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Preface

The intricacies and physical properties of the hot zone of colliding nu-
clei, which is the subject-matter of this thesis, have been studied following
two lines which differ in the underlying approach to the physical problem.
Firstly, investigations of the break-up of nuclear matter have been per-
formed with the nuclear emulsion technique, where almost 4?r space-angle
detection and identification of all emitted charged fragments is achieved. A
novel development of a computer-based CCD-camera system is described
which simplifies the measurement of fragments of intermediate mass. Sec-
ondly, a special setup of scintillating counter-telescopes has been developed
and used for measurements of charged mesons, pions and kaons, produced in
relativistic, heavy ion collisions. The nuclear emulsions have been exposed
at the GANIL, SATURN and SIS accelerators and the three counter ex-
periments have been performed during 1991-1993 at Gesellschaft fur Schw-
erionenforschung, GSI, in Darmstadt, Germany. This setup was also used
in a number of experiments at the CELSIUS storage ring at TSL, Uppsala,
where excitation functions of low energy 7r-production were measured dur-
ing slow acceleration of the proton and ion beams (slow ramping) from the
absolute collective threshold up to 500 MeV protons or 400 A MeV ions.
The analysis of these experiments is still in progress.

The results have been collected in the following papers:

1. A CCD-based system for analysis of nuclear collisions in photographic
emulsion
Nuclear Instruments and Methods B 63(1992)359-365

2. Flow effects in intermediate-energy nuclear collisions
Nuclear Physics A 531(1991)453-460

3. K+ -emission in symmetric heavy ion reactions at subthreshold energie
Cosmic and Subatomic Physics report LUIP 9503



4. A Compact Range Telescope for K+ Measurements
Cosmic and Subatomic Physics Report 9504

I have had the pleasant opportunity to present the results of this thesis at
the following conferences and workshops:

• CHIC Annual Meeting 1995 and workshop on Clusterization in Heavy
Ion Collisions, 1995, Copenhagen, Denmark.

• Svenskt Kärnfysikmöte XIV, 1994, Lund, Sweden

• The 10th Nordic Meeting on Intermediate and High-energy Nuclear
Physics, 1993, Gräftåvallen, Sweden

• CHIC spring meeting in Oslo, 1992, Oslo, Norway

• CHIC Heavy Ion Workshop, 1990, Copenhagen, Denmark

• Svenskt Kärnfysikmöte X, 1990, Uppsala, Sweden

Felix qui potuit rerum cognoscere causas.
Virgilius Maro, 70-19 BC
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Chapter 1
Introduction

In the large energy interval covered by this thesis (~ 50 - 1800 A MeV),
widely different heavy ion reaction mechanisms are encountered and the ex-
perimental methods to study them must necessarily vary. The physics goal
is to unravel the nature of nuclear matter far from the zero-temperature,
superfluid ground state.

What the experimentalist normally measures, are the reaction products
after final state interactions have taken place. These measurements cover
enormous distances in space and time on the nuclear scale. For instance,
the size of the interaction region may be ~10 Fermi (10-10"15 m), which
is studied with detectors placed 1015 Fsrmis away (cp. Alpha Centauri,
r « 109 m and d w 4-1016 m). The difficulty of the task can be compared
with the attempts to understand the structure and origin of the universe
by performing measurements on the cosmic background radiation [1, 2],

1.1 Heavy Ion Collisions

When two nuclei collide, the kinetic energy of the incoming projectile is
transformed into heat, compression effects and the mass of particles cre-
ated. The relative weight of these three channels depends delicately on the
characteristics of the reaction. The region in which the nuclei overlap and
the energy is deposited is commonly called the interaction- or hot zone.
This is certainly an appropriate term since the temperature can exceed
1011 K and densities reach 3 times the normal nuclear density, pQ=0.17
fm~3 (2.8-1014 g/cm3), in a volume which is only a few Fermis across.
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In order to extract information about the physical conditions in the hot
zone, experimental data are compared to elaborate models, e.g. the Cas-
cade model, where each nucleus is treated as a collection of point-like nu-
cleons distributed within a sphere and no Fermi momenta are assigned.
The nucleons move independently during the collision, which is divided
into small time intervals. If the distance of closest approach is smaller than
the empirical nucleon-nucleon scattering cross section they are allowed to
scatter either elastically or inelasticaily (via the A-channel) depending on
the kinetic energy available.

To learn more about the bulk properties of nuclear matter (for instance,
the nuclear equation of state), microscopic transport models have been
developed, by which the reaction is described by test particles moving in
the mean field of the colliding nuclei (Boltzmann-Uhling-Uhlenbeck, BUU).
Here Fermi momenta can be assigned initially to the nucleons and Pauli
blocking is respected in the scattering. Between the interactions nucleons
are treated semi-classically, moving according to the classical equations of
motion[3]. In the Quantum Molecular Dynamics (QMD) model[4], which
in contrast to the BUU models is a many-body model, the nucleons are
considered to be gaussian shaped density distributions which are initialized
in a sphere with radius R=1.12A1//3. Most models treat the hot zone as a
volume with fixed initial conditions, assuming that the system has forgotten
the entrance channel. This is valid if the hot zone is considered to come at
least partly into equilibrium during the collision process.

In chapter 2 some of the underlying physical ideas and concepts, encoun-
tered in the energy regime of nuclear physics discussed in this thesis, are
presented. The experimental methods are outlined in chapter 3.

1.1.1 Emulsions in Experimental Nuclear Research

In the lower energy region of the experiments, e.g., in 65 A MeV 36Ar +
emulsion collisions, the main reaction channels are incomplete fusion and
deep inelastic scattering, which in some cases may lead to multi-fragment
break-up of the excited nuclear system. The complete fusion or compound
nucleus formation channel is already at this energy replaced by processes in
which only a part of the available energy is caught in the region of overlap.

In this work, fragments of intermediate mass (IMF's) emanating from the
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break-up of the hot zone have been studied. Compression effects have been
looked for and considerable radial flow (about 3 A MeV) has been estab-
lished in 65±15 A MeV 36Ar collisions, while it does not exist in 210±10
A MeV 160 induced collisions. In a more recent Kr + AgBr experiment at
100 A MeV and 220 A MeV, one single source was observed in the most
central collisions selected by the momentum tensor and multiplicity criteria
discussed in chapter 2. Here the radial flow has been further established
and the energy is estimated to be 10 A MeV in 100 A MeV events and up
to 20 A MeV in 200 A MeV events.

1.1.2 Scintillator Counter Experiments

Heavy ion collisions at higher energies (~2 A GeV) can be described in
terms of a clear-cut spectator-participant model, where the hot zone is de-
fined by straight-line geometry. Compression effects are to some extent
decreased by nuclear transparency, but even so they could influence the
production probability of mesons. With a stiff equation of state BTJU cal-
culations have shown [5] that more energy is stored as compression, thus
making it unavailable for the production of mass.

