1 above 600 MeV/c.

The second component has led to much speculation about its origin as already indicated in chapter 1. The question concerning the origin of the two components will be
addressed again in section 5.1.3.2.
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5.1.3

7r°-Spectra from Model Calculations

The JT° spectra from the previous sections will be compared with predictions from the
models described in section 2.2. The only experimental filter for the ir° spectrum is a
rapidity window, according to table 4.7. However, for the Au + Au reaction an additional
filter is needed to reproduce the OPW multiplicity selection. This filter is described in
section 5.2.3 where the OPW multiplicities are treated in more detail.
For the Ar + Ca reaction data of two models were available: QGSM and RQMDWP. The extension 'WP' (Without Potential) is added to stress the fact that the density
dependent potential was switched off. RQMD is not utib'zed to its full extend, due to
portability problems from one computer to another. However, this offers the interesting possibility to study the effect of the mean field for the Au + Au reaction where all
four models described in section 2.2 were used for the comparison with the data. The
experimental filter used is for all models the same.
5.1.3.1

Ar + Ca

Figure 5.5 shows the transverse momentum spectra for the system Ar + Ca at 1.0 GeV/u
from two model calculations, QGSM and RQMD-WP, together with the data. The spectra
were normalized with respect to the total area. The parametrization of the spectra is listed
in table 5.4. The experimental filter applied to the data from the models consisted for
this comparison only of a rapidity window. 0.5 < y < 0.9.
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Figure 5.5: The transverse momentum spectra for Ar + Ca at 1.0 GeV/u. The spectra from
the models are normalized to the data.

The first impression is that both models compare quite well with the data. They, however, underpredict the high momentum tail (above the kinematica] limit ss 385 MeV/c) of
the experimental data. In view of the earlier discussion in section 5.1.1 this can have two
reasons. First, the high momentum tails of the nucleons in the nucleus are not taken into
account correctly in the models since this requires a full quantum mechanical treatment.
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Table 5.4: Parameters extracted from the transverse momentum spectra of the n°-mesons from
the models. T is the 'temperature' extracted with a fit by equation i 1. {pi) and RMS are the
first and second moment of the pt-distribution.

T
X2
[MeV]
EXP
65±1 1.04
QGSM
58±1 5.37
RQMD-WP 64±1 7.72

{ft)
jMeV/c] [MeV/c]
197±11
120
182±1
108
198±4
108

Second, the nucleon-resonance interactions may not be treated correctly. This might originate from incorrect cross-sections, the absence of some heavy resonances or an incorrect
description of the resonances itself.
The model predictions differ for low pt. One has to be careful, however, with respect to QGSM, because the reabsorption cross-sections for pions are determined in this
model with the conventional detailed balance (equation 2.14)' while it was shown by
Bao-An Li [51] that the improved detailed balance reduces the yield at low pt. This will
certainly improve the comparison between the data and the QGSM predictions.
RQMD-WP calculations underestimate the pion yield at low and hi^h pt. Due to the
normalization this results in over-abundant intermediate momenta. The high pt yield of
QGSM is lower than the yield of RQMD-WP. However, even this might be the result of
the incorrect detailed balance recipe.
In summary, the overall description of the transverse momentum spectrum of the
7rG-mesons is quite satisfactory in both models. The improved detailed balance scheme
removes yield at low pt. This will lead to a larger slope parameter and a larger (pt) for
QGSM.
5.1.3.2

Au + Au

The inclusive 7r°-spectrum will be compared with spectra calculated with the four microscopic models. The spectra and the fits with equation 5.1 are determined within the
rapidity window 0.52 < y < 0.84 and with the condition that Mopvt > 30. For the
different models this condition will not be exactly the same, but the differences can be
neglected. The results are listed in table 5.5. The spectra, including the experimental
7r°-spectrum, are shown in figure 5.6. The discussion which follows is based on table 5.5
and sot on figure 5.6.
In the comparison of QGSM and RQMD-WP with the experimental data the same
trends are visible as was already discussed in section 5.1.3.1 for the Ar + Ca reaction.
Again QGSM has a too high yield at low p<, but the discrepancy between model and
experiment is smaller. This suggests that the inclusion of the new detailed balance leads
to an underprediction of the pion yield at low pt. The shape of the 7r-spectrum produced
by BUU is different fror.' ':e other spectra, including the experimental data. This is
'The improved detailed balance scheme is included in recent versions of QGSM
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Table 5.5: Slope parameters according to equation 5.1 of the inclusive spectra from the model
calculations.
' too low statistics to judge presence of second slope in spectrum
' spectrum with two components
' fit with equation 5.1 very bad, no sign of S-components in the spectrum

T
[MeV]
64±1
EXP
QGSM
58±1
RQMD-WP- 61±2
IQMDt
51±1
66±1
BÜU1

X2

5.15
2.64
1.04
4.73
10.0

RMS
(P.)
[MeV/cj [MeV/c]
181±9
120
J82±2
113
193±11
115
167±3
112
209±2
126

reflected by the x2 °i the fit with equation 5.1. A two component fit does not improve
the situation. The spectrum cannot be parametrized by a Boltzmann distribution.
The spectrum calculated with IQMD is too 'cold1. However, it does exhibit the two
component behaviour. Results from a fit by equation 5.3 are shown in table 5.6. The
strength of the second component relative to the first is consistent with the experimental
data. The differences in the slopes from the two component fit between IQMD and
experiment should not be taken too seriously. A constrained fit to the experimental data
with lower slope parameters results in a reasonable x2, indicating that the x2 o n 'y weakly
depends on the two slope parameters together.
Table 5.6: Slope parameters of concave T ° spectrum. % is the 'temperature' extracted with a fit
by equation 5.3. Ri represents the fraction of the yield in the second component (equation 5.4).
cf. table 5.3.
Tx

EXP
IQMD

%

X2

[MeV] [MeV]
50±4 86±7 0.62
37±2 73±2 1.19

Ri

[%]_
6±5
7±2

The QGSM spectrum does not have a second component. Unfortunately, the statistics
of the RQMD-WP calculations are too low to be conclusive, but uo indication of a second
component was observed. Taken these differences in the model calculations it is of interest
to investigate in which way the IQMD differs from the other models.
The origin of the two slopes of the spectrum calculated with IQMD is studied in [48].
It was shown within this model that the main contribution to the concaveness of the
spectrum results from pion (re)scattering (vNN —» NR —» vNN), while the pion absorption (TTNN —» NR followed by NR —> NN) mainly affects the yield and the overall
slope of the spectrum, although it is not clear whether scattering and absorption can be
separated this way. Since in this model all pions originate from the A-decay (the direct
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Figure 5.6: Tran«ver5e momentum spectra from the theoretical model calculations for the
An + Au reaction. The experimental data is shown as a histogram. The spectra are normalized
with respect to the experimental data.

pion production channel is not included) and all interactions with nucleons proceed via
the A-resonance, the concaveness of the spectrum is caused by the behaviour of the A in
the collision.
Thus the conclusion from the IQMD analysis is that the distribution of A-masses
during the collision is the origin of the concaveness of the spectrum. The overall slope of
the spectrum is time dependent and thus confirms the hydrodynamic model explanation of
Hahn and Glendenning (see section 1.1.2 and [29]). I.e., the tail of the spectrum originates
from the early part of the collision, while the lowest part of the spectrum is produced later
in the reaction, but during each period of time the shape of the spectrum is concave. This
concave spectrum is well described by a two component description such as equation 5.3,
but, as is shown in [48], there is no physical argument for just two temperatures.
IQMD is not the only microscopic model that reproduced the concave nature of the
pion spectra. Bao-An Li and W. Bauer [45] reported the concave shape of the pion spectrum and the time dependence of the overall slope. The authors stressed that such a time
evolution does not necessarily imply a concave spectrum. The primordial pion spectrum,
without any reabsorption or rescattering, is not concave (but not of the Boltzmann type
either). The energy dependent pion re-interaction cross-section turned out to be essential
for the correct explanation of the pion spectrum as was confirmed by Bass et al [48]. Both
models reproduce concave pion spectra without the inclusion of Bose-Einstein statistics
for the mesons.
The absence of the concaveness of the ir°-spectrum from the QGSM calculations points
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towards a different treatment of the A in this model. In BUU, it might be caused by the
difference in approach to the new detailed balance principle, but the different shape can
also be the result of the (not yet) correct treatment of the heavier resonances. The absence
of the concaveness of the pion spectrum from RQMD data was already observed by the
authors of this model [104]. They argue that no concaveness in the spectrum calculated
with RQMD can be found since the Bose-Einstein statistics for pions is not included in the
model, in contrast with [45, 48). They conclude from their calculations that the chemical
potential of pions (//„) is such that the justification to use Boltzmann statistics instead of
Bose-Einstein statistics is not valid. Bose statistics should be included to ensure / i , < m,.
It is apparently too early to draw final conclusions with respect to the concaveness of
the pion spectrum. The information from inclusive data presented so far is not conclusive
whether there are two different mechanisms for the concaveness or whether there is a
gradual change leading to concave spectra when the mass or incident energy of the colliding
nuclei increases. The current theoretical insights clearly point towards the notion that
the spectrum is concave and that the reduction of the shape of the spectrum to only
two components is merely a parametrization. It is currently unclear what the underlying
mechanism is. Both the reabsorption mechanism of produced pions and the effect of
Bose-Einstein statistics on the produced pion spectrum need to be studied to judge the
relative importance cf these effects.

5.2
5.2.1

Particle Multiplicities
Ar + Ca

The transverse momentum spectrum of pions shown in figure 5.1 was obtained with a
minimum bias trigger condition that does not impose additional cuts in the available phase
space of the 7r°-mesons. However, the detection of a 7r°-meson by TAPS is selective for a
certain class of events. It is interesting to investigate what kind of collisions are mainly
responsible for the production of ir°-mesons or stronger what the relation is between event
type and ir° multiplicity.
The ir° multiplicity is directly related to the number of nucleon-nucleon collisions and
hence to the impact parameter of the nucleus-nucleus collision. More central collisions
will lead to more nucleon-nucleon collisions. Due to the low geometrical acceptance the
5r°-multiplicity detected with TAPS is low. However, if TAPS only needs to serve as a TT°meson trigger, it is sufficient to detect single photons as these originate mainly from the
decay of the 7r°-mesons. There is thus a strong correlation between the photon multiplicity
and the TT° multiplicity and the photon multiplicity can be used to study the dependence of
the particle multiplicity in the OPW on the TT° multiplicity. The OPW charged particle
multiplicity spectra are shown in figure 5.7, where several trigger conditions for TAPS
were used. The mean values of the charged particle multiplicity distributions are listed
in table 5.7.
The difference between the two neutral hit trigger (trigger #11 in table 3.4) and the
two photon condition is caused by the strong contribution of neutrons in this hardware
trigger. The increased OPW multiplicity when TAPS detected two photons instead of two
neutral particles is manifest. Apparently the very peripheral collisions are reduced by the
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Table 5.7: Average OPW-multiplicities as a function of the photon multiplicity. The photons have a minimum energy of 10 MeV. Trigger #11 requires two neutral hits in TAPS, not
S photon».

trigger #11 2 photons
(M)
RMS

10

15.2
7.7

10.8
7.7

3 photons 4 photons
16.0
16.3
6.1
6.0

r

10
20

30

40

50

60

OPW multiplicity
Figure 5.7: The OPW multiplicities in the reaction AT + Ca at 1.0 GeV/u, for the requirement
of two hits of neutral particles in TAPS (histogram on top with solid line). The lower histograms
show the OPW multiplicity for different photon multiplicities in TAPS. The dashed histogram is
for photon multiplicity M.y = 2, the dotted for M.-, = 3, the dashed-dotted frr A4-, = 4 and the
lowest solid histogram for M.y = 5. The photons have a lower energy threshold of 10 MeV. The
distributions are normalized to the number of two 'neutral' hits in TAPS.

two photon condition in TAPS. Inclusive 7r°-meson measurements select for non-peripheral
collisions.
Selecting for higher photon multiplicities does not change the average charged particle
multiplicity any more. It can be argued that a higher photon multiplicity nevertheless
requires more central collisions. The average charged particle multiplicity is, however,
saturating, which is not too surprising as there are originally only 38 charged hadrons
available in the reaction. As we will see in the next section, the charged particle multiplicity in the OPW is much stronger dependent on the photon multiplicity in the Au + Au
reaction system.
Unfortunately, it is not clear from this analysis from where the low sensitivity of the
average multiplicity in the Ar + Ca reaction originates. Two explanations can be given for
this behaviour: (1) requiring more than 2 photons does not lead to more central collisions
as the number of participating nucleons remains constant, (2) more central reactions do
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not lead to higher multiplicities in the OPW. This last explanation is very likely, because
the total available charge initially available in the reaction is already detected by the
OPW. Model calculations may give insight into this matter.

5.2.2

Au + Au

For the reaction Au + Au both the statistics and the charged particle multiplicity in the
reaction were much higher than for the reaction Ar + Ca. Therefore it is possible to
discuss the particle multiplicity distribution in more detail. Due to the larger size of the
reaction system it is very interesting to compare the dependence of the OPW charged
particle multiplicity on the photon multiplicity again. This is shown in figure 5.8 and
table 5.8. The trigger conditions are similar to those in the Ar + Ca experiment: two
neutral hits and no OPW multiplicity selection.

40

60

80
100
120
OPW multiplicity

Figure 5.8: The OPW multiplicities for the reaction Au + Au as a function of photon multiplicity in TAPS. The top histogram is accumulated with trigger #12 events (see table 3.3). The
lower lying histograms are events with respectively: photon multiplicities 2-5.
The photons
have energies larger than SO MeV. The multiplicity distributions are normalized with respect to
the number of trigger #12 events.

Table 5.8: Average OPW multiplicities as a function of photon multiplicity for setup-A. Trigger #9 requires only a true event in the Forward Wall regardless of TAPS. Trigger #12 requires
two neutral hits in TAPS, not two photons (see table 3-4).

(M)
RMS

trigger #9
17.6
26.3

trigger #12
61.7
21.1

2 photons 3 photons 4 photons
68.3
74.0
77.1
18.2
14.3
11.6
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The figure clearly shows the disappearance of the low multiplicity tail if higher photon
multiplicities are required in TAPS. This is reflected in the shift of the average multiplicity to higher values and the decrease of the RMS value of the multiplicity distribution.
Apparently, the correlation between photon (ir°) multiplicity and charged particle multiplicity is strong. No saturation in the OPW multiplicities is observed. Therefore, the
req-irement of high photon multiplicities is indeed a strong selection on the number of
participating nucleons, thus on impact parameter.
It is interesting to note that both for the reaction Au + Au as for Ar 4- Ca the average
multiplicity for the strongest selections on photon multiplicity is close to the charge of
the projectile. The fluctuations are thus in the smaller Ar + Ca reaction much larger
compared to the Au + Au reaction. It is therefore difficult to have selective criteria on
impact parameter for small reaction systems.

