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Abstract

Studies of intermediate energy heavy ion reactions have revealed the existence of
a number of reducibility and thermal scaling properties in nuclear multifragmen-
tation. In particular, the probability of emitting n-fragments is reducible to the
probability of emitting a single fragment through the binomial distribution. The
resulting one-fragment probability shows a dependence on the thermal energy that
is characteristic of statistical decay. Similarly, the charge distributions associated
with n-fragment emission are reducible to the one-fragment charge distribution,
and thermal scaling is observed. Binomial and Poisson simulations of multifrag-
ment decay confirm the above experimental findings.

The reducibility equation for the n-fragment charge distributions contains a quan-
tity with a value that starts from zero, at low transverse energies, and saturates at
high transverse energies. This evolution may signal a transition from a coexistence
phase to a vapor phase. In the search for a signal of liquid-gas phase transition,
the appearance of intermittency is reconsidered. Percolation calculations, as well
as data analysis, indicate that an intermittent-like signal appears from classes of
events that do not coincide with the critical one.

Information about the dynamical evolution of nuclear sources formed in intermedi-
ate energy heavy ion collisions can be gained by means of intensity interferometry.
In particular, simultaneous neutron-neutron, proton-neutron and proton-proton
interferometry measurements are interesting, since different effects participate dif-
ferently in the correlations between different types of particle pairs. The simul-
taneous measurement of particles with nearly equal momenta is a very delicate
experimental task, and in particular two-neutron interferometry is plagued by in-
strumental problems, such as low detection efficiency, background noise and neu-
tron rescattering between detectors (cross-talk). The strength of the measured
correlation functions is found to depend on the energy of the particle pair. The
measured proton-neutron correlation function shows less strength than expected,
possibly due to the Coulomb interaction of the proton with the emitting source.

The dynamical aspects of nuclear collisions can be probed by studying meson
production. Complete pion production excitation functions can be measured in
ramped-beam experiments at storage rings. In such experiments, particular at-
tention must be payed to the delicate problem of translating the measured yields
into absolute cross sections. Information on the pion production mechanism can
be obtained by comparison of the measured yields with predictions from different
model calculations.
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Chapter 1

Introduction

This thesis deals with different aspects of collisions between atomic nuclei
and mostly between "heavy ions"1. In the "intermediate energy" regime,
of interest in this thesis, heavy ion collisions can give rise to a rich variety
of phenomena, among which is "multifragmentation", i.e. nuclear disinte-
gration accompanied by multiple emission of nuclear fragments, and pro-
duction of new particles, in particular 7r-mesons. Information about the
space-time characteristics of the particle emitting source, can be obtained
by studying the correlations between pairs of particles observed simultane-
ously, a technique which is known as "intensity interferometry".

The first part of the thesis serves as a general background and to give
complementary information to the publications. The material presented
is organized as follows: Chapter 1 is an introduction, where the role of
intermediate energy heavy ion collisions is described, and the goal of this
thesis is clarified. Chapter 2 introduces the reader to the phenomenon of
multifragmentation and summarizes the experimental findings of Publica-
tions I-IV. In Chapter 3, a brief introduction about light charged particles
and neutrons is given and nuclear intensity interferometry is discussed in
connection with the results presented in Publications V and VI. Finally,

1In nuclear physics, especially in connection with accelerators, the term "ion" is used
as a synonym for nucleus, because often nuclei with some electrons still bound are ac-
celerated. From a nuclear physics viewpoint these ions behave as bare nuclei. The term
"heavy" generally indicates any ion with mass number greater than 3, but sometimes the
term "medium heavy" is used for ions with mass number from 3 to 40. With the term
"light" ion one normally refers to hydrogen and helium ions, and sometimes lithium.



1.1 Intermediate Energy Heavy Ion Collisions

Chapter 4 is devoted to pion production. A summary of the publications
as well as a short description of the author's personal contribution can be
found in Chapter 5. Some conclusions and perspectives are discussed in
Chapter 6.