In this context, doubly differentia), distributions of A"+-meson (m^ = 493.65
MeV/c2) production cross sections have been measured in subthreshold,
symmetric Ne-Ne, Ni-Ni and Au-Au collisions. This meant an extension
of the early p+nucleus experiments[6] to larger systems where compression
may be introduced. Comparison with theoretical models can give indi-
cations regarding the nuclear equation of state and the elementary kaon
production process[7] after proper treatment of the rescattering effects in-
troduced in article 3. In the kaon experiments, cross sections of ir+ and ir~
have also been measured (as a by-product), utilizing the prompt-delayed
gate technique. Some of these results (1 A GeV 58Ni - 58Ni collisions) are
for the first time presented in chapter 3.



Chapter 2
Theoretical background

2.1 The concept of the Hot Zone

In Fig. 1 a simplistic view of the interaction- or hot zone is shown for three
different energies in symmetric and non-symmetric collisions. If all available
kinetic energy in a nucleus-nucleus collision is transformed into internal
excitation, i.e. heat, thus neglecting binding energy, compressional and
particle production effects and energy transfer to the spectator region, the
excitation energy per nucleon can be calculated from

APAT ,..

giving an excitation energy of 12.2 A MeV in the 65 A MeV 36Ar+Ag
reaction. Since the binding energy of the nucleons is about 8 MeV, the
deposited energy can lead to a total disassembly of the hot zone (cf. Fig.
1 and Fig. 4) as discussed in article 2.

2.1.1 The Phase Diagram of Nuclear Matter

An important aim of heavy ion research is to map the phase diagram of
excited nuclear matter. In Fig. 2 theoretical predictions of what may
occur at high densities and high temperatures are shown schematically. The
ground state of ordinary nuclear matter is at p = po and T=0. If the excited
interaction zone expands rapidly after initial compression, the system may
enter the mechanically unstable, spinodal region at low densities (break-up
appears at p < 0.7 po). Fig. 3 depicts a phase diagram calculated within a

10
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Figure 1: Schematic picture of hot zone formation at different energies in
symmetric and asymmetric central collisions (from [8]).

mean-field (BUU-type) 3D nuclear matter model with a stochastic Langevin
extension[9]. Typical values of the growing time of perturbations well into
the spinodal zone are 30 - 50 fm/c, which can be compared to the break-up
time of 50 fm/c of the expanding hot zone deduced in article 2 from the
flow energy in the most central 36Ar + AgBr reactions.

An excitation energy of 22-30 A MeV (T= 15-20 MeV) deposited in the
hot zone is proposed to cause a phase-transition from liquid to gas. Multi-
fragment break-up of the nuclear system has been suggested as a sign of this
transition near the critical point. Break-up can in fact also take place at
sub-critical temperatures from a region of phase coexistence. This would re-
sult in the typical power law (~A~T) distributions of the fragment yields[10]
observed in experiments.

At typical SlS-energies, 1 A GeV, equation (i) will give an internal exci-
tation energy of 250 A MeV, corresponding to a temperature of 167 MeV.
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Figure 2: jP/iase diagram of nuclear matter. The dashed curves show the
trajectories of a supernova explosion and of a heavy ion reaction (from Ref.

M)-
The actual temperature deduced from K and TT spectra in symmetric Au-Au
collision experiments[11] is of the order of 70 MeV, showing the importance
of the compression and mass-production degrees of freedom. The produc-
tion of a kaon which reduces the available energy by at least 494 MeV, will
drastically reduce the temperature, particularly from an early and small
interaction volume.

If the internal temperature reaches 150 MeV the hot zone may in fact un-
dergo a phase transition from a conglomerate of colourless objects, consist-
ing of confined quarks and gluons, to the fourth state of matter, a plasma
consisting of free quarks and gluons. Unequivocal experimental evidence is
still lacking, despite the great efforts being made to elucidate this question.

2.1.2 A Simple Gas of Fermions

The Nuclear Fireball model, which was the first model confronted with
proton inclusive spectra from accelerator-produced heavy ion collisions at
high energies, treats the hot zone as an equilibrated, incompressible ideal
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Figure 3: Phase diagram for Nuclear Matter at subnuclear density corre-
sponding to the left corner of the previous figure (from ref. [9]). The curves
inside the spinodal region joints points characterized by the same growing
time of perturbations.

gas where all available energy goes into heat [12]. If the nucleus is treated as
a degenerate gas of Fermions, then it can be assumed that the protons and
neutrons move independently in a square well potential. The Fermi energy
(groundstate motion) of the nucleons can be calculated in this description
and will depend on the number of particles per unit volume according to

Er = -r 2M (ii)

In a heavy nucleus, the Fermi energy of the protons and neutrons can thus
differ considerably[13] (cf. table 1).

The Fermi motion of the nucleons due to the finite Fermi energy defines a
typical time-scale for nucleonic motion of the order of 10~22 s. The time
for two medium-sized nuclei to pass through each other (if reactions are
neglected) at 1 A GeV, is a few tenths of this time. The swiftness of
the inter-passage makes a pure mean-field description of the hot zone less
adequate at higher incident kinetic energies where binary nucleon-nucleon
scattering becomes important.
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Fermi Energies (MeV)

Nucleus
Ne
Ni
Au

Protons
33.43
32.66
28.86

Neutrons
33.39
34.15-
37.66

Table 1: Fermi energies for neutrons and protons calculated within the
standard Fermi gas model.

2.2 Probes of the Nuclear Equation of State

2.2.1 Fragmentation of Nuclear Matter

The multi-fragmentation of nuclear matter at high excitation energies was
proposed by N. Bohr as early as in 1936[14]. Already at a kinetic energy of
40 A MeV, the dominant reaction channel for central collisions is no longer
fusion or fusion-fission, but a transition to multi-fragmentation or total
explosion. The multi-fragment break-up of nuclear matter[15], where the
fragments of intermediate mass (IMF, 3 < Z < 20) have been observed to
follow a power-law distribution, is commonly associated with the liquid-gas
phase transition shown in Fig. 3.

In Fig. 4, 16O impinging on nuclear emulsion is depicted for kinetic energies
ranging from 12 A MeV, which is just at the Coulomb barrier of the com-
pound system (62.4 MeV for 16O+107Ag), up to ultra-relativistic energies
at 200 A GeV, where particle production is abundant[7].

A violent disintegration of the nuclear system has been proposed as a conse-
quence of the formation of Mach shock waves due to the supersonic speed of
the incoming projectile compared to the speed of sound (~ 0.2c) in nuclear
matter[16, 17]. Still no clear signal from shock wave formation have been
seen in experiments[18]. The assumed shock wave is proposed to be washed
out by thermal motion when the projectile is decelerated. Instead, collec-
tive flow phenomena such as bounce-off and side-splash, have been studied
in order to get a handle on the equation of state of nuclear matter[19, 20] (cf.
Fig. 5).
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Figure 4: Depiction as seen in nuclear emulsions of the transition from low-
energy, incomplete fusion to ultra-relativistic spectator-participant reaction
scenarios (from [8]).