5.2.3

Comparison with Models

The models were used again to compare the experimental results with the calculations.
Special attention was paid to the implementation of the experimental biases and cuts in a
filter program that was applied to all the model results. According to this filter, charged
particles, including charged pions (TT*), are detected in the OPW if they are emitted in the
forward hemisphere, between T and 30° in polar angle, and if their energy is higher than
the values listed in table 3.1. With the exception of the QGSM model, the theoretical
models did not include coalescence of nucleons into larger fragments due to final state
interactions.
In order to obtain from the models the photon multiplicity, the predicted w° distribution was converted into a photon distribution by stochastical decay of the ir°-mesons.
Although the TAPS configuration was fully implemented the showering of photons was
neglected for computational convenience. This has no effect on the final result as the
photon multiplicity is sufficiently low. The threshold for the photon energy was 20 MeV.
For the simulation of the TAPS trigger (trigger #12 for the Au + Au reaction), the neutrons had to be taken into account as well. An energy threshold of 10 MeV and an overall
detection efficiency of 20% was assumed for the neutron detection.
A comparison between the OPW-multiplicities observed in the experiment and the
multiplicities calculated with the BUU, QGSM and IQMD models is shown in figure 5.9
for minimum bias data* and the data acquired with the TAPS trigger. The comparison
with RQMD is not performed, because the number of events generated for this model was
insufficient to allow for a statistically significant comparison. However, the global charged
particle distribution of RQMD-WP was close to the results of IQMD.
The overall structure of the shape of the minimum bias data is equally well described
by the three models. The absence of yield at very low OPW multiplicities for both IQMD
and BUU is caused by the absence of data at very large impact parameter. The calculated maximum multiplicity, however, overshoots the data. Especially the charged particle
multiplicities calculated by QGSM are too high. This might result from a too high pion
'Minimum bias refers to the observables under consideration. The TAPS trigger #12 is a minimum
bias trigger for the 7r°-meson spectrum but certainly not for the OPW multiplicity.
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multiplicity in QGSM caused by the incorrect detailed balance or from a different distribution of the charged particles in coordinate space. The other codes perform better with
respect to the maximum multiplicity. The high multiplicity tail of the data is reproduced
quite well by BUU, especially in figure 5.9b. However, this might change if coalescence is
included.
The implementation of the TAPS trigger leads to a strong reduction of the yield at
low multiplicities. The gradual rise (on logarithmic scale!) of the experimental OPW
multiplicity is not reproduced by the models (figure 5.9b). The best description of the
shape is given by QGSM. Both the multiplicity distributions calculated with IQMD and
BUU have a plateau at intermediate multiplicities and they overpredict the low charged
particle multiplicity region. For the minimum bias data this overprediction of the low
multiplicities indicates a too weak binding in the models of the nucleons in the nuclei.
The nuclei (or remnants) are evaporated too easily. For the TAPS trigger (figure 5.9b),
the increased effect for low multiplicities indicates that the simulated two neutral particle
trigger has a too high contribution at low charged particle multiplicities. This may point
to an overproduction of pions compared to the charged particle multiplicity. In hydrodynamic terms, too much of the available energy goes into thermal excitation leading to
the production of particles and too little remains for the baryons. However, the increased
effect for low OPW multiplicities may also be caused by a too high abundance of neutrons.
The effect of final state interactions on the charged particle multiplicity could be studied in detail by QGSM. Figure 5.10 shows the OPW multiplicity for the TAPS trigger for
different modes of the code. The effect of including coalescence i- considerable, reducing
the maximum OPW multiplicity by approximately 20 charged particle hits compared to
the calculation with Cascade only (open diamonds in figure 5.10). Without the inclusion
of the coalescence mechanism the QGSM prediction would be very different from the
data. The slope towards the maximum multiplicity is barely changed by the inclusion
of coalescence as can be seen in figure 5.10. It is therefore unlikely that the inclusion of
coalescence for the data from IQMD and BUU will reduce the overshoot of these models at low multiplicity. The third distribution (black circles in figure 5.10) is the result
from a calculation, where in addition pie-equilibrium emission and particle evaporation
(equation 2.41) are included. These processes mainly apply to the spectators of the collision. Surprising is the fact that this does not lead to an increase of the maximum OPW
multiplicity. Intermediate multiplicities ({M} ~ 60) are weakened in favour of the most
probable multiplicity ({M} ~ 80). The last distribution is the one used in the comparison
with data and other models.
The averaged OPW multiplicities from the model calculations were determined as a
function of the photon multiplicity as well. The results for the different triggers and
photon multiplicities (selections made by TAPS and not by the OPW) are collected in
table 5.9 and in figure 5.11. For the models the dependence on the impact parameter
(6) is shown as well. No minimum bias results from IQMD and BUU were available, because the experimental calculations were not performed for very large impact parameters.
Only results calculated with a fixed impact parameter are available from these codes (cf.
section 2.2.4) and not for the most peripheral collisions.
The sensitivity of the OPW multiplicity to the photon multiplicity is very apparent. A
comparison with the experimental data also listed in the table indicates that the general
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Figure 5.9: The OPW-multiplicities for the data and the predictions of three theoretical models
for the reaction Au + Au at 1 GeV/u. Figure (a) shows minimum bias data, corresponding to
trigger #9, figure (b) shows data selected by the TAPS trigger, corresponding to trigger #12.
All distributions are normalized with respect to the experimental data.
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Table 5.9: Average and RMS (between brackets) values of the OPW multiplicity distributions
and impact parameter distributions for three microscopic model calculations for the reaction
system Au + Au for various trigger selections. The models under consideration are: QGSM,
IQMD and BUU. Min. bias is really minimum bias data (corresponding to trigger #9 of the
TAPS data). The TAPS trigger corresponds to trigger #12.

(M)
min. bias
TAPS trigger
2 photons
3 photons
4 photons

min. bias
TAPS trigger
2 photons
3 photons
4 photons

EXP
17.6 (26.3)
61.7(21.1)
68.3 (18.2)
74.0 (14.3)
77.1 (11.6)

QGSM
34.2 (32.7)
75.2 (24.7)
78.5 (23.1)
87.4 (16.5)
92.1 (12.1)
QGSM
9.5 (3.3)
5.3 (2.5)
5.0 (2.4)
3.9 (2.0)
3.3 (1.7)

IQMD
63.0
73.3
80.4
83.8

(24.0)
(18.9)
(15.3)
(12.4)

IQMD
6.1
4.8
3.7
3.3

(3.1)
(2.4)
(2.1)
(1.7)

BUU
56.4
70.9
77.7
85.2

(25.3)
(17.8)
(14.2)
( 7.6)

BUU
7.2
5.2
4.3
3.2

(3.4)
(2.3)
(2.0)
(0.9)

trend of the data and the models is the same with respect to the selections made by TAPS.
Looking at the mean and RMS values, the IQMD predictions seem to follow the data
most closely. The dependence of the charged particle multiplicity on photon multiplicity
in TAPS is also best reproduced by the IQMD prediction. This dependence is far stronger
in the QGSM data, leading to an even greater difference between the multiplicities from
experiment and model than shown in figure 5.9.
The average impact parameter deduced from the models is, for the same selections,
included in table 5.9. As can be seen from the table a trigger based on photon multiplicity
is very selective (comparable to an impact parameter selection based on directivity of
charged particles, cf. section 5.4.1 table 5.11, for central collisions according to these
models. This correlation between My and impact parameter offers the possibility to select
on centrality in an unbiased way when studying charged particle multiplicity distributions.
It is shown quite clearly that the models have difficulties in describing the charged
particle multiplicity in the OPW in detail. This rather inclusive observable needs further
attention before we can conclude that the nucleon-nucleon dynamics is treated correctly in
relativistic heavy ion collisions. This may again be stressed when the directivity of charged
particles in the forward hemisphere is studied in section 5.4.1. Coalescence should be
included in the models for a more detailed analysis. However, the combined comparison
of pion data and charged particle multiplicity may point to the essential interactions
during the collision.
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5.3

Systematics

During the last decades many experiments were performed that measured pion spectra
from heavy ion reactions. In general, all observations follow the trends already sketched
in the previous sections. However, with the present set of data the dependence on mass
and incident energy of the pion spectra can be studied as well. The dependence of
the slope parameter on mass and incident energy are discussed and studied in different
papers [24, 105]. Direct comparison of the different data sets is sometimes difficult due
to the different parametrizations used to describe the data or to the different regions in
phase space where the pions were observed. Slope parameters collected from different
papers are listed in table 5.10 and plotted in figure 5.12.

• N+C
+ La+La
X Ar+KCl
m La+La 2nd
X Ar+KCl 2nd
• C+X

c+x
t TAPS-data
© KAOS

20

200

2,000

Incident Beam Energy [MeV/A]
Figure 5.12: The slope parameter T for pions at 6c,m, = 90°, plotted as function of beam
energy. Different projectiles and targets were used. The band, limited by the dashed lines, is
added to guide the eye. It is produced according to equation 5.8 (see later). The experimental
values for T should be recalculated for a more thorough comparison.

The slope parameter of the pion spectra is found to increase slightly with the mass of
the nucleus-nucleus system [24]. This increase of the slope parameter can, in terms of a
microscopic model, be related to two facts. Both the number of particles in the reaction
zone and the collision time increase due to the larger size of the nuclei. This facilitates
the necessary multiple scattering needed to create high energy pions. This simplified
picture leads to higher 'temperatures'. However, at higher energies this mass dependent
behaviour is less evident and it is e.g. not observed in the TAPS data [37] (Ar + Ca,
Kr + Zr and Au + Au at 1.0 GeV/u) where no increase is observed.
The slope parameter also increases with increasing energy. This is easier to understand,
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Table 5.10: A compilation of tile slope parameters of a single slope fit to experimental spectra.
The values marked with an ' are the values of the second component. The fit function numbering
is the following, 1: ^
~ pexp{-§),
2: % ~ e x p ( - f ) , 3: (5.1), i: (A.34). This last
function (4J is justified because the data is collected in a wide rapidity interval.
* For [106] (Au + An ir+) it is not clear which fit is applied, according to the text it is a
Maxwell-Boltzmann distribution, but not shown in which formulation. The pions were measured
over a momentum range from 160 MeV/c to 1200 MeV/c at scattering angles of 44° ± 4°,
corresponding to relative rapidities of 0.57 < Y/Yj„oj < 0.74.
System
14
N + 0'*""*'
"N + d 1 0 5 )

i4j^ _i_ Q[105]
l4

N + d105'

Pion
_

Ne + NaFl 24 '

c + c'24)
Ne +
Ar +
Ar +
Ne +
La +
La +
La +
La +
Ar +
Ar +

NaF' 2 4 '
KC1 [24]
Pb' 2 4 '
NaFt 24 '
La' 2 6 '
La(26i
Lal26l
La!26)
KCl' 23 )
KC1 [23 '

c + c^^7^
C -4- T a f ^ 7 J
C] -f- NQI 108]

C + Cut 1 " 8 '
C + Pbl 108 )
0 + pb^" 8 l
Mg + Mg'108l
129
Xe + Aul 109 !
Au + Aul 106 !
Ne + AI'36!
Ar + Ca t h i s w o r k
Ar+Cal110!
Kr 4- Zr' 37 '
Au + A u t h i s w o r k

0

+
0
0
0
0

0

beam energy
[MeV/u]
41
67

80
135
400
800

800
800
800
2100
530
740
1350
1350
1800
1800
4200
4200
4500
4500
4500
4500
4500
44
1000
350
1000
1500
1000
1000

T
[MeV]
16.2
13.2
14.6
15.6
39
60
62
66
72
102
37 ± 2
47 ± 1
58 ± 1
101 ±7*
69 ± 3
1P±1O'
112 ±10"
99 ±9*
94 ± 1
103 ±4*
97 ± 5 "
109 ± 5*

117±7 14.6 ±1.0
78't
44 ±20
64 ± 1
70 ± 1
65 ±2
65 ±2
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Cut

Fit function

Oc.m. = 90°

1

Ocm. = 90°
6cm. = 90°
0cm. = 90°
0cm. = 90°
6cm. = 90°
0cm. = 90°
0cm. = 90°
Oc.m. = 90°
»cm. = 90°
Oc.m. = 90° ± 30°
0cm. = 90° ± 30°
0cm. = 90° ± 30°
«cm. = 90° ± 30°
Ocm. = 90° ± 10°
»cm. = 90° ± 10°
0cm. = 90° ± 10°
Oc.m. = 90° ± 10°
0.5 < y < 2.1
0.5 < y < 1.8
0.5 < y< 1.8
0.5 <y< 1.8
0.5 < y < 2.1

0cm. =
Ocm. =
0cm. =
ec.m. =
9c.m. =

90° ±
90° ±
90° ±
90° ±
90° ±

10°
10°
10°
10°
10°

1
1
1

2
2
2

2
2
2
3
3

3
3
3

3
3
3
4
4

4
4
4

3
3

3
3

3

as the available center of mass energy increases and thus the probability to produce high
energy pions. At low energies, the available center of mass energy is dominated by the
Fermi motion of nucleons in nuclei, causing the constant 'temperature' for low incident
energies (cf. figure 5.12). At energies where the beam energy reaches the pion production
threshold (280 (ir°) - 290 (JT*) MeV) the curve bends up. The close grouping of the data
into a band suggests that a parametrization describing this gross structure of the pion
'temperature' as a function of incident beam energy should be feasible.
Baldin and Stavinsky proposed a phenomenological scaling based en relativistic invariants (cf. conference contribution of A.A. Baldin [111] and appendix A.3). The ingredients
of this scaling are the size of the reaction system, the incident energy and the principle
that a given particle with a certain energy is produced at the cost of the least possible
energy. (Put in another way: the minimum amount of collectivity to produce the particle.) According to the last principle, this scaling is only valid for sub-threshold particles.
Available data were parametrized by

E^

= CA?{Xl)A?lXi)f(H),

(5.5)

where Xi and II are the Lorentz invariants containing the scaling properties of the system
(a derivation is given in appendix A.3). The functions / and a,- are just conventional
functions chosen to yield a reasonable description of the data (cf. appendix A.3).
Sumbera [112] derived for the TAPS data, taken at 90° in the center of mass system
and for symmetric systems, the equivalent to equation 5.5 (/ and a are substituted by
their phenomenological prescriptions)

where X obeys equation A.45 and IIo is extracted from experimental data (IIo = 0.127).
Above the kinematical limit our 7r°-spectra from the Ar + Ca and Au + Au reactions
were fitted by equation 5.6. From these fits we obtain n 0 = 0.155 ± 0.005 for Ar 4- Ca
and n 0 = 0.157 ± 0.004 for Au + Au (cf. table 5.1 and 5.3). These values differ from
those determined by Baldin and Stavinsky, however, they are the same for both measured
reaction systems. One remarkable conclusion is therefore that the high momentum part of
the spectra does scale. According to the scaling the low momentum part of the spectrum
is anomalous. From a phenomenological viewpoint only the low pt part of the spectrum
is not understood.
Figure 5.13 shows the fit to the experimental data with equation 5.6. The range of data
fitted was for both spectra the region above 500 MeV/c. Clearly visible is the different
behaviour of the experimental data at low momentum. AT + Ca has a lower contribution
than predicted at low pt, whereas Au + Au shows more strength in the low p(-region.
A division spectrum for the Au + Au and Ar -+- Ca data, containing the ratio of the
two transverse momentum spectra, shows more clearly the differences between the spectra.
This division spectrum is shewn in figure 5.14 together with the trend predicted by the
scaling. Two features attract the eye: the rise of the ratio for high and low transverse
momentum. The larger yield for the Au + Au system at high pt is a natural consequence
of the size of the reaction system. More particles and more available center of mass energy
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Figure 5.13: Transverse momentum spectrum for the reaction Ar + Ca at 1 GeV/u (below)
and Au + Au at 1 GeV/u (above). The curve through the data is a fit with equation 5.6.
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Figure 5.14: Ratio of the transverse momentum spectra from the Au + Au- and the
Ar + Ca-reaction. The two spectra were first normalized to each other. The dashed line is
the prediction according to equation 5.6.
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in the hot reaction zone lead to more high momentum particles. The good description
of the rise at high pt by the scaling (dotted line in figure 5.14), suggests that the higher
yield is completely explained by the mass dependence of the system. This leaves the low
momentum part of the spectrum to be explained.
A possible explanation for the rise of the division spectrum at low pt is that, for
minimum bias data, due to the larger size of the system in the Au + Au reaction, the size
of the colder halo ('spectators' and 'corona') is also larger. This would lead to a cooler
halo. If this picture is correct then the temperature of the low part of the spectra should
scale according to some mass relation, like
(5.7)

T « cA",

where A is the number of nucleons in the system. Unfortunately, the two free parameters
cannot be determined with our set of data.
The rise at low pt can, also or in addition, be enhanced by the Bose-Einstein effect for
the mesons. Low energy pions have a de Broglie wavelength comparable with the size of
the reaction system. They are therefore very susceptible for the Bose-enhancement. As
the overall pion multiplicity is larger in the Au + Au reaction, the Bose effect will also
be larger in the Au + Au reaction, leading to a rise (or enhancement of the rise) in the
division spectrum (cf. figure 5.14).