1.1 Intermediate Energy Heavy Ion Collisions

Atomic nuclei are composed of nucleons (neutrons and protons). The main
interactions among them are the strong, short-range nuclear force felt by
neutrons and protons and the weaker, long-range Coulomb repulsion felt by
only protons. Despite the substantial electrostatic repulsion between the
positively charged protons, atomic nuclei are held together by the strong
force, which attracts nucleons at distance of about 10~15 m (1 fm). At
shorter distances, the strong force becomes repulsive, as if each nucleon
had an impenetrable hard core. The interplay between the two forces de-
termines the nuclear binding energy (about 8 MeV per nucleon, for heavy
nuclei), the mean velocity of nucleons inside nuclei (about 1/4 of the speed
of light), the mean nucleon density (about 1/6 nucleon per fm3) and the
number of neutrons and protons in stable nuclei. For heavy systems with
many protons, the Coulomb repulsion becomes comparable to the attrac-
tion from the nuclear force, and Uranium, with 92 protons, is the heaviest
element found in nature.

Nuclei have a very small size (« 10~15 m) and are inaccessible to di-
rect observation, since the wavelength of light is many orders of magnitude
larger than their dimension. However, quantum mechanical particles do
exhibit wave-like behavior (with an associated wavelength inversely pro-
portional to the particle momentum), and nuclei can thus be probed with
high momentum (high energy) particles.

Nuclear collisions are commonly realized by directing a beam of accel-
erated particles towards a fixed target. This is a way to gain information
about nuclei. If the collision energy is low, nuclei only experience elastic
scattering and Coulomb interaction. If the energy is high enough, nuclei
can start to interpenetrate, and an amount of energy is brought into the
nuclear system and stored in a disordered manner as heat. The nuclear
system becomes an unstable object, which can subsequently dispose of its
surplus energy by 7-ray emission, evaporation and direct emission of fast
particles and fragments.
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It is customary to classify nuclear processes in terms of the energy of
the projectile. Bombarding energies less than ^ 10 MeV per nucleon pro-
duce a rich variety of "low-energy" phenomena. In this regime, the effects
of the Coulomb barrier, arising from the electrostatic repulsion between the
positively charged target and projectile, are particularly important The
"intermediate-energy" regime is between a few tenths and a few hundreds
MeV per nucleon, where the energy is comparable to the kinetic energy
of the nucleons moving within the nucleus. In the "high-energy" regime,
between a few hundreds MeV and a few GeV per nucleon, high tempera-
tures are produced m the interacting nuclei. Some of the collision energy
is converted to mass, mostly in the form of pions (which have a rest mass
of 140 MeV). Above a few GeV per nucleon, extreme conditions and the
formation of exotic states of matter are explored.

One of the goals of collisions between heavy nuclei at intermediate
energies and higher, is to learn about "nuclear matter" This is quite dif-
ferent from studying ordinary "molecular" matter that can be investigated
in macroscopic bulk. For ordinary matter, the relationship among pres-
sure, temperature and density is well known, and a wide range of physical
conditions can be described on the basis of a small number of global ob
servables. Nuclear matter, on the other hand, is available only in small
pieces, since atomic nuclei contain at most a few hundreds nucleons2 Or-
dinary nuclei exist at "normal" nuclear density and at zero temperature
Nuclear systems with other densities and temperatures can be produced
with nuclear collisions, but are very short lived. Their description is very
difficult because the atomic nucleus is a "mesoscopic" system, that ex-
hibits both macroscopic and microscopic features. In many respects the
system is too small to apply macroscopic concepts like thermodynamics
and hydrodynamics. On the other hand, the number of constituents is
too large to describe all nuclear phenomena in terms of the microscopic
degrees of freedom. The available mathematical techniques cannot readily
handle the complexity of many strongly interacting nucleons in a nucleus,
and simplifying mathematical models have to be constructed to make the
many-body problem tractable. Furthermore, the nucleon-nucleon interac-
tion is very complicated and not known in detail. Studying the states of
nuclear matter by heavy ion collisions, is a rather unconventional method:

2"Infinite nuclear matter", i.e. an infinite system of nucleons interacting through the
nuclear force without Coulomb and surface effects, may exist in stellar objects such as
neutron stars, but does not exist on Earth.