2.2.2 The Flow Angle and the Flow Tensor Method

In emulsion studies of nuclear fragmentation, the flow tensor method in
combination with multiplicity cuts, has been used to distinguish between
central and the peripheral collisions. Since all fragments are identified with
respect to charge and their emission angle is measured, an energy flow
tensor can be constructed[21, 3]. Provided that charge can be translated
into mass without introducing large errors [22], the flow tensor (energy flow)
can be determined by

{ 2m(n)
(iii)

for each event. Here i and j denote the spatial coordinates of the momen-
tum vector, n is the fragment index and m(n) the mass of the fragment.
This matrix has three eigenvalues (Amax > \mid > Amin)

 and the flow angle
0, is in this case taken to be the angle between the eigenvector associated
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with the largest eigenvalue Amax and the original direction of the beam. In
a one-fireball model, flow angles would be uniformly distributed between 0°
and 90° in c.m., but BUU calculations predict a distribution centred at a
certain angle (sensitive to the equation of state), -the side-splash effect (cf.
Fig.5). From the eigenvalues of the flow tensor, a measure of the elongation
of the event can be defined as

r, ^max "mid /. \

'max

where a small value of /3 indicates a symmetric energy flow[23]. If no heavy
target residue remains, (3 = 0 indicates a perfectly spherical event. Since
(3 is related to the deposited energy by 1 — /3 = -jjf32-, a systematic study of
the /? parameter as a function of beam energy could disclose the onset of
nuclear transparency [24].

2.2.3 Radial Flow

In very central collisions, radial flow can be thought of as an expansion of
the compressed hot zone, where the fragments will be co-moving with a ve-
locity field, initially defined in the fragment formation stage. If final-state
Coulomb interactions are neglected, the kinetic energies of the fragments of
intermediate mass will be proportional to their mass. In the nuclear emul-
sion studies, the flow deduced from some model[25] concerns this kind of
collective radial mass expansion and not the transverse flow defined below.

2.2.4 Transverse Momentum Analysis

A method which is more sensitive to the equation of state than the use of
the flow angle is the analysis of the transverse momentum[26, 27]. For each
event a vector Q is defined from the measured transverse momenta p^ of
the detected particles

M
Q = £>„?;)• (v)

where the weight uv is chosen uJv = 0 for pions. For baryons, aiv = I
at rapidities y > ycm and uv = — 1 at y < ycm. The direction of Q
and the beam axis together define a reaction plane. In fact, to minimize
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auto-correlation effects, the vector Q and thus a pseudo-reaction plane, is
in practice determined for each particle in an event, excluding the particle
itself. The transverse momentum in the reaction plane p£ can be calculated
for each particle

f u. f u. \r\ \ \ l
NM!

From equation (v) and (vi) the average in-plane transverse momentum per
nucleon < px/A > can be calculated. This quantity is usually plotted
as a function of normalized, centre-of-mass rapidity, y/yproj, resulting in a
characteristic S-shaped curve. The slope of the curve at mid-rapidity is used
as a quantitative measure of the transverse flow (cf. Fig. 5), which also is a
measure of the momentum transfer in the collision. At low incident kinetic
energies the nuclear mean-field is attractive for the incoming nucleus and
the Pauli principle suppresses two-nucleon collisions. This leads to adhesion
or "semi-sticking" of the nuclei, resulting in negative flow[28]. At kinetic
energies above 200 A MeV the repulsive N-N scattering process dominates
the collision, and particles are emitted at positive angles, giving positive
flow. Experimentally, the equality of the attractive and repulsive parts
leads to a minimum in the sidewards flow at a certain kinetic energy called
the Balance Energy. Extraction of balance energies from flow of p, d, t and
He particles shows that these energies are independent of particle type [20],
although the amount of transverse flow varies.

Systematic studies have shown the Balance Energy to vary between 122±12
A MeV and 47±11 A MeV for C-C and Au-Au collisions, respectively, and
to scale as A"1/3 (A=AT+Ap)[20]. This can be interpreted as a compe-
tition between the attractive mean field and the repulsive nucleon-nucleon
interactions.

Careful comparisons with BUU model calculations can give information re-
garding another main object in intermediate-energy, nuclear physics, the
nuclear compressibility[29]. The best fit to data seems to be a soft equation
of state with «s=200 MeV and a reduction of the in-medium NN cross sec-
tions by 20%[20]. Adiabatic compressibility is a macroscopic entity which
is defined as [30]

1 ,dV^ . ...
? (vu)
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Projectile
Target

On _TU=:Br~ .
Bounce off !'

\ Side splash

Figure 5: Schematic view of the side-splash and bounce-off effects (from
ref. [18]). The side-splash is caused by expansion of the compressed zone
and the bounce-off effect is due to sideward deflection of spectator matter.
Not depicted is the small out-of-plane squeeze-out effect.

but the usual definition encountered in nuclear physics is

KS = |s at p « po (viii)

and its relation to the speed of sound is v = (/OKS) 2 . A compressibility
of Ks=200 MeV gives a speed of sound in nuclear matter of z;=0.3c. Due
to effects of the finite size of the hot zone, attempts to extract these val-
ues from experimental data requires careful translation to their classical
counterparts.

2.3 Meson production

2.3.1 Properties of Pions

In free nucleon-nucleon collisions, matter can not be produced if the avail-
able energy in the centre-of-mass system does not exceed the rest mass of
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the final products[l3].

= -1mN + mN ^2 (1 + 7in) (ix)

where 7in = ——(-1 and e is the kinetic energy per nucleon. Since nv =
139.57 MeV, the threshold energy of pion production in free N-N collisions
is 290 MeV. Fermi boosting and collective effects will lower the thresh-
old in nucleus-nucleus collisions considerably and cause pion production
at a few tens of MeV per nucleon. Due to the different Fermi energies of
protons and neutrons in heavy nuclei (Eq. ii) and Coulomb effects, the an-
gular distributions of the produced ir+ and ?r~ are different. Pions interact
strongly and are influenced by the intermediate and final stages of the col-
lision where the equation of state no longer plays an important role. Due
to the long freeze-out time (compared to kaons), the hot zone is probed at
lower relative momenta of the colliding nuclei. Recently, out-of-plane emis-
sion (squeeze-out) of pions has been proposed to increase the usefulness of
the pion as a probe of the early hot and dense reaction phase [31]. QMD
calculations seemed to indicate that pions with large transverse momenta,
emitted perpendicular to the reaction plane, could be sensitive to the early
phase due to a small number of rescatterings in the spectator matter.