10
10
Ekin [MeV/u]
Figure 5.15: Energy dependence of the slope parameter T for symmetric systems (from [US]).
The inset shows a comparison with experimental data on the second slope parameter at midrapidity. The dashed line and full circle correspond to the Au + Au reaction and the dash-dotted
line and empty circle to the Ar + Ca reaction. For completeness some ir~-data from other experiments are included: La + La [26] (dotted line and the full square) and C + C [107] (the
lowest dash dotted line and the empty square).

An important aspect of the Baldin scaling is the possibility to predict the slope parameters for different incident energies and different mass systems. The slope parameter
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T from equation 5.1 is related via equation 5.6 to the slope n o of the universal function

r =

^

^

Tlab + 2MP

n-i_i°g(>t.^)-

(5 8)
*•'

This equation relates he slope parameter T to the mass of the colliding system and the
incident energy. For different mass systems this relation is shown infigure5.15.
Equation 5.8 describes the general trend in the data quite well (cf. the symmetric
systems from figure 5.12). At low incident energies the dependence of T on incident energy
is quite weak, corresponding to the flat region in figure 5.12. The mass dependence is
quite large in the intermediate region. It should be noted that the parameter T refers to
the slope of the high momentum tail of the spectrum. The influence of the mass difference
is confirmed by our data, although we find a value for IIo different from that of Baldin.
At high energies T is independent of the incident energy. In this region the so-called
'Feynmann'-scaling sets in [113], where the transverse and longitudinal components in the
reaction are decoupled. At this high energy, increasing the longitudinal energy (incident
energy) does not influence the transverse energy (p(-spectrum).

5.4

Impact Parameter Dependence

Up to now all the TT° data presented in this chapter were inclusive, i.e. ;rc-meson spectra
without additional selections and event characterizations. The 5r°-meson spectra from the
Ar + Ca-data are completely inclusive (trigger 11 from table 3.4), while the spectra from
the Au + Au-data are nearly inclusive, since the spectra in the Au + Au experiment
were taken with the requirement that there were at least 30 charged particles in the OPW
(trigger 13 from table 3.4). A fully inclusive spectrum for the Au + Au experiment is
studied in the thesis of O. Schwalb [37]. With more exclusive data more specific information can be extracted. The dependence of the pion emission pattern on impact parameter
is one such example.

5.4.1

Methods for Impact Parameters Selections

Observables indicating the impact parameter on an event by event basis are desirable to
select different reaction types. The models discussed in the previous sections were used
to study various different observables on their sensitivity to the impact parameter.
In section 4.5.2 the sensitivity of the OPW multiplicity to the impact parameter was
already mentioned. As can be seen in figure 4.14 the correlation between impact parameter
and OPW multiplicity is quite strong for the reaction Au + Au at 1 GeV/u. Only for the
very central impact parameters this selection loses its sensitivity. The relation between
impact parameter and OF'-'V multiplicity is shown in figure 5.16 for the four microscopic
models. Assuming the radius of a nucleus is described by r — 1AA1/3 fm, one expects
to find the OPW multiplicity to drop to zero in the touching sphere configuration (b =
16.3 fm), provided the nuclei have a sharp surface. The fact that the OPW multiplicity
only drops for QGSM to zero for 6 —> 14 fm, suggests that the surface of the nuclei in the
other models is more diffuse.
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Figure 5.16: The average OPW multiplicity as a function of impact parameter for the reaction
A% + Au at 1 GeV/u for the four theoretical models.
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The directivity, defined in section 4.5.2, is the next criterion that may be used to
select even more central collisions. Only model calculations can give an indication of the
selective power of directivity cuts. In the experimental data of the Au + Au experiment,
the directivity cut was applied when Mopv/ > 70. Therefore, the directivities were
determined for the model data imposing the same OPW multiplicity selection. The results
are shown in figure 5.17.
As can be seen in figure 5.17 there is much difference between the models. IQMD and
BUU show a dependence of the directivity on impact parameter whereas, on the other
hand, QGSM and RQMD-WP do not show such a dependence. As already mentioned
in section 4.5.2, the directivity is produced by the stiffness of the nuclear medium [95].
IQMD and BUU are used with a hard EOS, i.e. a compressibility of 380 MeV and 308 MeV
respectively. On the other hand, QGSM and RQMD-WP have no compressibility at all
and, therefore, no sensitivity of the directivity on the impact parameter is observed.
To judge which results are closest to the experimental data, the directivity distribution
of the experimental data is compared to the directivity distributions of the theoretical
models in figure 5.18. It is very clear from this figure that the distributions of IQMD and
BUU are close to the data. Both QGSM and RQMD-WP underestimate the directivity
of the charged particles in the forward hemisphere. This fact demonstrates clearly that
density dependent potentials are needed in the models to describe the nucleon-nucleon
dynamics correctly in these reactions.

QGSM
IQMD
D BUU
*

RQMD-WP

Directivity
Figure 5.18: The directivity distribution from the experimental data (Au + Au)(histogram)
and the models for Mopw > 70.

The observables just described were used for impact parameter selection with respect
to the pion data. The correlation between impact parameter and photon multiplicity
(cf. section 5.2.3) cannot be used since the photon multiplicity is directly coupled to the
neutral pions and it would, therefore, strongly bias the observables which we want to
study.
For the Au -I- Au experiment three selections were performed to study the sensitivity
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of the 7rG-meson production on impact parameter. The first two selections were based
upon the OPW-multiplicity and the last selection was based upon directivity.
The cuts made in this thesis were a compromise between sharp cuts and the total
available statistics. The selections are therefore not the same as in the publication of the
FoPi-collaboration [95]. For the reaction Au + Au, the selection on OPW-multiplicity was
taken at multiplicity 70, halfway the OPW-multiplicity distribution for the used trigger
(compare figure 4.13). The directivity selection was applied to the data set with the high
OPW multiplicity. Therefore, the directivity cut consisted of (A4opw > 70) & (V > 0.15).
Again, this point 0.15 was chosen halfway the directivity distribution (figure 4.15).
For the Ar + Ca experiment only two selections were made. One selection with 'high'
OPW multiplicity and one with a 'low' OPW multiplicity. The cut was at MQPW — 15
(figure 5.7). These two selections exhausted the possible centrality selections for the
Ar -f Ca experiment.
The average impact parameters determined from the model calculations are collected
in table 5.11. These values are mean values from the impact parameter distribution
produced with the selections on multiplicity and directivity. Examples for the multiplicity
selection for RQMD-WP and QGSM are shown in figure 5.19. The 'errors' in the table
are the widths of the impact parameter distribution. They indicate the spread in impact
parameters for a given selection.
Table 5.11: Impact parameter (b) selection by OPW-multiplicity cuts. The values are in units
of fin. The errors are the widths of the impact parameter distribution for OPW-multiplicities
according to the selection. The directivity selection includes already the selection A^opw > 70.

A u - t- Au

A r 4 - Ca

30<A4<70
30<M«x>
70<M<oo
P<0.15
0<M<15
15<A4<30

selection WQGSM ("/RQMD-WP
Sell
7.9±1.0 8.5±2.0
min. bias f ,2±2.2 7.5±2.8
Sel2
4.4±1.6 3.4±1.5
Sel3
4.9±1.3
2.4±1.2

<6)BUU

(6)lQMD

8.2±1.6 8.1±1.6
7.0±2.4 6.8±2.6
4.1±1.3 3.7±1.5
3.8±1.4 3.1±1.6
-

-

5.4.2

Sensitivity of 7r°-meson Spectra to Impact Parameter

5.4.2.1

The Experimental Results

It is clear from table 5.1 that for the Ar -f- Ca-reaction no significant dependence of the
spectral shape of the 7r°-mesons on impact parameter was found, although the impact
parameter changes from {b) = 4.9 for M < 15 to (6) = 2.4 for M > 15 (cf. table 5.11).
The ratio of the 7r°-spectra of Au 4- Au for these selections and the 'min. bias' data
of section 5.1.2 are shown in figure 5.20. The three selections are indicated from the
most peripheral to the most central by Sell to Sel3. These ratios are normalized with
respect to the first entry (at 50 MeV/c). The increase of the high momentum part of the
Pi-spectrum with respect to the low momentum part for increasing centrality is patent.
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Figure 5.20: Ratios of the transverse momentum spectra from the selections and the transverse
momentum spectrum of the 'minimum' bias data. The ratios are normalized with respect to each
other by their first transverse momentum bin.

To express the differences between the spectra numerically, the same fits were applied
as to the 'min. bias' data-set. The results from these fits can be found in table 5.12.
Table 5.12: The slope parameters for the pt-spectra of Au + Au for the three impact parameter
selections (from tables 5.2 and 5.3).
' errors are estimated errors due to numerical instabilities in the error calculation.

Sell
'min. bias'
Sel2
Sel3

<6} I Q M D
[fm]
8.1
6.8
3.7
3.1

r

[MeV]

63±4
64±1
67±0
72±1

X*

(Pt)

[MeV/c]
5.2 181±9
3.6 180±10
3.2 186±13
1.4 20S±19

Tj

[MeV]
49±3'
50±4
49±5*
58±6*

%
[MeV]
82±7'
86±7
88±10"
94±14*

Ä2

TH

[%]

[MeV]

7±6"

80±4
85±5
88±5
89±8

6±5

7±7"
8±ir

It is clear from the fit by equation 5.1 (T) and (pt) that the average slope increases
for decreasing impact parameter. The two component fit is again performed to judge a
possible difference in shape of the spectra. The errors are unfortunately too large to be
able to draw firm conclusions. The reduced x 2 " v a l u e from the one-component fit suggests
that the concaveness is reduced for the most central collisions.
The second* component {%) as well as the high momentum tail fit (Tu) indicate that
the high momentum tail is sensitive to impact parameter. As far as the statistical accuracy
allows we can conclude that all components in the spectrum are influenced by the impact
parameter selection. The situation that one component remains constant while the other
changed (in strength or slope) is not observed. There is also a weak indication from the
data that the relative strength between the two components is constant. The indication
that all components change with impact parameter disagrees with the explanations to
the two component spectra that one slope stems from the A-decay and the other from
another source [29], where one of the slopes should remain constant. Unfortunately our
data is not conclusive. The ratio of the two components stays constant (within the very
large errors) which indicates a global 'hardening' of the spectrum for decreasing impact
parameter.
5.4.2.2

The Theoretical Models

The values for T and (pt) for the experimental data and the theoretical models are shown
in figure 5.21, where the estimated impact parameters were taken from the IQMD calculations (table 5.11). The impact parameter dependence is present in all models. Table 5.13 contains the relative changes in slope parameter T and (pt) for the experiment
and the models assuming that the impact parameter estimate from IQMD is correct (i.e.
&Seii = 8 fm and &Sei3 = 3 fm. The relative dependence of the global shape parameters of
the 5r°-meson spectrum to impact parameter is well described within the models.
The last aspect concerning the impact parameter selection discussed here is the slope
dependence of the pion transverse momentum spectrum of IQMD, being the only model
use of the notion of the two components refers to equation 5.3 and is not a statement that the
spectrum consists of two slopes.
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Figure 5.21: The impact parameter dependence of the slope parameter from equation 5.1 (top
figure) and the (p() (bottom figure). The impact parameters for the data are determined with the
model calculations.
Table 5.13: Relative change in slope parameters for two impact parameter selections, for the
experimental data as well as for the models.

Ä(T) 3

EXP
QGSM
RQMD-WP
1.15±0.08 1.16±0.01 1.16±0.05
l.U±0.12 1.14±0.01 1.10±0.09

BUU
IQMD
1.12±0.01 1.14±0.03
l.U±0.02 1.08±0.02

with two slopes. The results of the fit with equation 5.3 are listed in table 5.14.
A gradual decrease of R2 is recognized. It means that the importance of the second
component disappears for more peripheral collisions. This behaviour is not seen in the
experimental data, but the uncertainty of the experimental data is quite large. The slope
parameter of the second component of the IQMD spectrum seems to be constant for the
different impact parameters which is also not observed in the data.
The fact that the relative dependence of the global shape parameters of the ir°-meson
spectrum is equally well described by all models means that this dependence is certainly
not related to compression. The impact parameter dependence of the 7r°-meson spectrum
is thus a completely geometrically determined effect. Both components from the two
component fit of the experimental data change. This is not in contradiction with the
discussion in section 5.3. The scaling proposed by Baldin and Stavinsky is vab'd for
minimum bias data. Different selections on impact parameter change the total available
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Table S.14: Two slope parameters extracted from the transverse momentum spectra of the
it0-mesons from IQMD. The columns have the same meaning as for table 5.3 (R2 represents
again the yield below the second component of equation 5.3 to the total yield). The " indicate
estimated errors due to numerical instabilities in the error calculation.
(*>
1
3
5
7

9

7i [MeV]
42±3*
38±3
39±1'
37±1*
35±1'

T2 [MeV]
72±3*
70±3
75±3*
78±5*
77±5*

x2

Ä 2 [%]

0.93 14±5*
1.06 10±4
1.12 6±2*
1.38 3 ± r
0.94 3±r

nucleons in the system and thus the maximum achievable collectivity.
According to the conclusion reached in the end of section 5.3, the high momentum
part of the ir° spectrum is related to the hot reaction zone whereas the low momentum
part is dominated by the cooler halo. More central collisions lead to smaller halos causing
higher slope parameters in the first component. This trend in the slope parameters of the
first component is also observed for the IQMD results (cf. table 5.14). In addition, more
central collisions may increase the maximum achievable collectivity and thus increase the
slope parameter of the ir° transverse momentum spectrum above the kinematical limit.