4 1.2 Goai of the Project

"To investigate thermodynamic states of ordinary matter, e.g. water-ice,
one would normally use much more gentle methods than just colliding two
fast water droplets!" jlj. Nevertheless nuclear collisions are the only way
to probe the different regions of the nuclear matter phase diagram.

Some of the major questions concerning nuclear matter far from equi-
librium are. what happens in the various stages of the collision? Is there
a maximum energy that can be sustained, above which the nucleus is de-
stroyed? What are the decay characteristics of highly excited systems7

These are difficult, issues, currently object of intense research both exper-
imentally and theoretically. Hopefully this thesis can contribute to the
understanding of some of these problems.

1.2 Goal of the Project

The topic of this thesis is collisions between heavy nuclei, accelerated to
intermediate energies of a few tenths up to a few hundreds MeV per nu-
cleon. A commonly accepted, schematic view of this type of collisions, is
that when the two nuclei first touch each other there is compression, and
because of collisions between the constituent nucleons, both temperature
and entropy rise. As a result, a very small and short lived, hot and dense
region of nuclear matter is formed. After the initial compression, the sys-
tem expands, aided by the internal thermal pressure, and the density falls.
During all stages of the collision, particles such as photons, mesons etc.
are produced. Some of these particles, together with nuclear fragments
and nucleons, constitute the products accessible to experimental detection.
Some of the questions that will be addressed in this thesis are: what can
we learn from the final products of a nuclear collision? How can we uti-
lize this knowledge to extract information about the reaction mechanism,
and about the various stages (i.e. the dynamical evolution) of the collision?
Three kinds of final reaction products will be investigated in this thesis:
intermediate mass fragments (IMFs), nucleons and x-mesons.

At bombarding energies below « 30 MeV per nucleon, complex frag-
ments appear as the binary products of "deep-inelastic" or "compound
nucleus" reactions [2-5]. With increase in beam energy, new modes are ob-
served in the way nuclear systems deexcite, and the presence of intermediate
mass fragments, bearing no obvious genetic relationship with the colliding
nuclei, becomes pervasive [6-8]. The underlying reaction mechanism of
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this fragment emission, commonly referred to as "muitifragmentation", has
been discussed for many years, but several unresolved issues remain. Is the
emission sequential or simultaneous [9-18]? Is the decay driven by statis
tics or dynamics [9-25]? Can IMF emission be associated with a liquid-gas
phase transition [26-50] analogous to the one that occurs when water boils
to vapor? Recent experimental findings, that will be discussed in Chapter
2 of this thesis, have shed some light on these questions. Reducibility of
the n-fragment to the one-fragment emission and thermal scaling of the
elementary emission probability observed in multifragment emission data
[51-53], are powerful signatures of a statistical decay. However, the question
of whether the decay is sequential or simultaneous is still open

Nucleons are the most abundant reaction products in the intermediate
energy region. Many efforts have been made to extract information from
them. For example, their kinetic energy spectra have been used to extract
the temperature of the system [54], and their multiplicity distribution to
deduce the excitation energy [55-58]. However, often it has not been pos
sible to draw unambiguous conclusions. This has suggested more exclusive
types of experiments, in which nucleons are detected in coincidence with
each other, or with other particles [59, 60].