At higher energy, as in the experiments discussed here, pion production is
dominated by the NA-channel. In ref. [32] data on differential cross sections
could be reproduced by an extension to the standard FREESCO statistical
event generator including the A resonance. To simulate the reduction in the
in-medium NN^NA cross section a shift of +30 MeV in the effective mass
of the delta resonance was introduced. The FREESCO event generator
uses straight-line trajectories and sharp surfaces to divide the colliding
system into participant and spectator sources for a given impact parameter.
Energy and momentum of the different sources are distributed according
to input parameters which is fitted to data. The participant source is
then highly excited and breaks-up at a freeze-out density of p ~ 0.7po to
an assembly of excited fragments, which are allowed to decay by particle
emission.

2.3.2 Prop erties of Kaons

Details in the nuclear equation of state, such as the compressibility, can
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be studied in subthreshold meson production[33]. Since the kaon has a
relatively large rest mass compared to the available energy, it is produced
during the early, most extreme conditions of the collision, where the nu-
clear matter can be compressed 2-3 times the normal density[7]. The maxi-
mum available energy in one nucleon-nucleon interaction at 1 A GeV in the
centre-of-mass system is 447 MeV (ix). In strong interactions, the strange
quantum number is conserved. Since the quark content of a K+ is (us)
with S = 1, it has to be produced together with another strange particle,
Y", with S = — 1, in order to conserve strangeness. Since the kaon has to
be produced together with another particle the threshold energy will be in-
creased. For example, NN—>NAÄ" gives 1.58 GeV in the laboratory system.
The strangeness conservation also means that the kaon has a long mean-
free path in nuclear matter (6-8 fm, cf. Eq. (11)), reducing the influence
of final-state interactions.

When the energy of the incoming nucleon is less than this threshold, several
collisions or an instantaneous collective collision between many nucleons are
needed for the nucleon to gain sufficient energy [34, 35]. This favours kaon
production in the most hot and dense parts of the collision. Thus sub-
threshold kaon production depends strongly on the compression of the hot
zone. A stiff equation of state requires more energy to achieve compression
to the high nuclear density of the hot zone, than in the soft case. This has
been shown in calculations within a BUU-model[5] and it affects drastically
the production of kaons in the subthreshold region.

It is, however, not only the nuclear compressibility which influences the
kaon production cross section. The momentum dependence of the nucleon-
nucleon interaction, modifications of in-medium cross sections and the kaon
effective mass will all contribute. Also, high momentum tails of the nucleons
in the nuclei can influence the cross section. The kaon production process is
usually considered to be isotropic in the centre-of-mass frame[36, 37]. This
has been established in high-energy experiments, but not at subthreshold
energies.

The K+ - meson can be produced via several fundamental reaction chan-
nels, e.g.: NN -» NYK, NN -+ AYK, NA -» NYK, N A -> AY7C, AA -»
NYK, AA -» AYÄ". The letter Y denotes a hyperon such as a A or a S
with S = — 1. In the initial hot and dense stage of the collision, it has been
proposed that delta matter can be formed in two-step processes, where
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Figure 6: Model calculation (relativistic BUU) showing relative strength
of reaction channels contributing to K+ production at 1.0 A GeV. Open
histogram : NN(xlO); hatched: NA; filled: AA (from [38]).

pions are formed and reabsorbed in a A-resonance. These processes can
contribute considerably to the subthreshold kaon production, since AN-
scattering may occur in a time-scale smaller than the decay time for the
A-resonance.

Another process which might be important is the interaction between the
abundant pions (from the A-decay) and nucleons, i.e., ?rN —> AA". Nu-
merical studies [34] have shown that about 40% of the TrN collisions occur
during the expansion stage, resulting in a contribution of less than 25% to
the total kaon yield. Since the ?rN collision frequency is not affected by the
choice of nuclear equation of state, the total subthreshold kaon yield may
still be sensitive to the compressibility of nuclear matter.

In Fig. 6 the relative contribution from the NN, NA and AA reaction chan-
nels are calculated in a relativistic transport model as a function of the
number of collisions the two baryons have undergone before producing a
/<"+[38]. The calculations show that the N A channel is dominant for K+

production at subthreshold energies.

An estimation of the minimum mean-free-path of positively-charged pions
and kaons in the nuclear medium can be made (Eq. 10,11,12) based on their
free cross sections [16]. The yrp maximum cross section is 200 mb at a kinetic
energy of 195 MeV, but the in-medium cross section of pion reactions varies
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strongly with energy due to the A-resonance[39]. At low kinetic energies
(TTT < 40 MeV) Xn can reach ~ 10 fm, if absorption is neglected[39]. For
the low energy kaons detectable in the experiments discussed here (T/<-<200
MeV), the average A"N cross section is about 9 mb[36, 37, 40, 41].

A» = — _ « o m ( x )
P

XK = — -^G.S^frn (xi)
P

\N = _ _ ~ i . 4
P

The cross section for NN, <TNN = 40 mb, is taken as the geometrical one. At
normal nuclear matter densities, it can be seen from (10) and (11) that the
mean-free-path of a K+ is ~ 20 times larger than that of a TT. The above
mentioned cross sections are of course energy dependent, but nevertheless
this estimation (10) show that the TT will suffer several scatterings before
leaving the interaction zone, making it an observable of average conditions
in the collision. In stead, the longer mean-free-path of the K+-meson (11)
makes it well suited as a probe of the most hot and dense parts of the
collision. In Fig. 7 the probability of escape is shown as a function of the
kinetic energy of pions and kaons in p+Pb collisions. One can clearly see
the shadowing effect of the lead nucleus.

According to calculations performed by Fang et al. [42] in which com-
pression effects, the density dependence of the kaon effective mass and
rescattering of kaons by nucleons are included, the kaon is involved in 5
rescatterings on the average in 1 A GeV Au-Au collisions, whereas in [40]
this number is lower (~ 3). In any case, the effect of the rescatterings is
to increase the kaon yield at large angles and momenta. The Au+Au data
from the KaoS collaboration [11] are discussed in [42] and the calculations
seem to fit the KaoS 6/af, = 44° data, but underestimate our 0/Q6 = 85°
data by approximately a factor of 2. Note that the irN production channel,
which contributes about 25% to the total cross section, is not included in
this calculation.

The pronounced anisotropy of the K+ emission (in c.m.s.), which is dis-
cussed in paper 3, can tentatively be explained by an anisotropy in the ele-
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Figure 7: Probability of escaping pions and kaons inp + Pb reactions (from
[40]).

mentary production process at subthreshold energies or rescattering in the
compressed nuclear medium. The systematic K+-measurements at back-
ward angles in the laboratory reference system performed by the CHIC
collaboration for the symmetric nuclear systems Ne-NaF, Ni-Ni and Au-
Au, have to be compared to detailed calculations in order to clarify this
point.