5.5

Reaction Plane Dependence

Another exclusive way to analyze the data is to study the azimuthal dependence of the
emission of reaction products with respect to the reaction plane. This analysis offers
the possibility to roughly separate reaction products originating mainly from the colder
spectator mass from reaction products emitted directly from the reaction zone.
In section 4.5 it was shown that the reaction plane can be determined on an event by
event basis, using the plane vector Q determined by equation 4.14 and the two conditions
IIQH > 4 and A-fopw > 30, with a resolution of 27° for the Au + Au-reaction. The
angular correlations of particles detected by TAPS versus the orientation of the reaction
plane determined by the Forward Wall can thus be studied. As is shown in different
papers [31, 94, 96], the charged particle emission pattern with respect to the reaction
plane is far from isotropic.
For charged particles two components have been distinguished: the flow and the
squeeze-out^. Recently, these observations of collective motion were confirmed for neutrons [97, 114, 101], In the next section azimuthal asymmetries will be shown for different
types of particles, identified by steps described in section 4.1.4.
'As noted in section 2, the word squeeze-out refers to the observation of azimuthally asymmetric
emission of particles, regardless of the physical origin.
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5.5.1

Au + Au

5.5.1.1

Azimuthai Distributions of Charged Particles and Neutrons

The azimuthal distributions of neutrons and charged particles relative to the reaction
plane are shown in figure 5.22 for the reaction Au + Au. The different histograms for
neutrons and charged particles represent different cuts in time-of-flight. The particle
velocities range from ß = 0.5 to ß = 0.9 from bottom to top in the figure (see table 5.15).
The angular acceptance of these particles from 50° < ©;<,{, < 63° (setup-A) corresponds
to a rapidity interval of —0.45 < y — yc.m. < —0.04. The relation between the velocity
windows and the rapidity windows can be derived from figure 4.9 and equation A.8. The
curves which overlay the histograms in the figure are fits with
f(<t>) = N(l + Sj cos (<j>) + 5 2 cos (2^)).

(5.9)

The cos {4>) term is sensitive to the yield in the reaction plane. At backward rapidities
it represents the collective sideward flow of particles in the backward hemisphere. The
parameter S\ is a measure of the strength of the flow but there is no straightforward
connection with the flow parameter F (equation 1.5), for which a complete transverse
momenta analysis of all emitted particles is needed.
The parameter S^ reflects the out-of-the-reaction-plane emission and is a measure for
the strength of the squeeze-out (cf. figure 1.7). The values of these fit-parameters are
shown in table 5.15, together with the squeeze-out ratio R, which is often used in the
literature. This ratio is defined as [115]

i + s2The definition of R is unfortunately ill chosen. In the limit of S2 —> - 1 , the value of
R —> oo. Therefore, the parameter 5 2 is better suited to describe squeeze-out than R.
Nonetheless, R is included to facilitate the comparison with other publications [33, 115,
116].
Near midrapidity (the top histogram in figure 5.22) the baryons exhibit a clear effect of
squeeze-out and confirm earlier observations [96, 115]. This squeeze-out is superimposed
on the backward particle flow and therefore creates an asymmetry in the yield of particles
for <f> = 0° and <j> = 180°. This combination of effects arises from the large angular
acceptance of the setup. For the highest velocity bin the angular acceptance from edge
to edge of the detector corresponds to a rapidity window of —0.31 < y — yc.m. < —0.04.
For slower particles, the rapidity window shifts to more backward rapidities and
the squeeze-out vanishes, whereas the backward flow increases in strength. Finally, the
squeeze-out disappears completely for the lowest histograms of figure 5.22, while the flow
is there maximal.
The azimuthal distributions for charged particles and neutrons are similar. Whereas
the squeeze-out strength is the same, the flow of the neutrons is a little less pronounced
compared to the charged particles (cf. table 5.15). This difference may be attributed to
the fact that composite particles are included in our charged particle selection: Composite
particles exhibit a stronger flow component than single nucleons [32].
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Figure 5.22: Azimtithal angle (<f>) distributions of neutrons (left) and charged particles (right)
from Au+Au collisions at 1 GeV/u as a function of increasing (from bottom to top) particle
velocity from ß = 0.5 to 0.9 (see table 5.15). Note that the yield of the different histograms is not
corrected for detection efficiency. This correction is not necessary for this analysis. Histograms
show the experimental data and the curves represent fits according to equation 5.9. The spectra
are separated in the plot by adding a constant value as given in the square brackets.

In addition to the statistical errors in Si and S2 there is a systematic error caused by
the asymmetric response of the OPW to unbiased data (see figure 4.19). The effect of
the asymmetric response of the OPW is reduced when the contributions of the 4 TAPS
blocks are combined. The magnitude of this systematic error is determined by applying
a fit to the distribution, shown in figure 4.19, by equation 5.9. The estimated values for
the systematic errors in S\ and 5a are both only 0.03.
The strength of the squeeze-out compares well with earlier experimental results [115].
A more detailed comparison is quite involved as it requires that the data is analyzed within
same energy and rapidity windows. Unfortunately, this is at the moment not feasible.
5.5.1.2

Azimuthal Distribution of Neutral Pions

Having verified the azimuthally asymmetric emission of baryons, we turn our attention
to the new observable: the azimuthal distribution of neutral pions. Figure 5.23 shows
the azimuthal distribution of x°-mesons relative to the reaction plane for difFerent cuts in
the transverse momentum of the ir°, increasing from top left to bottom right in steps of
200 MeV/c. The parametrization according to equation 5.9 is shown with the parameter
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Table 5.15: Strength parameters of equation 5.9 for the distribution of emission angles of
charged particles and neutrons with respect to the reaction plane. Results are presented for
different particle velocities ß. A systematic error of 0.03 has been estimated for S\ and Si, The
statistical errors can be ignored.

ß

charged part.
s2 R
-0.40 -0.04 1.08
-0.38 -0.05 1.10
-0.35 -0.07 1.15
-0.30 -0.09 1.20
-0.23 -0.10 1.23
-0.11 -0.11 1.25
Si

0.49 - 0.53
0.53 - 0.58
0.58 - 0.63
0.63 - 0.69
0.69-0.78
0.78-0.88

neutrons
R
S,
-0.31 -0.05 1.10
-0.32 -0.05 1.10
-0.30 -0.07 1.14
-0.29 -0.09 1.19
-0.23 -0.10 1.23
-0.13 -0.13 1.30
Si

Table 5.16: Strength parameters of equation 5.9 for the distribution of emission angles of ir°
with respect to the reaction plane. Results are presented for different ir° transverse momenta
near midrapidity (\yc.m. — y\ < 0.X5). P(F) gives the confidence level of the fit by equation 5.9.
Pt

(MeV/c)
0-200
200- 400
400- 600
600-800
800- 0- 50
50- 100
100- 150
150- 200

Si

s2

x2

-.2

Xh.l.

0.01±0.04 0.03±0.03 1.05 0.97
0.05±0.08 -0.23±0.08 0.89 1.32
-0.03±0.13 -0.4±0.l
1.14 1.65
0.09±0.09 -0.6±0.1 1.01 2.90
-0.13±0.15 -0.6±0.2 0.64 1.40
0.10±0.06 0.09±0.06 0.99 1.20
-0.06±0.06 0.01±0.05 0.79 0.77
-0.07±0.08 0.03±0.08 0.87 0.83
0.02±0.14 -0.19±0.13 1.41 1.39

P(F)

R

.44
.77
.75
.97
.93
.64
.48
.46
.41

0.9±0.1
1.6±0.3
2.3±0.7
3.5±1.1
4.6±2.5
0.8±0.1
l.OiO.l
0.9±0.2
1.5±0.4

values listed in table 5.16.
The strength of the squeeze-out is very apparent for the high transverse momentum
bins. It slowly decreases when the transverse momentum decreases. The squeeze-out
disappears for the lowost momentum selection. The yield of high energy pions as compared
to low energy pions is strongly reduced when emitted in the reaction plane.
A signature equivalent with flow is completely absent for the neutral pions. Particle
emission from symmetric nuclear collisions in a symmetric region around midrapidity
cannot lead to flow, as a collective motion of this type would violate the symmetry of the
collision. It is thus essential that the parameter Si is zero.
The F-test is performed in order to judge the statistical significance of the parametrization of the azimuthal distribution according to equation 5.9. The (reduced) x'-values of
the fit by equation 5.9 are tabulated in table 5.16 together with the x2-values of a fit by
a straight (horizontal) line (xL.)- A straight horizontal line would correctly describe the
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Figure 5.23: Azimuthal angle (<j>) distributions of it0 from Au+Au collisions at 1 GeV/u for
increasing transverse momentum (from top left to bottom right) in equal bins of 200 MeV/cfrom
0 to 1000 MeV/c. The solid curves represent fits according to equation 5.9.

data if the emission pattern of ir°-mesons is isotropic in azimuth. It is clear that the fit
with equation 5.9 provides a better description of the data than the straight horizontal
line. The results from the F-test produce a confidence level with which we can accept a
description of the data by equation 5.9 [117, 92, 118] and thus that the emission pattern
is not isotropic.
One additional test was performed in order to ehr k the consistency of the analysis of
the combinatorial background with the additional degrees of freedom for the azimuthal
angle distribution. The analysis was repeated with the invariant mass window ranging
from 150-180 MeV. If the analysis procedure is correct and the background is well reconstructed, the results from this test should be consistent with zero. The test results are
collected in table 5.17 where it is clearly shown that the results are indeed consistent >vith
zero. We may therefore conclude that the effect observed for the 7r°-meson is not caused
by an ill-treated background.
For the lowest momentum bin (0-200 MeV/c) the strength parameter 52 i& not zero
but positive, although the error is large. The trend of the data is a decreasing magnitude
of squeeze-out for decreasing momentum. Therefore it is interesting to make further
selections in momentum to study the behaviour of the squeeze-out parameters for very low
transverse momenta. This is possible because the pion yield is large in this momentum
interval. The momentum interval from 0 to 200 MeV/c was divided into four smaller
intervals to study the azimuthal asymmetry for the low momentum pions. The 'anti'squeeze-out is both .clear and significant for the pions with transverse momentum below
50 MeV/c (see table 5.16). The strong dependence of the squeeze-out of 7r°-mesons on
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Table 5.17: Strength parameters of equation 5.9 for the distribution of emission angles of
residual background. The presentation is conform table 5.16. In this table, the F-test is performed
for the confidence of i'.e horizontal line description (").

s,

N

Pt

s2

xh.

X*

(MeV/c)
0-200
1.4±2.6 2.0±4.3 -0.2±2.5 1.02 0.98
200-400 0.6±1.5
-7±17
-4±10 0.62 0.70
undef.
400-600 O.OiO.O undef.
2.48 1.79
600-800 -O.liO.O -0.1±0.2 0.0±0.2 0.51 0.50

P(F)'
.53
.41
.74
.52

transverse momentum is shown very clearly in figure 5.24, where R is plotted as function
otpt.
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Figure 5.24: The squeeze-out ratio R versus transverse momentum pt for the neutral pions.
The inset shows the region below 200 MeV/c in more detail (see table 5.i^}. These R-vahes
were calculated with the conditions ||Q|| > 4 and .A/fopw > 30.
The influence of the condition '.; Q|| > 4 is studied by the removal of this condition. The
results for the azimuthai distribution of 7r°-mesons for ||Q|| > 0 are collected in table 5.18,
where the squeeze-out of Tr°-mesons decreases for increasing transverse momentum.
For the highest momentum bins the Q-cut tends to weaken the squeeze-out signal.
This effect is expected as events with a low Q-value are events with an isotropic emission
of nucleons in azimuth (by definition). Therefore the pion emission is likely to be isotropic
too. This isotropic component mainly fills the valleys of the distribution. The high ptselections are most sensitive to this isotropic component due to the large squeeze-out
ratio, thus especially the high ^(-selections are sensitive to the differences of allowed Qvalues. This selection is therefore a unique tool to separate the squeeze-out effect from
the isotropic background. Note that the effect of the Q-cut on the strength parameters

125

Table 5.18: Strength parameters of equation 5.9 for Ike distribution of emission angles of it0
with respect to the reaction plane. Results are presented for different v° transverse momenta
near midrapidity flj/c.m. - y\ < 0.15J for \\Q\\ > 0.
Pi

s%

Si

(MeV/c)
0-200
0.02±0.03
0.07±0.07
200-400
400-600
0.02±0.11
600-800
0.08±0.09
800- -0.12±0.15

xl

0.03±0.03 0.67
-0.19±0.10 0.75
-0.4±0.1 1.28
-0.5±0.1 1.06
-0.5±0.2 0.74

A

||Q||>0

0.9±0.1
1.5±0.3
2.4±0.6
2.9±0.6
3.3±1.4

Ä

||Q||>4

0.9±0.1
1.6±0.3
2.3±0.7
3.5±1.1
4.6±2.5

of the charged particles and neutrons is negligible. The small addition of the isotropic
component has apparently no influence for the charged particles and neutrons.
5.5.1.3

Pion Spectra

The energy dependence of the squeeze-out can be seen in more detail in the transverse
momentum spectra of the 7T°-meson selected for pions emitted in the reaction plane and
pions emitted perpendicular to the reaction plane. Two cuts in azimuth were used for
these spectra, (I, in the reaction plane) for -45° < <j) < +45° and 135° < <j> < 225° and
the other (II, out of the reaction plane) for 45° < 4> < 135° and 225° < <f> < 315°.
The spectra are shown in figure 5.25 where the open circles represent selection (I) and
the closed circles represent selection (II). The rapidity interval for these spectra is the
same as for the data presented earlier. The spectra are shown together with the fit by
equation 5.3. The parametrization of the spectra with respect to equations 5.1 and 5.3
can be found in the tables 5.2, 5.3 and 5.19. Table 5.19 shows that the effect of the Q-cut
is restricted to the spectrum emitted in the reaction plane.
Table 5.19: Parameters extracted from the transverse momentum spectra of the ir°-mesons
emitted in Au + Au-reactions at 1 GeV/u. T is the 'temperature' extracted with a fit by equation 5.1. 7j and 7^ are the fit parameters related to equation 5.3.