2.4 Connections to Nuclear Astrophysics

The understanding of several astrophysical phenomena is closely linked to
the knowledge of nuclear properties far from the ground state. The nuclear
equation of state governs the internal structure of neutron stars[43, 44,
45] and determines under which physical conditions a star will become a
supernova.

2.4.1 Supernova explosions

According to contemporary astrophysical models, a large star of about 15
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M0 can explode promptly to a supernova only if a soft equation of state
is introduced[46]. During the collapse of large stars, the density varies be-
tween po < p < 4po, which is a parallel to the conditions in heavy ion
collisions. Siuce relativistic heavy ion collisions are probing the nuclear
equation of state at high relative momentum of projectile and target, labo-
ratory results have to be analysed with models incorporating momentum-
dependent inter actions [47], in order to give information comparable to the
"cold" or static equation of state of a star. Early results pointed towards
a stiff equation of state, which would result in too much energy stored as
compression during the build-up of the central density due to matter falling
inwards when the star "fuel" is exhausted and the outward photon pressure
disappears.

2.4.2 Neutron Stars

The nuclear equation of state effectively governs the size (10 km < R < 20
km) and the mass (1.1 < M/M0 < 1.8) of observed neutron stars. Neutron
stars are supported against gravity by the pressure of the degenerate neu-
tron gas. If Weizacker's semi-empirical mass formula is assumed to hold for
this macroscopic nucleus when a gravitational term is added (N=A, Z=0
and pairing is neglected), one gets

Etot = avA - asA
2/3 - asymA + VgTav = 0 (xiii)

The gravitational potential as a function of A can be found by integrating
a mass shell, viz.

fi R

Vgrav = G I = 4?rG / p(r}m\rdr
o o

where the mass of a shell is given by dm^ = p(r)47ir2dr. If the density is
ad hoc taken as independent of r (though it is thought to vary from 107

kg/m3 at the surface to 1018 kg/m3 in the central parts), one gets
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where R = TQ A1/3. The equilibrium energy of the star can be written

Elot = -7.5A - 16.8A2/3 + a^A5/3 = 0 (xvi)

which gives A = 4.0 • 1054 and R = 1.9 km. This is a reasonable estimation
considering the very crude assumptions made.

During the later stages of the life of a star, when burning in the hydrogen
shell is exhausted, it passes through a phase in which the outer layers of
gas are ejected. The progenitor mass can thus be somewhat larger than
that finally observed. Calculations using relativistic equations of state,
show that at periods below ~1 ms, the pulsar can not be made of ordinary
hadronic/leptonic nuclear matter. Instead, it is suggested that the star is
composed of self-bound, strange-quark matter[48]. If the progenitor has a
mass above w 3M©, the gravitational pressure will overcome the nuclear
forces and the star will eventually become a black hole.

2.4.3 The Early universe and Nucleosynthesis

At the dawn of time, the primordial universe is thought to have been im-
mensely hot and dense[2]. After an eventual inflatory phase it has expanded
mostly in thermal equilibrium, with the decoupling of the background ra-
diation and the early nucleosynthesis as notable exceptions. During the
first 0.01 to 100 s, when the temperature fell from T ~ 10 MeV to T ~ 0.1
MeV almost all particles combined to form H, D, 3He, 4He and 7Li.[49, 2].
All heavier elements are produced in the interior of stars and released into
the interstellar medium in supernova explosions or in mass ejections from
red giants. Knowledge about the nuclear equation of state and in-medium
cross sections can help elucidate the details in the nucleosynthesis of heavy
elements in stars.
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3.1 The Emulsion technique

Nuclear research emulsions have been used for several decades in nuclear
physics and astrophysical studies. In 1896 Henri Bequerel discovered the
spontaneous decay of uranium in studies of the connection between X-rays
and fluorescence, by noticing that a photographic emulsion was blackened
despite being wrapped in black paper. TT* and K^ mesons, among a number
of other short-lived particles, were first found in emulsion[50]. Even today,
the nuclear research emulsion has the best spatial resolution («1 ̂ m RMS)
of all particle detectors.

Due to the large amount of manual labour connected with the analysis
of emulsion experiments, it is well suited for exploratory studies, where a
limited number of exclusive events (N.B. among many) can give extensive
information about specific processes, e.g. multi-fragment channels or radial
flow. Since it is a non-triggerable technique, the number of interesting
events will always be restricted by the maximum allowable exposure to the
beam. Usually the emulsion is used both as target and as detector, limiting
the available targets to Ag, Br or to a less extent C, O, N, H, I and S in the
gelatine. Some experiments have been performed, in which the emulsion
was loaded with a grid of another target material[51]. Ag or Br are often
the preferred targets, but especially at higher energies it may be difficult
to separate them from events in C, N and 0 targets.

26



The Composition of emulsions 27

3.1.1 The Composition of emulsions

Emulsions used in nuclear research consist essentially of silver halide crys-
tals, AgBr, and gelatine. The crystals are homogeneous in size, varying in
diameter by only a few percent[50]. The density of standard emulsion is
about 3.81 g/cm3. When the emulsion is exposed and the latent image de-
veloped, the silver halide component is removed, leaving only the gelatine
base and the developed tracks. Due to the sensitivity of the gelatine base
to the relative humidity and temperature of the surroundings (the thick-
ness varies with humidity and the gelatine can come loose from the glass
mount), the exposed pellicles have to be kept in a special "humidity" room.
Photographic gelatine is made from calf hides, pigskin or bone. This can
constitute a problem in areas with high levels of radioactive background,
where emulsions may inadvertently be loaded with unwanted radioactive
contamination.

Light scattering from background tracks, fog grains, foreign material and
colloidal silver can severely reduce the contrast of deep-lying tracks. This
has to be corrected for with empirical depth calibration curves. A particle
path through a nuclear emulsion is depicted in Fig. 8. The grain diame-
ter is 0.20 ^m in the undeveloped Ilford K2 emulsion, which was the kind
used in the first application of the CCD system. During the development
process, by which the latent image is transformed into a visible particle tra-
jectory, the grains increase in size (»0.5-0.7 /tm). The amount of increase
depends on the development time. A minimum ionizing particle has here
~8 developed grains per 100 /im of track path.

3.1.2 Interactions of charged particles with emulsion

The kinetic energy of the incoming particle is primarily transferred to the
emulsion via elastic collisions with atomic electrons[52, 50] (An elastic col-
lision with a nucleus, Rutherford scattering, can be seen under the mi-
croscope as a large deflection of the particle path). Since the number of
interactions is very large, it is possible to use the average energy loss per
unit path length calculated from the Bethe-Bloch formula

dE Z2 I", ^m^VWmav, •>]
—r~ a -*> m( —^ ) ~ 2P (xvn)ax p* I* \

where Z is the charge of the incident particle, / is the mean ionization
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Crystal which
foiled to develop

Figure 8: a) Illustration of the path of a charged particle through emulsion,
b) Projection on plane containing particle path, c) Projection of developed
track grains on plane containing particle path (from ref. [50]).

potential («331 eV in standard emulsion) and Wmax the maximum energy
transfer produced by a head-on collision. Density and shell effects have
been omitted.