IIQIi
in-plane
out-of-plane
in-plane
out-of-plane

>4
>4
>0

>o

x2
r
[MeV]
58±1
67±1
59±1
68±1

7,
[MeV]
3.34 44±5
4.24 49±4
2.48 48±5
3.53 50±10

T2
[MeV]
73±5
84±5
80±5
83±10

X2

1.35
0.89
1.14
0.90

The transverse momentum spectrum of the 7r°-mesons emitted perpendicular to the
reaction plane is much 'harder' than the spectrum of the in-plane emitted rr°-mesons. The
effect is clear although very wide windows in azimuth were taken for the two selections.
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Figure 5.25: Transverse momentum spectra ofn°-mesons emitted parallel to the reaction plane
(I, open circles) and perpendicular to the reaction plane (II, closed circles), respectively. The
curves represent a fit according to equation 5.3.

The sharp difference between the two spectra does not disappear when the ||Q|| > 4
condition is removed, although the high momentum contribution of the in-plane spectrum
increases.
The integrated yield of ir° emission in-the-reaction-plane is suppressed by (9 ± 5)%
with respect to the out-of-plane yield. The differences in integral yield for the total x°meson production with and without Q-cut is 13% and this value is consistent with the
reduction of the events.
The same analysis is performed for the reaction system Ar + Ca. The results will be
presented in the following sub-section.

5.5.2

Ar + Ca

For the neutrons and the charged particles the same procedure is applied as in the
Au -f Au analysis. The cuts in TOF were modified to correspond to the same selection in ß as in the Au -1- Au reaction. The opening angles for the detector blocks were
larger in the Ar 4- Ca experiment, thus the range in rapidity per ß window increased to
-0.47 < y - yc.m. <0.10.
The results of the fit to equation 5.9 are listed in table 5.20. A very remarkable observation is the absence of squeeze-out: the errors in the ^-parameter are of the same
magnitude as the parameters themselves. Some flow can still be observed, but the magnitude is strongly reduced which confirms earlier observations [119]. This reduction in
flow for the reaction system Ar + Ca compared to the flow in Au + Au is supports the
explanation that nuclear flow is related to compression. The problems with the maximum
velocity bin for neutrons can be caused by the wide time-window for the photons in the
Ar + Ca analysis.
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Table 5.20: Strength parameters of equation 5.9 for the distribution of emission angles of
charged particles and neutrons with respect to the reaction plane. Results are presented for
different particle velocities ß. The reaction system here is Ar + Ca. The statistical errors in Si
and Si are 0.01.
charged part.

ß
0.49
0.53
0.58
0.63
0.69
0.78

-

s2
0.02
0.04
0.02
0.02
0.02
0.00

Si

0.53
0.58
0.63
0.69
ü.78
0.88

-0.22
-0.23
-0.21
-0.20
-0.16
-0.11

neutrons
Si

-0.16
-0.16
-0.17
-0.19
-0.18
-0.17

s,

0.01
0.03
0.01
0.03
0.01
0.02

Table 5.21: Strength parameters of equation 5.9 for the distribution of emission angles of ir°
with respect to the reaction plane for the reaction system Ar + Ca. Results are presented for
different ir° transverse momenta near midrapidity (\yc.m. - y\ < 0.2). P(F) gives the confidence
level of the fit by a horizontal line.

P«

Sl

S2

(MeV/c)
0-200 -0.03±0.07 -0.05±0.07
200-400 0.01±0.12 0.10±0.13
400-600
-0.4±0.1
0.02±0.10

x2

XL. P(F)

1.88 1.79
1.29 1.24
1.63 2.10

0.54
0.53
0.32

The azimuthal distribution of neutral pions is analyzed in a similar way as in the
Au + Au reaction. The azimuthal distribution is collected for three bins in transverse
momentum (200 MeV/c per bin up to a transverse momentum of 600 MeV/c). The pions
stem from a rapidity window of —0.18 < y — ycm. < 0.22 (see table 4.7). The available
statistics did not allow for a reduction to the same rapidity window as in the Au + Au
experiment.
The results for the parametrization of the azimuthal pion distributions are shown in
table 5.21. The absence of squeeze-out is again notable, but the last transverse momentum
bin is already hampered by the low statistics, causing large systematic errors in the Si
and 5j parameters.
In figure 5.26 the same plot is shown as in figure 5.25. It is clear that the difference
between the in-plane and out-of-the reaction plane spectrum is much reduced compared to
the Au + Au-experiment. The parametrizations of these spectra are shown in table 5.1.
The uncertainties are much larger than the differences in the spectra. On basis of the
achieved statistics we can conclude that the squeeze-out effect is absent for the reaction
system Ar -f- Ca at 1.0 GeV/u.
Figure 5.27 shows the effect of the Q-cut on the OPW multiplicity in the Ar + Ca
experiment. This figure shows the OPW multiplicity for the trigger condition in the
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Figure 5.26: Transverse momentum spectra of JT°-mesons emitted parallel to the reaction plane
(I, open circles) and perpendicular to the reaction plane (II, closed circles) respectively, for the
reaction Ar + Ca at 1. GeV/u. The curves represent a fit according to equation 5.1.
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Figure 5.27: The influence of the Q selection on the OPW-multiplicity. The solid line is
trigger #11 alone and the dashed line is trigger #11 with the activated Q-selection. For comparison the dotted line, representing events with photon multiplicity > 2, is added. The shape
of the multiplicity for the Q-selection and the two photon selection are identical. The average
multiplicities for these histograms are {M.) = 10.8, (M.) = 16.4 and (M.) = 15.4 respectively.
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experiment (trigger #11), in case two photons are detected by TAPS and in case ||Q|| > 3.
Again, no special multiplicities are favoured by the Q-condition. The threshold at M = 3
is caused by the lowest possible value for Q.

5.5.3

Discussion

In the previous subsections the asymmetric azimuthal distribution of the 7r° emission is
described for both reaction systems. The absence of the squeeze-out signal for Ar + Ca
is in distinct contrast to the presence of the squeeze-out in the Au + Au experiment. For
charged baryons this effect is well known [115], but not for neutrons and neutral pions.
The fact that the patterns for neutrons and charged particles are alike is not very
surprising. There are no differences in the interactions of neutrons and charged baryons
apart from the Coulomb repulsion. For both experiments the parameter 52 is the same
for the two particle sets. This is not the case for the flow expressed by S\. Here we
observe for the charged particles a stronger flow component than can be found for the
neutrons. This efFect was attributed to the composite particles, but one should also
consider charged pions, as they are also included in the selection for charged particles.
Recent publications [120, 121] reported a pion flow opposite in sign compared to the
charged baryon flow. The contribution of charged pions would thus weaken the signal.
This could be the case for the Au + Au reaction for the highest velocity bin. However,
the composite particles are expected to dominate for the low velocity bins, as is indeed
observed.
The difference in behaviour between charged particles and neutrons is not expected for
the squeeze-out. Composite particles mainly originate from the spectator matter and not
from the hot interaction zone, where the thermal excitation will break up all fragments.
Therefore, the charged particles emitted at midrapidity will consist mainly of protons and
possible lighter charged particles.
Squeeze-out was first predicted by hydrodynamic models [122], The nucleons are
pushed out of the interaction zone by the high pressure. In the reaction plane this
will lead to flow, as the spectator matter has to be pushed aside first. Therefore it is
impossible to extract information on the hot and dense zone from the flow alone. Out of
the reaction plane, no material will binder the movement of particles from the interaction
region. Squeeze-out is thus a signal from the hot and dense zone. Unfortunately, this
signal can still be distorted by the 'corona' [9]. This 'corona' consists of colder not fully
participating matter that does not belong to the 'spectators'. In terms of microscopic
model descriptions the collective motions are caused by (re)scattering. Provided that
the mean free path of the particles is smaller than the dimensions of the spectators, the
(re)scattering will lead to exactly the same picture.
In a symmetric reaction system no flow should be observed at midrapidity. Therefore
we should not observe any flow for the 7r°-mesons. This is also found in our observations.
It would therefore be very interesting to compare our observations with observations at
target or projectile rapidities. Midrapidity is particularly suited for the measurement of
squeeze-out.
In this thesis, squeeze-out for 7r°-mesons is observed for the first time. The energy
dependence of the squeeze-out effect in the Au + Au experiment is very strong. This
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appears especially to be the case when we compare our data with recent data from the
KAOS collaboration [106, 116]. They report a squeeze-out for ir+ in the same reaction
as studied in this thesis. The difference in squeeze-out ratio (ÄKAOS * 1-7 f° r Pt ^
600 MeV/c) may indicate the importance of the rapidity window, which is shifted by
+0.2 towards target rapidities in their case. This strong dependence of the strength
of the squeeze-out is also observed by St.A. Bass et al in their IQMD calculations [123].
However, also the differences in experimental biases and analysis methods should be taken
into account before a complete comparison can be made between the two data sets.
Concerning the observation of 'anti'-squeeze-out at very low pt, we would like to point
out the fact that the azimuthal distribution is determined at midrapidity and not relative
to the ellipsoid approximating the event shape. In case the emission is isotropic with
respect to this ellipsoid, 'anti'-squeeze-out will be observed in a fixed rapidity interval. In
principle, the azimuthal distribution of any particle should be measured in the coordinate
system along the axes of the ellipsoid. The squeeze-out is reduced in strength if this rotation is not preformed and even 'anti'-squeeze-out can be observed. Figure 5.28 illustrates
this effect.

Figure 5.28: Pictorial illustration explaining the measured 'anW-squeeze-oui. The dashed lines
refer to the laboratory system whereas the solid lines refer to the ellipsoid system. An isotropic
distribution in azimuth of the ellipsoid system will result in 'anti '-squeeze-out for the laboratory
system.

The transverse momentum spectra of the jr°-mesons for the two selections with respect
to the reaction plane are still concave. It is remarkable that the slope parameters of the
out-of-plane spectrum are equal to the 'rnin. bias' spectrum whereas the slope parameters
of the in-plane spectrum have much lower values. It seems that the second component of
the spectrum gains in importance without changing its shape. Thus the second component of the inclusive spectrum is dominated by (the second component of) the out-of-the
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reaction plane contribution. This strongly supports the idea that the second component
is related to the hot reaction zone (cf. sections 5.3 and 5.4). The azimuthal distribution can be used to separate the observations dominated by the hot reaction zone from
observations dominated by processes in the cold 'spectator' matter.
The reduction of the integrated yield in the reaction plane suggests that pions were
'removed' when they were emitted parallel to the reaction plane. Both scattering and
reabsorption can account for this phenomena. Reabsorption simply removes the yield
whereas scattering will change the direction of the pions. After scattering and re-emission
the angular distribution of pions will be more isotropic and thus ir° yield is removed
from the reaction plane. The absence of azimuthal asymmetry for low energy TT° can
be explained by a higher transparency of nuclear matter for low energy x° on one hand
and an enhanced emission due to rescattering of low energetic x°-mesons by the colder
spectator matter on the other. It is clear that via this mechanism, there is a strong
interaction between the participants and the spectators.
Recent QMD calculations [124] show an enhanced out-of-plane emission of ir° with R ta
1.4 for minimum bias data and pt > 400 MeV/c as well as recent hadronic transport model
calculations [125] with Ä « 1.2 for intermediate impact parameter collisions and Pt(Tc) >
200 MeV/c. In those calculations explicit tests were made to identify the cause of the
azimuthal asymmetry in pion emission. The absorption (nNN —» AN —* NN) channel
and scattering channel (TTN —> A —» TriV) were disabled independently of each other.
Both groups observe that the anisotropy disappears if the reinteractions are disabled.
They conclude that the reinteraction of the pions with the matter is responsible for the
observed anisotropy. Bass et al [124] conclude that the absorption of pions is mainly
responsible for the observed anisotropy and not the rescattering, but as Bao-An Li [125]
pointed out "...it is not completely distinguishable between pure reabsorption and pu?e
rescatterings as...".
If this anisotropy of the ir°-emission is purely a reabsorption or rescattering effect,
it should also be observed in the cascade codes and in other theoretical models with the
pion reabsorption or rescattering channels even without density dependent potential. Employing the four theoretical models, the squeeze-out of pions was studied. The reaction
plane is known inside the theoretical models, so it was not necessary to determine the
reaction plane within the models. The results from fits to the azimuthal distribution of
pions calculated (cf. table 5.22) show a clear asymmetry for all four models, confirming
this hypothesis. To save on statistics no rapidity selection was applied to the azimuthal
distribution of the pions. Applying this condition probably increases the azimuthal asymmetry.
We can therefore conclude that due to the fact that the squeeze-out of pions is completely determined by reabsorption and rescattering, the squeeze-out of pions is clearly a
geometrical effect. The magnitude of the squeeze-out, however, seems smaller in all four
theoretical models, but more model data is needed to be conclusive. The shape of the
pion spectrum selected in- and out-of- the reaction plane will be a severe test for models
concerning the x A-dynamics. A detailed model comparison of the tails of the out-of-the
reaction plane spectrum can lead to a better understanding in the NR-dynamics.
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Table S.22: Strength parameters of equation 5.9 for the distribution of emission angles of TC°
with respect to the reaction plane for the reaction system Av + Au from theoretical models.
Results are presented for different ir° transverse momenta without any rapidity selection.
IQMD

RQMD-WP
R

Pi [MeV/c]
0-200
200-400
400-600
600-800

-0.00±0.01
-0.07±0.01
-0.15±0.04
-0.3±0.1

p, [MeV/c]

Sz

S2

1.0±0.0
1.2±0.0
1.4±0.1
1.8±0.2

0.01±0.03
-0.11±0.04
-0.15±0.15

0-200
200-400
400-600
600-800

-0.03±0.01
-0.10i0.01
-0.11±0.02
-0.07±0.07
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1.0±0.1
1.2±0.1
1.4±0.2

QGSM

BUU

R
1.1±0.0
1.2±0.0
1.2±0.0
1.2±0.1

P.

s2

Sz

R

-0.02±0.01
-0.09±0.01
-0.10±0.03

l.OiO.O
1.2±0.0
1.2±0.1

Chapter 6
Summary
6.1

Conclusions

In this thesis, pion emission patterns were studied in two reaction systems Ar + Ca and
Au + Au at 1 GeV/u, with the aim to improve the understanding of the pion production
in relativistic heavy ion collisions. The motivation came from the observations of concave
pion spectra by Brockmann et al. [38f and Odyniec et al. [JJAf and from the resulting discussion about the observed shape. The study of the high energy tail of the x°-momentum
spectrum was regarded as promising because of its sensitivity to compression since it did
not appear in small reaction systems.
Experiments were performed with TAPS together with the Forward Wall of the FoPicollaboration at GSI. The combined measurement of charged particle multiplicities in the
Forward Wall and the particles entering TAPS enabled an exclusive study of the pion production. TAPS was tested in separate experiments and its capabilities were demonstrated
by measuring different reaction products, like photons, charged particles and neutrons.
The data analysis involved new methods to treat the background contamination below the
invariant mass peak of the 7r°-meson due to the geometry of the detector and to perform
particle identification in a high particle multiplicity environment.
Tiie analysis of the data together with results from recent publications and theoretical
models led to the following picture in the pion production during heavy ion collisions.
In heavy-ion collisions, pions are mainly produced via resonances [48]. Multiple scattering leads to a significant production of pions above the kinematical limit (cf. section 5.1.1). The mechanism to acquire energy above the kinematical limit probably
involves heavier resonances than the A(1232) [102, 49]. This idea is supported by the
observations that the spectra from theoretical models without the heavier resonances lack
strength for the high momenta.
The reabsorption and rescattering cross-section for pions is large and only a small
fraction of the pions observed are pions of the first generation, i.e. pion that after their
production are never reabsorbed or rescattered. The interaction of the pions from a hot
zone with the colder surrounding material cools the pion spectrum considerably. Possibly
there is thermal equilibrium in the reaction zone, in the 'halo' (consisting of both the
spectators and the 'corona' [9]) this is certainly not the case.
The pion emission pattern is not isotropic: high energy pions can only escape in the
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direction where the shadowing of colder matter is small, i.e. away from 'spectators'. This
is both observed for the pion anti-flow [120, 121] and for the squeeze-out (cf. section 5.5).
Concerning the concave nature of the pion spectra, the following observations were
made. The 7r°-spectruni from the Ar + Ca reaction does not have a concave shape in
contrast to the Au -f Au spectrum. On basis of the experimental data presented in
this thesis, the concaveness can originate from two sources: the geometrical size of the
reaction system, which is in the heavier Au + Au reaction much larger and therefore more
sensitive to the gradual cooling from the hot zone through the outer layers and, second,
the Bose effect which is much more prominent in heavier reaction systems where the pion
multiplicity is high.
The concaveness did not appear to be sensitive to impact parameter selections. This
observation weakens the argument of the Bose enhancement, as the pion multiplicity
is dependent on the number of participants in the reaction zone and thus on impact
parameter. The fact that for the Au + Au reaction both slope parameters from the fit
by equation 5.3 change, support the idea that the spectrum does not really consist of two
slopes, but that equation 5.3 just is a nice parametrization of a concave spectrum [45].
According to the scaling proposed by Baldin and Stavinsky (cf. section 5.3), the low
momentum part of the Au + Au 7r°-spectrum should be considered as 'surprising' and
not the high momentum part, because the tail of the spectrum nicely follows the scaling
law of sub-threshold particle production in heavy-ion collisions.
The change in the overall slope of the 7T°-spectra measured in the Au + Au reaction
for the three impact parameter selections is well described by all the models. Apparently
the difference observed in the experimental data is a purely geometrical effect and is not
related to compressional effects, otherwise QGSM and RQMD would perform worse. The
impact parameter dependence of the 7r°-spectrum does not reveal any sensitivity to the
density in the reaction zone.
The azimuthal pion distribution is anisotropic with respect to the reaction plane. A
strong squeeze-out signal is measured in the 7r°-data. Extensive checks were performed on
the background to exclude systematic errors. The squeeze-out is observed in all theoretical
models presented in this thesis, although the effect is much weaker in the theory. However,
in the theoretical models there was no rapidity selection which certainly weakens the effect.
The fact that the pion squeeze-out is observed in all theoretical models strongly supports
the picture that it is caused by rescattering and not by compressional effects [124, 126,
125].
The squeeze-out is also observed for charged particles and neutrons. The strength of
the squeeze-out is the same for both particle types as expected. In the lighter reaction
system (Ar + Ca) the squeeze-out was absent, both for the charged particles and neutrons
as for 7r°-mesons. The flow signal for charged particles and neutrons in the Ar + Ca
reaction is much weaker than the flow signal in the Au + Au reaction (reduction in Si
approximately 50% for the lowest velocity selection). This fact points to an observable
difference between Ar + Ca and Au + Au as reaction system. According to Qiubao Pan
and P. Danielewicz, this is a consequence of compressibility [6j.
Concerning the theoretical models the following remarks can be made. In general, all
models are quite able to describe inclusive observables. However, some differences are
striking. First, BUU seems to produce a fundamentally different shape of the spectrum.
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It cannot be described by equation 5.1 with the same quality as spectra from the other
models and experimental data. IQMD predicts far too 'cold' spectra. It is however
very capable to predict the directed flows. It seems as if too much energy is put in the
production of the collective effect and too little into the 'heating'.
The fact that the concave shape of the pion spectrum is present in IQMD and the
resulting discussion about the origin of this second component, as can be found in [48],
demonstrate the importance of the precise description of the A-resonance in the nuclear
medium. It turns out that heavy ion collisions offer the possibility to study the dynamics
of the resonances in the nuclear medium.
The absence of directivity (Z?) in theoretical models without a density dependent
potential clearly demonstrates that the flow effect is a consequence of repulsive forces
(figure 5.17 in section 5.4.1), either due to compression or due to a large momentum
difference between nucleons in the collision [95].
Model calculations have shown in section 5.2.3 that there is a strong correlation between the photon multiplicity measured in TAPS and the impact parameter of the collision. This observation is confirmed by the experimental data that show a strong correlation between the average charged particle multiplicity in the OPW and the photon
multiplicity in TAPS. The advantage of this independent impact parameter selection is
that the flow and particle distributions can be measured with a bias free selection.
The strength of the directed flow can be expressed by the vector Q (cf. equation 4.14).
As is shown in the table 5.18) the squeeze-out shows a clear effect for a stronger selection
on IIQII- This fact can be used to amplify the squeeze-out in order to study the in-plane
and the out-of-the reaction plane contribution separately.
The separation of the in-plane and the out-of-the reaction plane contribution to the
pion spectrum is equivalent with the separation of a pion spectrum dominated by the cold
'spectator' zone from a spectrum dominated by the hot reaction zone. The «interaction
of the pions from the hot zone with the nucleons in the cold 'spectators' makes it clear
that there will be a very gradual transition from hot matter in the center of the reaction
zone to cold matter at the edges of the whole system.

6.2

Future Prospects

From the present investigation it follows that a very large amount of data need to be studied, like the application of a Bose thermal distribution to our data [127], the dependence
of squeeze-out on the l|Q||-selection and the emission pattern in the OPW as function of
photon multiplicity, including flow. A more exclusive analysis of the OPW will certainly
increase the information content to a large extent and the combined analysis will be very
interesting.
The magnitude of the squeeze-out for 7r°-mesons tt..-ns out to be larger than found by
the Kaos collaboration at GSI for the 7r+-meson [116]. However, it is difficult to relate
these data sets since the rapidity selection and the analysis method differ. This subject
needs further investigation.
The 7r°-spectrum has only been measured at midrapidity. Extending these measurements to other rapidity windows as well will open new opportunities to study the emission
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patterns of pions in relativistic heavy ion collisions. Especially, if this measurement can
be performed for various rapidity windows questions about the influence of the pion flow
on the squeeze-out can be addressed.
The scaling of Baldin (cf. section 5.3) needs further investigation. Different mass
systems can be compared with the systematics and also the relative behaviour of the
spectra needs attention. E.g. is the scaling of the spectra really understood and is it valid
for all particles, like TJ, K, O>?
Concerning the theoretical models, heavier resonances should be included in the models to be able to describe the high energy pion production. Furthermore, the models
without density dependent potentials are unable to predict the charged particle directivity. However, this density dependent potential may not lead to a reduced thermal
excitation. It has to be investigated whether the momentum dependent repulsion can be
responsible for an enhanced stiffness without reducing the particle production.
The availability of data from four theoretical models proved to be very helpful to
understand the dynamical evolution in relativistic heavy ioi. physics. The possibility to
apply the same experimental filter to the four sets of data offered excellent possibilities
for comparison. Far more work in this direction can be done. The high quality set of
theoretical predictions can also be used in the study for critical observables in future
heavy ion experiments.
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Appendix A
Relativistic Formulas
This appendix covers some elementary relativistic formulas and transformations. A more
extensive discussion can be found in 'Nucleus-Nucleus Collisions at Very High Energies
by Ole Hansen [128], and in others like [8, 129, 130, 72], For convenience: c = V.

A.I

Relativistic Kinematics

Our coordinate system is an ordinary orthogonal coordinate system with it z-axis pointing
in the beam direction. A particle with mass m and momentum p is moving along the
z-axis. Two reference frames are of interest: the cm.-system and the lab-system. In the
lab-system, the target particles w:ll be at rest. The polar angle 6 is the angle between
a vector and the z-axis. The azimuthal angle <f> is the angle between the projection of a
vector into the xy-plane and the x-axis.
As the initial momentum in a collision is only along the z-axis it is natural to decompose
the total momentum of any particle in terms of parallel (along the z-axis) momentum p|j
P\\=pcos6

(A.I)

and transverse momentum (perpendicular to the z-axis) p±
p± = psin 9

(A-2)

The transformations between cm.-system and lab-system especially involve transformations of the parallel components. Lorentz transformations are however highly nonlinear and not transparent. It is common practice in relativistic experimental physics to
make use of the variable rapidity which is related to the velocities of the particles. The
rapidity (y) is denned as
y

=

l

o

g

^

los

(A

-3)

where E is the total energy of the particle
E = ypn' + mz = m-y
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(A.4)

Making use of rapidity it is easy to transform from the lab-system to the cm.-system
according to
Vcm. = Viab - J & r
(A-5)
In the limiting cases for ß the rapidity behaves according to
ß^o)

=

(A.6)
(A.7)

ß

Note that y is a longitudinal variable. Inverting equation A.3 results in
ß cos 0 = tanh y

(A.8)

The momentum is calculated in relativistic kinematics by
p = ßfm

(A.9)

In addition to the transverse momentum p± the transverse mass is defined by
mj_ = <J-p2x +

TO2

(A.10)

The following relation relates the motion of a particle to the energy of the particle. It
follows from equations A.3, A. 10, A.4 and A.9
E = mx cosh y.

(A.ll)

It is quite useful to realize that
(A.12)
Another important transformation is the following
d3p = dpxdpydpz

=

(A.13)

where we use
Vx

=

P± COS 4

py

=

pj_sintj>

(A.14)
(A.15)

and J is the Jacobian
dpx
o p 11

(A.16)
dpz
d(f>

Considering a collision between a moving projectile with momentum p and mass m.\
and a target with mass mj, then the available center of mass energy is given by

Ec.m. = sfm\
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(A.17)

where £j = v/p2 + m\ = E^in + wii. Equation A. 17 follows from the consideration that
both in the center of mass and the laboratory reference system the difference between the
total energy squared and total momentum squared equals the rest mass of the system

(££)2-(£p)2=(£M)2

(A.18)

For 7T°-production with maximum energy of the v° (kinematical limit) it means that the
relative momentum between the two nucleons is zero. The TT° moves in one direction, the
two nucleons move in opposite direction to conserve momentum. This is expressed by

A reordering of terms using the relations Ei2 = y P12 +mi2> m i2
E*°

=

=

2wip and E%oaz =

yP~*» +ml° - \[Ei2 ~ m i2 +ml» yields
p

(A.2U)

_

K» =
At 1 GeV incident energy the kinematical limit for 7r°-production equals 408 MeV for a
nucleon mass of 940 MeV.
The velocity of the center of mass is given by
A.». = ~

—

(A.21)

ü ] + TTI2

and
7cn

The center of mass rapidity can be calculated by equation A.8. For symmetric collisions
at 1.0 GeV/u ßcrn- = 0.589 and ycm- = 0.677.
Another relation used in the analysis is the photon «calibration. If two photons
originate from one particle, the relative energy of the photons and their opening angle
are known, then the invariant mass equation (see equation 3.1) can be rewritten that the
photon energies follows from the fact that the total invariant mass is known with infinite
precision. The expression is

2 lf-«ilfe-

^

2 3

)

where
£

r»-\\n

.

«(l'-cose,,)

^ "

and

aaym = f> ~ f» .
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(A.25)

A.2

Cross Section Transformations

The Boltzmann distribution for particles [131, 132, 25] is given by the invariant cross
section
£—- ~ const.Eexp-—
(A.26)
dp*
i
The justification to use a Boltzmann distribution instead of Bose-Einstein or FermiDirac distributions is the high level density for the particles in heavy-ion collisions [25].
It might be questioned whether this is still valid for the low energy part of the spectrum.
For ultra relativistic collisions of the most heavy nuclei this is doubted [133].
Now various projections and approximations are made to fit this distribution to experimental data. Those will be listed below. Compare for instance [128].
Equation A.26 can be written as
= const.p2 exp-—
if we substitute dp3 = p2dpdü.

(A.27)

Using the fact that dE/dp = p/E we can write

*'

•-

f

(A-»)

3

Directly taking the relation dp = ptEd(j>dydpt and integrating eq. A.26 over <j> results in
d daE
— — = const.ptEexp - —.
(A.29)
dy dpt
T
For a window around midrapidity this expression equals
— = const. ptE exp —— = const.ptmt exp — — ,
(A.30)
dpt
I
1
where we used that E = mt if y = 0. Transforming to transverse energy mt = \JM2 + p2,
the relation reads
der
mt
.
—— = com.st.vn., e x p — —-.
(A.31)
dmt
I
Using again the relation E = mt cosh y, mt transforms to E if y = 0 and

All previous descriptions were double differential cross sections or slices along an independent variable. However, functions using the full integration over rapidity or polar
angle are also in use. Hagedorn [134] starts with eq. A.26 in the form f(p,m,T)d3p
=
const, exp (-y/p2 + m2/T)d3p.
Writing p 2 = p] +pjj and integrating over py yields
(A.33)
where Ki is the modified Bessel function. Observing that Ki(x) ~ \/^e~x
A.33 can be approximated by

dN(pt,m,T)
/In.

i——
'- ~ const.ptJmtTexp
T
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mt
--=,
J

for x ~^> 1,

.
.
(A.34)

A. 3

Scaling

Progress in physics was often initiated by discoveries of deviations from certain symmetries or systematics. The spectra in relativistic heavy ion collisions turn out to be quite
featureless apart from observations of the concave shape of particle spectra. One approach
is described by Baldin in [111]. In this paper he discusses the whole framework of the
scaling of heavy ion experiments by considering the relativistic invariants in the collision.
The aim is a description of the particle spectra considering the mass of the colliding
systems and their relative velocities. The invariant cross-section should be expressed in
terms of these relativistic invariants.
Particle C is produced in the reaction
Ax + A2 — » C + -

+ D,

(A.35)

the mass of the systems is described by the atomic numbers A\ and A2. Particle D is
introduced to take care of the quantum number conservation laws, e.g. the strangeness
conservation (associated A) when particle C is a Kaon. The dots represent the remnants
of the two nuclei. The relative velocities have to be described in a invariant form. One of
the invariants (dimensionless) containing information about the relative velocities of the
colliding particles are the combined Lorentz sealers 7,-y defined as
Pipj

, . „„•.

-,

(A.36)

where p; and Pj are the 4-momenta of two particles andTO;and rrij their masses.
In any collision, the invariant mass should be conserved, expressed by
* = (pi+P2) 2 .

(A.37)

Assume that for the production of a new particle (particle C), with mass me and invariant
velocity uc, a minimum amount of the system is involved (the minimum amount of
collectivity for the sub-threshold particle production). This can be expressed by [135]
^W, = [XlPl + X2p2)2,

(A.38)

vhere X{ are the fraction of the colliding nuclei necessary to produce sufficient invariant
mass for the production of particle C. Expressing the invariant mass in the rest frame of
the remnants, the relation between Xx and X2 is expressed by
+ X2mpu2 - mcuc)2

= (Ximpu\ + X2mvU2 -f TODUD)2 .