The maximum energy transfer to an atomic electron can be approximated
by Wmax ~ 2roec

2/3272 for a head-on collision with a heavy ion. In emul-
sion, the track formation for heavy ions is preferentially described by the
Restricted Energy Loss parameter[53], where the part of the energy trans-
fer which produces delta rays with energies greater than a cut-off energy
W'<Wmax, is excluded. A cut-off W' fa 2-5 keV is reasonable for CCD and
photometric measurements, but W' depends on the type of track detector.
If the delta ray energy is larger than 15 keV it can be seen as a small and
thin, curved track emitted at an angle to the primary track. At low incident
energies the stopping power can be seen from equation (xvii) to follow a
~^& °- W dependence and at high energy, as /? —» 1, the plasma frequency
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of the emulsion restricts the energy transfer. The plasma frequency, which
occurs at a frequency at which the electrons in the plasma created are
displaced from the background of ions and start to oscillate around their
equilibrium positions, can be estimated by

(xviii)

where n is the electron density, giving ujp = 5.6 • 1016 Hz in standard
emulsion.

The width of a track is, as discussed above, a function of the velocity and
charge of the particle and the width can indicate the residual range of the
particle. The residual range (R) is the average distance that a particle
with a given velocity has yet to go before coming to rest. Since the energy
loss according to equation (xvii) has a minimum at /3 • 7 « 2, several
measurements have to be performed along the track to determine the kinetic
energy. When the fragment is stopping in the emulsion pellicle, initial
kinetic energies of the fragment can be calculated from the measured ranges
via the residual range. If a particle has an initial kinetic energy TO and the
average energy loss per unit path is W(T), the relation between residual
range and energy loss, can be written as

R=L w (xix)

The energy loss is created by statistical processes and therefore it fluctuates,
leading to a residual range which has a distribution about a mean value,
^'•mean •

3.1.3 Track measurements in emulsion

Fast, singly- or doubly-charged particles, such as protons and alpha par-
ticles, will not create a continuous track due to their limited ionization
capacity (cf. Fig. 4). Instead, the number of gaps per unit length - the gap
density, is used as a measure of the primary ionization. Another parameter
which can be used is the density of gaps exceeding the length 1 (H(l)). These
parameters depend on the emulsion sensitivity and the optical equipment
(and to a small extent the observer) and therefore careful calibrations must
be made for each experiment.
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In the emulsion studies in this thesis, fragments of intermediate mass ,
IMF's (3 < Z < 20), have been measured with a novel technique using a
CCD camera. The reason for measuring these fragments is twofold. Firstly,
the mass distribution of the emitted fragments can give information about
the break-up of the hot zone (e.g. a power-law (AT) dependence for break-
up near the critical point). Secondly, effects of compression, i.e. flow, are
more clearly seen in the fragments of intermediate mass than in the light
particles.

A CCD camera, mounted on a NIKON microscope, is connected to an
image processor card in a personal computer. Semi-automatic width mea-
surements of the last 200 /xm of track before the fragment is stopped gives
a charge resolution AZ < 1 for fragments with charge Z < 20. Calibration
measurements have to be performed on horizontal primary and secondary
tracks with known charge. Together with the standard determination of
the emission angles based on measurements of coordinates on the primary
track, the vertex and the fragment track, the momentum vector can be
determined. When both the momentum and the mass for each fragment
are known, flow analysis can be performed to determine the centrality of
the event.

3.1.4 Development of a new 4?r detector system

An example of a triggerable 4;r system based on counter detectors, which
has similar possibilities as emulsions to measure { p,A} sets for most
charged particles, is the CHICSi detector, which has been under construc-
tion within our group (the CHIC collaboration) during the last two years.

This system is specially designed for studies of the break-up of excited nu-
clear matter, thus the design aims at low detection thresholds and large
solid angle coverage. It consists of about 1700 detectors mounted on 16
concentric rings with 32 telescopes in each, in a compact AE - E construc-
tion around the target area. The AE detectors are made of 10 /xm Si and
the E detectors are 300 or 500 /im Si. The active area of the detectors is
9.5 X 9.5 mm (cf. Fig. 9).

At forward angles GSO scintillator crystals, optically coupled to a photo-
diode read-out are added, as energy detectors. The Silicon telescopes are
designed to resolve all fragments up to Z=14. The GSO detectors can
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at present resolve fragments up to Z=6. The kinetic energy range for
intermediate mass fragments is 0.7 - 10 A MeV and for p, d, a it is 1
- 60 A MeV.

As a separate construction, a time-of-flight detector for low energy, inter-
mediate mass fragments is being developed. The kinetic energy acceptance
window is between 0.05 and 1.0 A MeV.

Time of Flinht TVIe»copw

10 (Un Si * 300 Mm Si • 300 (Un Si

Figure 9: A cross section of the combined solid state (Si) and scintillator
(GSO) 4ir detector, CHlCSi, developed by the CHIC collaboration.
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3.2 Scintillator telescopes for meson registration

3.2.1 The Plastic Scintillators

As detectors of the short-lived TT and K mesons (lifetime: 26.03 and 12.37
ns, respectively), plastic scintillators (NE102A) optically coupled to pho-
tomultipliers, have been used in all experiments. A short decay constant
of 2.4 ns (the main decay component), facilitates the acceptance of high
count-rates, which is necessary due to the low production probability of
mesons at subthreshold energies. The p to K ratio is of the order of 1000
in 1.0 A GeV Au-Au collisions [11], which makes a very restrictive hardware
trigger for kaon candidates necessary.

3.2.1.1 The Response Function and Energy Resolution

For light, singly-charged particles the response function of NE102A is ap-
proximately linear, i.e. the fluorescent light output L is proportional to the
total deposited energy E in the scintillator. When the ionizing power of
the particle is increased, quenching effects (interactions between the excited
molecules along the particle path) can be seen, resulting in a non-linear re-
sponse, especially at low kinetic energies[54]. In our experiments, no energy
determination in individual detectors is made, the energy of the detected
mesons is determined by the cumulated thickness of the detectors and the
resolution by the thickness of each scintillator plane. Compared to the
inorganic Nal(Tl) detector, the energy resolution of the plastic scintilla-
tor is low. To create a fluorescent photon, about 100 eV is needed («25
eV in Nal(Tl)). The low mean charge (C, H) of plastic makes it suitable
for particle detection, but not for photons since the probability of photo-
electric absorption is low. Plastic scintillators are cheap and easily tooled
to desired shapes. The light output is independent of temperature under
normal laboratory conditions. Light quanta, created in the scintillator are
guided through a plexiglass, fish-tail or twisted light guide, finally hitting
the photocathode of the photomultiplier tube. The quantum efficiency of
the antimony-alkali photocathode is about 20%, converting the light output
with Amax = 423 nm to electrons. To minimize losses in the light guides
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the area is kept as constant as possible, since on the basis of Liouville's
theorem, a reduction of cross sectional area will concomitantly reduce the
transmitted light.

3.2.1.2 The Kinetic Energy Range

The minimum kinetic energy of the detected particles are determined by
the number of detectors needed in the hardware trigger and the thickness
of those detectors. If two detectors (in the present set up) are used in
the trigger, the low energy cut-off is 16.2 MeV for pions and 28.5 MeV for
kaons. In the case of three detectors, the cut-off is increased to 22.4 MeV
for pions and 39.0 MeV for kaons. For pions, the upper cut-off is given by
the rapidly increasing probability of pion-induced nuclear reactions in the
detector material, effectively limiting the pion energy to about 80 MeV. The
kaon energy range is given by the amount of plastic in the range stack. The
173 mm active material used in our experiments corresponds to a maximum
kaon kinetic energy of 122.8 MeV.

3.2.1.3 The Beam Monitors

The beam intensity, which is needed for the absolute normalization of
the cross sections, is given by small 3-plane plastic scintillator telescopes
mounted at 90° laboratory angle on each side of the target area. The mon-
itor telescopes are calibrated with a beam-counter at low beam intensity
and then extrapolated to high intensity (maximum 107 ions per spill for
heavy ions) introducing an uncertainty in beam normalization of 10%[55].

3.2.2 Pion detection

In connection with the kaon experiments at SIS, also cross sections for vr-
production have been measured in 1 A GeV Ni-Ni and Au-Au collisions.
Two (or sometimes three) scintillator planes, of thickness 3 and 5 (and
8) mm, are usually required to be in coincidence in the fast hard-ware
trigger in order to restrict the background and limit the dead-time of data
acquisition. The last plane is also included in anti-coincidence in the trigger
as a veto against punch-through particles.

To discriminate between TT+ and TT~ events, the prompt-delayed gate or
Q-D technique is used. In Fig. 10, the settings of the respective gates are
depicted. The key idea is that the prompt gate allows an ADC to measure
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Figure 10: Settings of the prompt and delayed gates used for discriminating
between ir+ and TT~ according to reference [56].

the total signal and the delayed gate allows only the tail of the signal to
pass through to another ADC. Since the TT+ decays via the TT+ —» n+ + v^
channel, the emitted 4.2 MeV muon will contribute only to the tail, causing
a characteristic shift between the different pion species. A stopping proton
will give a signal in the delayed gate which is proportional to the prompt
one, but a stopping TT+ will give a (<) 4.2 MeV boost to the delayed gate
which creates the shift. The separation between TT+ and the other particles
depend on the ratio between the boost and the total deposited energy in
the detector.

A plot based on the data analysis, showing the separation of the TT+ and TT~
is shown in Fig. 11. Although they are electronically rejected , the vr~ band
contains also small remnants of protons. Those TT+, which stop so close to
an edge that the muon escapes without delivering its full kinetic energy,
are responsible for most of the points between the bands.. The efficiency
of the separation method has been estimated by Sanouillet et al.[56], to be
«0.85. The actual number of pions deduced have also to be corrected for
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Figure 11: Illustration of the prompt-delayed gate technique, showing sepa-
ration in actual data between TT+ and ir~ in 1 A GeV Ni-Ni events.

decay in-flight and losses due to nuclear reactions.

The extracted differential cross sections for TT+ and ir~ in 1.0 A GeV
58Ni+58Ni collisions at backward centre-of-mass angles, are here presented
for the first time (Fig. 12 and Fig. 13). Error bars show the statistical errors
only.

3.2.3 Kaon detection

In order to modify the TT detection technique to include K+- detection,
the range telescopes have been surrounded on both sides by what is called
/^-shields. A typical setup of the kaon detection equipment is depicted in
Fig. 14. The decay channel K+ —> /j,+ + v^ with a branching ratio of
63.51%, results in a 152.9 MeV /^+, which is emitted isotropically from
the kaons stopping in the range telescopes. Muons penetrating the sand-
wiched plastic scintillators and lead shields give rise to a signal which, in
coincidence with the two first planes in the range telescope and in anti-
coincidence with the last one, forms the hardware trigger for possible kaon
candidates. Due to the relatively large size of the shields, the numbers of
false triggers is not negligible and has to be carefully removed in the off-line
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Figure 12: Doubly differential TT+ cross sections measured in 5&Ni-5&Ni
collisions at 84° and ISff3 laboratory angles.

analysis, as described in paper 4.

It is then an elaborate task to single out the real kaon events from the
background created by electrons, protons, pions, neutrons and photons.
The neutrons are giving signals by n—»p recoil and a great number of elec-
trons and photons are created in the TT decay. The first step is to include all
time and energy limits in all possible detectors. For instance, a low energy
cut can be set in the shield ADC's from the minimum ionizing muons from
cosmic radiation.

The TDC information of the LL - shields is used for setting limits on prompt
signals in all layers, thereby reducing the probability of false coincidences.
In the range telescope, cuts in the AE-AE and AE-E plots, leaving only the
allowed kaon region, considerably reduce the pion and proton background.
Fig. 15 shows the time spectrum of all stopping kaons, with the normalized
background of pions and protons subtracted (cf. paper 4). The total num-
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Figure 13: Doubly differential n~cross sections from 1 A GeV5&Ni-5*Ni
collisions in 84° and 135^ laboratory angles.

ber of kaons emitted is extrapolated to T=0 from the exponential decay fit.
Monte-Carlo simulations indicate a geometrical + decay trigger efficiency
for kaon detection ranging between 10% and 20%, depending on the energy
bin. The total efficiency of the telescope is calculated to be 4±1%, which
includes detector acceptance, trigger efficiency, branching ratio, decay in-
flight and during slow-down, acquisition dead-time and charge-exchange
(/<"+n—» K°p) reactions.
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Figure 14: A typical arrangement of the plastic sdntillator telescopes for
kaon detection.
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Figure 15: TDC-spectrum of non-vetoed, stopping particles with off-line
vetoed particles subtracted as background.



Chapter 4
Summary of the publications

Two articles pertaining to the emulsion technique, one on the experimental
aspects, discussing the development of a computer-aided, track identifica-
tion system and one article presenting results of the analysis of nuclear
collisions with emulsion, are included in the first part of this thesis. During
the development of the system used to analyse track images, good insight
into practical emulsion work was acquired. The flow analysis, presented in
the second article, gave good insight into the experiment-theory coupling,
which is an essential part of all fundamental research.

In connection with the long series of meson experiments, one article presents
the technical details of the experiments and the functionings of the kaon
detector system. A second article presents the systematised physics results
of the analysis of the subthreshold kaon production in Ne+NaF, Ni+Ni and
Au-f Au collisions at 1.0 A GeV.