(A.39)

The right hand side of the equation reduces to (u? = 1 ! )
{Xxmp + X2mp + mDf + 2 • £(7*, - l)mkm,.

(A.40)

When the maximum energy and momentum is converted to particle C, the relative momenta of the other final state particles is zero. This assumption is justified by experimental
observations [136] and thus Xi and X2 are related to each other according to
v vi

i\

v

(mc

,

m

D\

XiX2(-r,2 - 1) - Xi[ —71c +
\mp
mrj

v

(mc

,

m

o\

- X2\ —72c +
=
\mp
mp)
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m

D ~ mc

,
2m\

o

,K , , \

•

(A.41)

The range of X\ and X2 are in the intervals [0,J4I] and [0,^2] respectively and X\ and
are determined by the minimalization of s^n{X\^X%) with respect to both X\ and
Smin has dimensionality and a quantity II is introduced for convenience by

n = ^-VJ^ = \^XT+Xj+2^XJ2.

(A.42)

The invariant cross-section should look like
E

%

= CA iXl)A lX3) lr

"'

?

f( h

(A.43)

where the functional form of a; and / are chosen such to give a good description of the
experimental data. Taking for / the simplest exponential II-dependence and oti(x) = § + §
and fitting this to a variety of data, Baldin gets

with C = 2200 mb GeV-Vsr" 1 and n 0 = 0.127.
Sumbera [112] showed that in the TAPS case for pion production, at 0 c . m . = 90° and
where we know that the two fractions X\ and X2 should be equal (we are dealing with
symmetric collisions) equation A.41 could be rewritten to

< A - 45)
where 7 = J(Ekin + 2mp)/2mp (equation A.22) and mo = 0 (for pion production there
is no additional quantum number violation and no fourth particle is needed). II is in this
case given by
n = X~f.
(A.46)
The inclusive data of the Ar + Ca and Au + Au experiments are therefore fitted with

£~MH?«p(-£-),
dpt

i n . /

where X obeys equation A.45.
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(A.47)

Appendix B
Properties of the 7r-meson
In table B.I are some properties of the w°- together with the 7r±-meson listed. A more
extensive list can be found in [72].
Table M: T° & V* properties
mass
134.97
life-time
8.4 • 10"17
decay modes 2f
e+e~7
radius (rms)

MeV 139.57
s
2.6 • 10"8
98.8% p^v„
1.2%
0J
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MeV
s
100%
fm [137]

Appendix C
Analysis parameters
Major parameter-files for the data-analysis. In the Au + Au reaction, for the cluster
routine the following parameters were used:
THR-PSA
NMIN
THRESHOLDS
WIN-CENTRAL-GAM
WIN-NEIGHB-GAM
WIN.NEIGHB
LOG.WEIGHT
RESPONSE
E-CORR
ACP-TYPE
ANA_TYPE

45.
3

0. 0. 20.
5.5 7.0
-2.0 2.0
-3.0 3.0
5.

NULL
1.159
COARSE
CPV&PSA

pulse shape cut
minimum number of operating neighbours
neighbours, central and total cluster
time window for photons
time window for neighbours in photon cluster
time window for neighbours in other cluster
W for the position reconstruction
additional corrections for energy
energy correction factor photon showers
rejection criterion for contaminated showers
charged particle identification (OR)

For the invariant mass analysis the folio
MIX.EVT-NUM
WIN-PION
OVERLAP-METH
MINV.MIN
STACK .PAR
PI-PTOTOT
FOPI.SEL

50.
115. 144.
PATT
40.
5

13.6
70

parameters were used:
number of mixed pairs per true photon pair
invariant mass window for the ir°
method to prevent shower overlap in one block
minimum invariant mass of interest
number of photon stacks
ir°-peak to total ratio (in %)
OPW multiplicity for selections

For the reaction plane analysis the foUowing parameters were used:
NORM.SEL
NORM-FOPI.SEL

4.
0

minimal length of the plane vector Q
additional cut on the OPW multiplicity
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In the Ar + Ca reaction the following parameters were used. For the cluster routine:
THR.PSA
NMIN
THRESHOLDS
WIN-CENTRAL-GAM
WIN-NEIGHB.GAM
WIN.NEIGHB
LOG-WEIGHT
RESPONSE
E-CORR
ACP.TYPE
ANA-TYPE

pulse shape cut
minimum number of operating neighbours
neighbours, central and total cluster
time window for photons
time window for neighbours in photon cluster
time window for neighbours in other cluster
W for the position reconstruction
additional corrections for energy
energy correction factor photon showers
rejection criterion for contaminated showers
charged particle identification (OR)

45.
3

0. 0. 10.
3.0 7.0
-1.6 1.7
-2.3 2.2
5.

NULL
1.145
COARSE
CPV&PSA

In the invariant mass analysis:
MIX-EVT.NUM
WIN.PION
OVERLAP.METH
MINV-MIN
STACK-PAR
PI.PTOTOT
FOPL.SEL
DT.CUT

50.
121. 145.
PATT
40.
5

45.7
15
1.0

number of mixed pairs per true photon pair
invariant mass window for the TT°
method to prevent shower overlap in one block
minimum invariant mass of interest
number of photon stacks
7T°-peak to total ratio (in %)
OPW multiplicity for selections
maximum time-difference between two photons

For the reaction plane analysis:
NORM-SEL
NORM.FOPI-SEL

3.
0

minimal length of the plane vector Q
additional cut on the OPW multiplicity
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Appendix D
Experimental data
Table D.I: The experimental data (dßa/dptdy) for the inclusive spectra are listed in the table
in units of mb/(MeV/c).
ArH- Ca
Au + Au
data
error
data
error
Pi
1.4 • 1 0 °
25. 7.12- IO- 1 5.7 10"a 2.77 • 1 0 1
75. 2.06 10°
1.3 IO- 1 7.14 • 1 0 1
3.3 •10°
2.1 I O - 1 8.7* •10 1
125. 2.72- 10°
4.7 •10°
2.4- I O - 1 6.69 I0 1
175. 2.06- 10°
5.1 • 1 0 °
2.6- I O - 1 4.74 • IO 1
4.3 • 10°
225. 1.90- 10°
2.1- 10" 1 2.83 •10 1
3.3 •10°
275. 1.33 10°
2
1
2.9 • 1 0 °
325. 8.19- I O 9.4- io1.92 •10 1
375. 5.67- 10"1 5.2- io- 2 1.43 •10 1
2.7 •10°
2.3 •10°
425. 3.53- IO- 1 3.2- io- 2 7.63 10°
2.0 •10°
475. 1.85- IO- 1 1.8 • io- 2 4.68 10°
5.5 I O - 1
525. 1.25- IO- 1 1.3- io- 2 3.53 10°
2
575. 8.07- io9.9- 10~ 3 1.77 10°
2.3 IO- 1
625. 4.49- l O " 2 7.1' io- 3 1.24 10°
1.7 I O - 1
675. 1.88- io- 2 4.4- 10" 3 6.85 I O - 1 1.0 I O - 1
2
3
3.4- io4.37 I O - 1 7.0 io- 2
725. 1.3 • io2
3
775. 1 . 1 • io3.67 IO- 1 5.3 io- 2
3.7- io825. 3.7 • 10~3 1.5- io- 3 2.20 I O - 1 4.5 10" s
875. 6.8 • io- 3 4.7- io- 3 1.31 I O - 1 2.9 i o - J
925. 8 • IO-" 1 • 10" 3
.05- IO- 1 2.7 10" 2
975. 6 • 10-" 8 • IO-" j.63 10" 2 1.6- 10"'
1025.
2.38- io- 3 2.0- io- s
2
1075.
1 . 4 • 10"
9.8' 10-3
3
1125.
7.0 • 10"
4.9' io- 3
2
1175.
1.0 • io7.4- io- 3
3
1225.
2.1 • 10" 2.0- io- 3
1275.
4.3 • 10" 3 2.9' 10" 3
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Samenvatting
In 1956 stelden Belenski en Landau dat de kernmaterie samengedrukt zou worden wanneer
atoomkernen met hoge snelheid (hoge energie) met elkaar botsen. Dit zou nieuwe inzichten
omtrent de kernmaterie op kunnen leveren omdat op deze manier de kernmaterie in een
toestand bestudeerd kan worden die onder normale omstandigheden niet voorkomt (nl.
een toestand van hoge dichtheid). Het zou echter tot het begin van de jaren zeventig
duren voor de versneller-techniek voldoende ontwikkeld was om de kernmaterie bij hoge
dichtheid te kunnen onderzoeken.
Er zijn verschillende aspecten die het interessant maken om kernmaterie te willen
onderzoeken bij dichtheden die niet in atoomkernen voorkomen. De nucleonen (de kerndeeltjes waaruit atomen zijn opgebouwd, nl. protonen en neutronen) oefenen een aantrekkende klacht op elkaar uit omdat anders de kern uiteen zou vallen. Ze moeten elkaar echter
ook afstoten omdat anders de kernen ineen zouden storten en niet een constante grootte
kunnen hebben. Om een kern verder samen te drukken is daarom extra energie nodig.
Eén van de eerste vragen die werd gesteld is hoeveel energie het kost om een bepaalde
dichtheid te bereiken. De samendrukbaarheid van kernmaterie is op veel grotere schaal
ook belangrijk in de astrofysica voor het beschrijven van neutronensterren en supernova's.
Een ander aspect is dat er tijdens de botsing een systeem ontstaat waarbij vele kerndeeltjes dicht opeen gepakt zitten terwijl ze, ten gevolge van het snelheidsverschil, frequent
met elkaar botsen. Het systeem is hoog geëxciteerd. Dit is interessant omdat de interactie
tussen nucleonen afhankelijk is van zowel het snelheidsverschil van de nucleonen als van
de dichtheid van het medium waarin deze nucleonen zich bevinden.
Een derde aspect, dat nauw verweven is met het vorige, is dat de nucleonen tijdens
deze botsingen zelf ook geëxciteerd kunnen worden. Deze excitatietoestanden zijn erg
instabiel en worden resonanties genot. ld. Ze kunnen het best geïnterpreteerd worden
als (in massa) zwaardere broertjes van de nucleonen. De lichtste resonantie, die het
gemakkelijkst gecreëerd wordt bij nucleon-nucleon (NN) botsingen, is de A-resonantie en
heeft een massa van 1232 MeV (een proton heeft een massa van 938 MeV). Deze deeltjes
kunnen ontstaan uit de botsing van twee nucleonen (N):
N + N -> A + AT.
De resonanties vervallen in zeer korte tijd naar lichtere deeltjes. Indien de A geen andere
deeltjes tegenkomt, zoals het geval is bij vrije NN botsingen', vervalt hij binnen 10~23
seconden naar een nucléon door een pion (7r-meson) uit te zenden. Het pion is een heel
'Dit wil zeggen dat de botsingen niet plaatsvinden in een nucleair medium. Een voorbeeld hiervan is
een protonbundel die op waterstof geschoten wordt (p+ p).
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licht instabiel deeltje. De massa van het 7r°-meson is 135 MeV. Aangezien pionen het
centrale aspect van dit proefschrift zijn, komen we er straks nog op terug.
De A-resonanties die geproduceerd worden tijdens NN botsingen in het nucleaire medium hebben in tegenstelling tot de A-resonanties geproduceerd bij vrije NN botsingen,
een grote kans een ander deeltje tegen te komen. Het is een uniek aspect van hoogenergetische kernbotsingen dat de interacties tussen resonanties en overige kerndeeltjes
een rol spelen en daardoor in principe bestudeerd kunnen worden.
Wanneer atoomkernen met hoge snelheid botsen zullen de nucleonen van het projectiel sterk afgeremd worden door de nucleonen van de stilstaande kern. Dit kan tot een
dichtheid van tenminste twee keer de normale dichtheid van kernmaterie leiden. Als nu de
snelheid van het projectiel groter is dan de snelheid waarmee kernmaterie zich kan aanpassen aan een veranderende dichtheid ontstaan er schokgolven die leiden tot nog hogere
dichtheid. De snelheid van de dichtheidsgolven in kernmaterie kan ten hoogste 0.5 maal
de lichtsnelheid zijn. De toestand van deze hogere dichtheid kan bereikt worden indien
de aanvangssnelheid waarmee het projectiel tegen de stilstaande kern botst groter is dan
0.5 maal de lichtsnelheid.
De twee experimenten die zijn beschreven in dit proefschrift betroffen botsingen waarbij het projectiel een energie had van 1 GeV/nucleon. Dit komt overeen met een snelheid
van 0.875 maal de lichtsnelheid. Voor deze twee experimenten zijn twee systemen met
sterk verschillende massa (40Ar + 40Ca en 197Au -f 19TAu) geselecteerd. Met name de
verschillen in de observaties tussen beide systemen geven uitzicht op de mogelijkheid interessante fysische processen te bestuderen omdat in het zwaarste en grootste systeem
een hogere dichtheid en thermische excitatie wordt bereikt dan in het lichtere systeem.
Er komen zeer veel deeltjes vrij bij dit soort kernbotsingen en het is daarom belangrijk alleen de meest specifieke verschijnselen te selecteren, alhoewel het nog steeds niet
duidelijk is wat de meest relevante informatie is. In dit proefschrift is gekozen voor het
neutrale pion en in het bijzonder voor het energiespectrum van het 7r°-meson. Aangezien
de pionen ontstaan uit de A-resonantie, is het pionspectrum zeer gevoelig voor de dynamiek van de A tijdens de botsing.
Publikaties waaruit bleek dat de vorm van het pionspectrum afhankelijk is van de
grootte van het reaktiesysteem sn dus waarschijnlijk van compressie-effecten, vormden de
aanleiding voor dit onderzoek. Bovendien was nog niet eerder onderzocht of de resultaten
van geladen pionen ook van toepassing waren op de neutrale pionen. Daarnaast bleek ook
uit eerdere experimenten dat het meten van correlaties tussen verschillende typen deeltjes
gevoeliger is voor de reaktiemechanismen dan het meten van alleen de deeltjes-spectra.
Een voorbeeld van dit soort correlaties is het meten van de distributie van geladen
deeltjes (met name protonen en lichte clusters zoals deuterium en helium) in combinatie
met de pionen. Deze gecombineerde meting wordt op twee manieren gebruikt in de dataanalyse. Ten eerste wordt er gekeken hoe het pionspectrum afhangt van de centraliteit
van de botsing. De meeste botsingen van kernen zijn niet centraal: slechts de randen van
de kernen raken elkaar. De meest ext-eme situatie in dichtheid en thermische excitatie
ontstaat wanneer kernen centraal botsen. Met behulp van de hoeveelheid (multipliciteit)
geladen deeltjes die vrijkomt bij de botsing kan een grove selectie op centraliteit (in
figuur 1 aangeduid met b) gemaakt worden. Bij meer centrale botsingen is een groter deel
van zowel projectiel als getroffen kern betrokken en zullen de twee kernen in kleinere (en
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dus een grotere hoeveelheid) brokjes uit elkaar spatten.
De tweede manier om de geladen deeltjes te gebruiken in de analyse is gebaseerd op
de relatieve oriëntatie in azimut van de geëmitteerde pionen. De azimut is de hoek tussen
het uitgezonden deeltje en het reaktievlak loodrecht op de bundelrichting. Het reaktievlak
is gedefinieerd als het vlak dat de centra van zowel de stilstaande als de bewegende kern
bevat (vergelijk ook figuur 1).

of f plane squeeze-out

Figuur 1: Schematische voorstelling van een niet centrale botsingen tussen twee atoomkernen
(uit [35]).

Bij niet-centrale botsingen is er een gebied waar de kernen elkaar raken (de reaktiezone). Aan weerszijden daarvan bevinden zich de resten van de kernen (de toeschouwers)
die of 'ongehinderd' hun weg vervolgen of 'stil' blijven staan afhankelijk van de toestand
voor de botsing. Deze toeschouwers beïnvloeden echter wel de deeltjes die uit de reaktiezone ontsnappen. Dit heeft gevolgen voor de azimutale verdeling van de reaktieprodukten.
De oriëntatie van het reaktievlak is in elke botsing anders en moet dus voor elke
gebeurtenis apart bepaald worden. Dat gebeurt door gebruik te maken van het feit dat
de kerndeeltjes als gevolg van de hoge dichtheid (=druk) in de reaktiezone naar buiten
geduwd worden. Dit resulteert in een extra zijwaartse beweging die tot gevolg heeft dat de
deeltjes niet uniform in azimut verdeeld zijn (in de figuur aangeduid als 'bounce off'). Uit
de gemiddelde azimut van de geladen deeltjes kan de oriëntatie van het reaktievlak voor
elke botsing afgeleid worden en daarmee de relatieve azimut van een pion ten opzichte
van dat reaktievlak.
De geladen deeltjes die vrijkomen bij de botsingen werden gemeten in de voorwaartse
wand van de FoPi-coUaboratie van he. GSI in Darmstadt. De neutrale pionen zijn gedetecteerd in TAPS (Two Arm Photon Spectrometer), een detectorsysteem dat is upgebouwd samen met het GSI in Darmstadt, de universiteiten van Gießen en Munster (alle
in Duitsland) en GANIL in Caen (in Frankrijk). Het 7r°-meson vervalt binnen ongeveer
10"'* s tot 2 fotonen en kan daarom niet direct gemeten worden. De 2 fotonen dragen
echter hun oorsprong met zich mee in hun invariante massa. Deze massa, die berekend
wordt uit de energie en impuls van de 2 fotonen, is gelijk aan de massa van het neutrale
pion omdat bij het verval zowel energie als impuls behouden moeten blijven.
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De resultaten van de experimenten bevestigen de eerder gedane observatie dat voor
het zware reaktiesysteem een andere vorm van het inclusieve' pionspectrum gevonden
wordt dan voor het lichte reaktiesysteem bij een botsingsenergie van 1 GeV/nucleon. Dit
is ,.a ook waargenomen voor neutrale pionen.
De discussie over de vorm van het pionspectrum concentreerde zich rond de vraag
waarom er voor het zware reaktiesysteem een afwijkende vorm in het hoge energiedeel van
het pionspectrum werd gevonden en hoe dit spectrum er in detail uitzag. Gebruik makende
van het verschijnsel 'scaling', kan onderzocht worden of de vorm van het spectrum een
bepaalde trend volgt, of juist afwijkend is. In dit proefschrift is de 'scaling' van Baldin
en Stavinsky gebruikt om te onderzoeken of er inderdaad een extra bijdrage aan hoogenergetische pionen is gevonden of dat dit juist het logische gevolg is van het feit dat het
reaktiesysteem groter is.
Het blijkt dat de Baldin-'scaling' de spectra van deeltjes die geproduceerd worden
tijdens dit soort botsingen boven de kinematische limiet* goed beschrijft. Ook de spectra
die in dit proefschrift gevonden zijn, lijken hieraan te voldoen. De conclusie hiervan is
dat het pionspectrum boven de kinematische limiet deze 'scaling' volgt en dat het verschil
in vorm het gevolg is van het grotere reaktiesysteem. Voor de verschillen tussen de
pionspectra beneden de kinematische limiet is momenteel nog geen 'scaling' gevonden en
hier zou in de toekomst de meeste aandacht aan besteed moeten worden.
Het pionspectrum blijkt afhankelijk te zijn van de centraliteit van de botsing voor
de Au + Au reaktie. Deze afhankelijkheid was te verwachten omdat er meer deeltjes
betrokken zijn bij de botsing naarmate deze meer centraal is. Er is dan meer energie
beschikbaar in het reaktiesysteem en kunnen er meer hoog-energetische pionen geproduceerd worden. Bij de Ar + Ca reaktie is dit niet waargenomen, waarschijnlijk omdat
het systeem te klein is om dit effect merkbaar te maken. De vorm van het pionspectrum in
de Au + Au reaktie lijkt globaal hetzelfde te blijven, terwijl het gehele spectrum harder
wordt (zich verder uitstrekt naar hogere energie). De beschikbare statistiek staat helaas
geen meer expliciete uitspraken toe.
Het laatste te bespreken en ook een nieuw en belangrijk aspect van de pion-emissie
is de azimutale distributie. De azimutale verdeling van pionen is niet isotroop in de
Au + Au reaktie. Er worden minder pionen in het reaktievlak uitgezonden dan loodrecht
op het reaktievlak. Een soortgelijk verschijnsel is eerder waargenomen voor protonen.
Deze asymmetrie is, naar analogie van het samenknijpen van een zacht balletje (bv. een
sinaasappel), 'squeeze-out' genoemd (vergelijk figuur 1). De reaktiezone wordt in elkaar
geperst door het projectiel aan de ene kant en de stilstaande kern aan de andere kant. De
samengebalde kernmaterie kan niet opzij omdat de 'toeschouwers' in de weg zitten. Die
worden wel weggeduwd, maar de richting loodrecht op het reaktievlak is de weg v~n de
minste weerstand en in die richting zal een groot deel van de nucleonen uit de reaktiezone
vliegen. De azimutale verdeling van neutrale pionen blijkt uit dit proefschrift overeen te
stemmen met de azimutale verdeling van protoner.
De grootte van de asymmetrie in de azimutale listributie van pionen is sterk afhanke' inclusief betekent dat er geen aelectie gemaakt is op een bepaald type gebeurtenis, zoals bijvoorbeeld
de «electie op de multipliciteit van de geladen deeltjes.
'De kinematiiche limiet i» de maximale energie die bereikt kan worden in vrije nucleon-nucleon botsingen bij dezelfde energie als de kern-kern botsingen.
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lijk van de energie van het pion. Hoog-energetische pionen (pt > 600 MeV/c) lijken
alleen loodrecht op het reaktievlak uitgezonden te worden, terwijl laag-energetische pionen (p( « 100 MeV/c) isotroop geëmitteerd worden.
De vergelijking met theoretische modellen heeft het inzicht van wat er gebeurt bij relativistische kernbotsingen in belangrijke mate verbeterd. In dit onderzoek waren we in de
gelegenheid te beschikken over resultaten van berekeningen van 4 theoretische modellen.
Hieruit blijkt heel duidelijk dat de berekende spectra de data wel globaal beschrijven,
maar er toch verschillen zijn die wijzen op essentiële fysische processen die wel of niet in
de modellen zitten.
Uit de vergelijking van de experimentele gegevens met die van de modellen blijkt
het van groot belang de A-resonantie en dus ook de NN- en Af A-dynamica zo volledig
mogelijk te beschrijven. Bovendien kunnen de spectra alleen goed verklaard worden indien
de interacties tussen resonanties en nucleonen meegenomen worden. Hieruit blijkt dat
deze interacties bestudeerd kunnen worden. De azimutale distributie van pionen ten
opzichte van het reaktievlak blijkt in alle modellen aanwezig te zijn, ook in de modellen die
geen dichtheidsafhankelijke potentiaal bevatten. Met andere woorden, de asymmetrie van
pionen wordt in tegenstelling tot de asymmetrie van nucleonen (protonen) niet veroorzaakt
door het samendrukken van kernmaterie.
Uit de theoretische modellen blijkt dat de asymmetrie van pionen veroorzaakt wordt
door de her-interactie van pionen met nucleonen. De pionen reageren erg sterk met
nucleonen: via een absorptie aan een nucléon ontstaat opnieuw een A-resonantie. Door
deze sterke her-interactie werd het aanvankelijk niet mogelijk geacht een pion te detecteren
dat direct uit de centrale reaktiezone komt. De pionen hebben echter veel meer kans
geabsorbeerd of verstrooid te worden wanneer ze in het reaktievlak de 'toeschouwers'
moeten passeren dan wanneer ze loodrecht op het reaktievlak ongehinderd de reaktiezone
kunnen verlaten. Dit impliceert dat het toch mogelijk is om via pionen informatie te
verkrijgen over de sterk geëxciteerde en gecomprimeerde reaktiezone.
Concluderend kunnen we stellen dat de vorm van het pionspectrum verandert als het
reaktiesysteem zwaarder wordt. Het hoog-energetische deel van de pionspectra van de
reaktiesystemen Ar + Ca en Au + Au wordt beschreven door de Baldin-'scaling'. De
theoretische modellen kunnen het pionspectrum alleen goed beschrijven wanneer ze de Aresonantie en de interacties van de resonantie met de overige kerndeeltjes goed beschrijven.
Op deze manier kunnen de interacties van de resonanties met andere deeltjes bestudeerd
worden. De pionen reageren sterk met nucleonen en vandaar dat het pionspectrum het
resultaat is van zowel de hete gecomprimeerde kernmaterie in de reaktiezone als van Averval in de koude 'toeschouwers'. Echter door de azimutale verdeling van de pionen te
bestuderen kunnen de effecten die plaatsvinden in de reaktiezone gescheiden worden van de
processen in de 'toeschouwers', De vraag hoe kernmaterie reageert op het samendrukken
is hiermee nog niet beantwoord, maar beter begrip van wat er plaatsvindt bij dit soort
botsingen brengt de oplossing wel dichterbij.

171

Nawoord
Het tot stand komen van een proefschrift is niet het werk van één persoon alleen. Dit lijkt
in toenemende mate het geval te zijn naarmate het in de experimenten om deeltjes met
hogere energie gaat. Dit onderzoek is het werk van een grote internationale groep geweest
waarvan zeer velen, direct dan wel indirect, hebben bijgedragen aan dit proefschrift. Met
het gevaar mensen ten onrechte over te slaan, wil ik toch graag een paar mensen expliciet
noemen.
Ten eerste wil ik Herbert Löhner bedanken voor de interessante vraagstelling van het
onderzoek. Zijn energie en doorzettingsvermogen om een doel te bereiken zijn enorm. Dit
heeft wel eens geleid tot onderlinge wrijving maar het mag niet onvermeld blijven dat
zijn kennis en inzicht in de zware ionen fysica vijfjaar geleden heeft geleid tot precies die
vraagstelling die experimenteel zulke interessante resultaten heeft opgeleverd.
Hans Wilschut bedank ik voor de manier waarop hij de rol van continue vraagbaak
heeft vervuld. Zijn ervaringen op het gebied van het experimenteren en analyseren zijn
van onschatbare waarde gebleken.
Rolf Siemssen wil ik graag bedanken voor zijn inspirerende kritische opmerkingen en
vragen bij het doorlezen van mijn geschreven teksten. In de laatste fase van dit werk heeft
hij een sterk stuwende invloed gehad bij het tot stand komen van dit proefschrift.
Een volgend woord van dank geldt mijn directe collega's van het KVI, te weten (in
alfabetische volgorde): Albert Boonstra, Henk Braak, Kees Molenaar en Ansgar Raschke.
I would especially like to thank Michal Sumbera, for his valuable discussions and his contribution to this thesis in the form of the theoretical model calculations, the experimental
filters and much more.
The analysis presented in this thesis is the result of a close collaboration with (again
alphabetically) Frank-Dieter Berg, Matthias Pfeiffer and Olaf Schwalb, at that time employed at the university of Gießen. We still need to drink that beer to celebrate the
completion of our PhD's!
Alle hierboven genoemde mensen waren of zijn lid van de TAPS-collaboratie, een
internationale groep die aan het begin van het onderzoek bestond uit het GSI (Gesellschaft
für Schwerionen Forschung in Darmstadt), de universiteit van Gießen, GANIL (Grand
Accelateur National d'Ions Lourdes in Caen), het KVI en de universiteit van Munster.
Niet alleen mensen werken samen, ook collaboraties. My thanks to all members of the
FoPi collaboration.
De experimenten hadden nooit plaats kunnen vinden zonder technische ondersteuning.
Aangezien er in de vier jaar zeer veel experimenten uitgevoerd zijn wil ik op deze plaats al
die mensen bedanken, op het KVI, het GSI en in Gießen, die hiertoe bijgedragen hebben.
De weken die ik doorgebracht heb in het buitenland waren van 's ochtends vroeg tot 's
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avonds laat gevuld met werk, maar ik denk met veel plezier terug aan sommige gezellige
avonden en weekenden met Wolfgang Kühn en Reint Ostendorf.
De leden van de leescommissie, Rudi Malfliet, Volker Metag en Adriaan van der Woude,
wil ik graag bedanken voor het zorgvuldig lezen van de tekst en de suggesties voor verbetering binnen de korte tijd die uiteindelijk resteerde.
Een persoonlijker noot geldt de OIO's op het KVI in het algemeen. De goede sfeer en
de gezelligheid waren gedenkwaardig, vooral tijdens de diverse activiteiten die we samen
ondernomen hebben, zoals het ploeteren door het slijk van het Wad, het testen van de
brandbaarheid van het tafelkleed in de Middelbare Hotelschool, het leegkieperen van een
volgelopen kano en zo vele dingen meer.
Ronald S met sers en Henk Leenhouts van het Laboratorium voor Stralingsonderzoek
(RIVM) waar ik mijn vervangende dienstplicht vervul, bedank ik voor de mogelijkheden
die zij mij boden om tussen het werk door dit proefschrift af te ronden.
Gelukkig was er tussen alle experimenten door nog tijd voor muziek. Veel gezellige
uren heb ik doorgebracht met het Gronings Strijkers Ensemble, het (bestuur van het)
Hanze Orkest, het Nonet, Wijtske, Annette, Pol en alle anderen.
Ik ben blij dat mijn ouders mij alle vrijheid hebben gelaten om mijn eigen weg te
volgen.
Tot slot wil ik mijn vriendin en echtgenote Pauline noemen. Haar bijdrage tot het
geheel is zeer concreet geweest in de vorm van tekstuele correcties. Daarnaast was ze mijn
steun en toeverlaat en niet aflatende bron van inspiratie. Succes het komende half jaar.

Groningen, 28 februari 1994
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