4.1 "A CCD-based system for analysis of nuclear
collisions in photographic emulsion"

Light, singly- or doubly-charged particles such as p, d, t and He are usually
identified in nuclear emulsion by gap- or blob-counting methods. For frag-
ments of intermediate mass or light particles of low energy, the stopping
powers are so large that continuously developed tracks along the particle
trajectories may be created.

In this connection, the advent of new image processing technology, based
on a CCD camera coupled to an eight-bit image processor card installed in

40
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a microcomputer, enabled us to develop a computerized track identification
system which was decisive for the identification of fragments of intermediate
mass .

The early photometric[57] and filar micrometer[58, 59] methods were time-
consuming and needed elaborate analysis. In the new system described in
detail in this paper, the calibration is done empirically by comparison with
identified tracks, e.g. p and He identified by gap-counting, hammertracks
from the 8Li or 8B —> 8Be —» 2a reaction and primary tracks from the pro-
jectiles. After the initial calibration, which is performed for each emulsion
stack, the computer program can give an estimate regarding the charge of
the fragment after only 100 fj,m of measured track. The mean width of
the track is measured in a window which is 2.7 X 4.0 /im2, according to
the method described in the article. The size of this window can be varied
depending on the sensitivity of the emulsion, but is kept constant in each
stack.

Due to the scattering of light into the track path by scattering centres in the
emulsion (i.e. fogginess), the lower-lying tracks have a different intensity
profile demanding a careful depth correction. The depth correction curve is
based on measurements of the primary projectile tracks and is almost linear
with depth. Fluctuations in the local light intensity, due to nearby crossing
tracks are the main source of disturbances. To properly define the zero-level
intensity or the baseline for the track measurements, a mean light intensity
is given by integration of the pixel values in two identical windows parallel
and close to the track. The charge resolution of the method varies between
0.6 < AZ < 2.3 for charges 1-18 when 100 /«n of track is available
and 0.3 < AZ < 1.7 when 200 /./,m is available. A further development
of the CCD photometer technique is now made by constructing a highly
automated system equipped with stepping-motors. This device is meant
for measurements of ultra-relativistic, perpendicular exposures of emulsion
stacks. Here the goal is not to identify the charge of the fragments, but to
measure the angular correlations of the created particles.
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4.2 "Flow effects in intermediate-energy nuclear
collisions"

In this article results of 36Ar at 65 ± 15 A McV and 160 at 210 ± 10 A
MeV reactions with AgBr in nuclear research emulsions are presented. Since
all charged particles are identified and their kinetic energies and emission
angles are measured, the target (Ag or Br) can be determined by charge
conservation. The fragments of intermediate mass were identified with the
above-mentioned, CCD track identification system.

The most central events are selected from: total multiplicity, elongation
(/? < 0.25) from flow-tensor analysis and the absence of a heavy target
remnant. The average kinetic energy of the fragments as a function of their
respective charge is then plotted and any sign of radial flow is determined
by comparison with a statistical multi-fragmentation model [25].

In the case of 160-induced reactions, the average kinetic energy of the frag-
ments show no charge dependence, suggesting that the kinetic energy dis-
tribution is thermal. The average kinetic energy of the 36Ar-induced events
show almost a linear dependence on the fragment's charge, corresponding
to a radial flow of about 3 A MeV.

The radial flow deduced from the analysis of the 3GAr-induced events, rules
out the evaporative picture[60] as the source of intermediate mass frag-
ments, since the expansion time of the hot zone is much less («50 fm/c)
than the evaporation time for IMF's (»100-200 fm/c).

In a later study, the event-by-event emission pattern of all charged frag-
ments in 50 - 220 A MeV Kr+AgBr collisions have been measured. The
most central collisions show a collective flow with a flow energy of 10 A
MeV in 100 A MeV events and 20 A MeV in 200 A MeV events.

4.3 "K+-emission in symmetric heavy ion reac-
tions at subthreshold energies"

Inclusive measurements of subthreshold kaon production have been per-
formed in 1.0 A GeV Ne+NaF, Ni+Ni and Au-j-Au collisions at the SIS
synchrotron at GSI, Darmstadt. The measurements in (mass A=20, 58
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and 197) symmetric collisions gives the opportunity to extract a mass-
dependence of the kaon production cross section. The number of kaons are
determined from the decay curve. The results points to a mass-dependence
proportional to A-A, which indicates that the kaon production is a collective
effect involving the volume of the hot zone.

Measurements have been performed in backward laboratory angles (Qiab =
85° and 125°), while the KaoS magnetic spectrometer[55, 61] covered the
Qlab = 44° position (0cm « 90°. For the Au+Au data, also the Qiab = 85°
position). The target thickness varied from 445 mg/cm2 in the Ni ex-
periment to 1930 mg/cm2 in the Au experiment. The angular distribu-
tions have been compared to calculations incorporating rescattering ef-
fects (absorptive-, KN—> A, charge exchange-, K+p±5 K°n and elastic-,
A"N—> KN, processes) on the outward path of the kaon from the one-source
hot zone. These calculations show the right trend of anisotropy in the c.m.
angular distributions, but not to the full extent. This indicates the possi-
bility, either of a non-isotropic production process or effects of compression.
The data must be compared to detailed one- and two-source calculations,
in order to draw definite conclusions.

4.4 "A Compact Range Telescope for K+ Mea-
surements"

This paper describes the technique for measuring kaon production in nucleus-
nucleus and hadron-nuclues collisions at 1.8 A GeV down to 0.8 A GeV.
As is shown in the paper, 0.8 A GeV seem to be the low energy limit of the
present version of the setup. By increasing the muon detection efficiency it
can be conjectured that this limit can be still lowered.

The identification and kinetic energy measurement of the impinging kaons
is based on the K+ —> fi+ + i/M decay channel. Kaons in the energy range 15
< T/<- < 130 MeV are slowed down and stopped in a multi-element stack
of active NE102A plastic scintillators. The kinetic energy of the kaon is
determined by the amount of'plastic material is has passed before coming
to rest. The energy resolution of the kaon range telescope (KRT) is in fact
determined by the thickness of the individual stop detectors (typically ~10-
20 MeV). Stopping kaons will decay with a lifetime of 12.36 ns, emitting 153
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MeV muons isotropically in the laboratory reference frame. On two sides of
the KRT, muon detector (MD) systems are placed. These systems consist
of sandwiched active plastic scintillators and passive lead absorbers. The
lead absorbers are 30 mm thick, corresponding to about half the distance
a 153 MeV muon can penetrate. An on-line trigger is formed by requesting
a coincidence by the first two planes in the KRT and at least signals in
two planes on both sides of the lead in either of the muon detectors. In
this way, a large decrease of random background is achieved. The details
of the detection system is presented together with the performance seen in
experiments.
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