In Chapter 3 of this thesis we shall present and discuss one method
of extracting information about the nuclear systems, formed in heavy ion
collisions, from the correlations between nucleon pairs. This technique,
borrowed from astronomy, is known as "nuclear intensity interferometry"
[61], and has the potential to allow an independent determination of the
size and lifetime of the sources formed in nuclear collisions

Mesons can tell us a lot about collision dynamics and in-medium ef-
fects [62]. "Subthreshold pions" offer a sensitive approach to heavy ion colli-
sion dynamics at bombarding energies below the nucleon-nucleon threshold
(« 290 MeV per nucleon). It is generally assumed that subthreshold pions
are mostly produced in incoherent first-chance nucleon-nucleon collisions
[63-65]. However, it is not clear to what extent this simple scenario re-
ally holds, especially at very low energies. Well above the nucleon-nucleon
threshold, production of several mesons opens up the opportunity to study
the formation of "hadronic matter"[66], i.e. the excitation of nucleon states
("baryon resonances") that subsequently decay by meson emission. Chap-
ter 4 of this thesis is dedicated to pion production experiments and to
the study of the gross and fine structure of pion production "excitation
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functions", measured in p-nucleus and nucleus-nucleus collisions.

Comparison with Theoretical Models

Even though important information can be obtained by direct investigation
of the experimental observables mentioned above, complete understand-
ing of the physics governing heavy ion collisions must rely on comparison
with theoretical models. Many theoretical models that attempt to describe
heavy ion collisions, and in particular multifragmentation, have been de-
veloped. A rough classification divides them into two main categories 18 j
"dynamical" and "statistical".

Dynamical models [18-25, 67-73] describe the entire evolution of the
reaction and determine the final states from the initial conditions These
models are generally mean field transport descriptions containing a collision
term (see Appendix A).

Statistical decay models [7-9, 13-17, 74-78] assume a decoupling be-
tween the projectile-target interaction and the decay process. The source
of fragments is assumed to attain equilibrium prior to the emission process,
and the relevant parameters are the conserved quantities of the reaction:
total mass and charge, excitation energy and angular momentum In ac
cordance with the principles of statistical physics, the probability of one
particular final state is proportional to its statistical weight, determined by
the number of available microscopic states.

The role of this thesis with respect to the theoretical description of
heavy ion collisions, is to point out some dynamical and statistical aspects
of nucleus-nucleus collisions from an experimental point of view. Since this
is an experimental thesis, the emphasis is directed towards experimental
methods and data analysis techniques.



Chapter 2

Intermediate Mass
Fragments

This chapter is devoted to the phenomenon of "multifragmeiitation", or
multiple emission of intermediate mass fragments, observed in intermedi-
ate energy heavy ion collisions. Section 2.1 gives an overview of the nuclear
reaction mechanisms encountered at different bombarding energies, and of
the multifragmentation process. Section 2.2 gives a short introduction to
experimental methods for intermediate mass fragment detection. Finally,
Section 2.3 contains a discussion of experimental results. In particular,
Section 2.3.1 illustrates the properties of "reducibility" and "thermal scal-
ing" of the intermediate mass fragment multiplicity distributions, discussed
in Publication I. Section 2.3.2 concentrates on the charge distributions as-
sociated with multifragmentation, which are found to be "reducible" and
"scalable" in Publications II and III. Finally, fragment size fluctuations are
discussed in Section 2.3.3, with particular attention to predictions from
the bond percolation model, and to the appearance of an "intermittency"
signal.
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2.1 Introduction

2.1.1 Heavy Ion Reactions

The nucleus-nucleus collision is a unique tool to study the formation and
subsequent decay of highly excited nuclear systems. The abundant emission

Impact Parameter (b)

Figure 2.1: A schematic representation of the evolution of heavy ion re-
action mechanisms with bombarding energy and impact parameter. The
different regimes of complete fusion, deep-inelastic, incomplete fusion and
fireball are indicated. (From ref. [88]).

of complex fragments (Z > 3), observed experimentally over a broad range
of incident energies and of projectile-target mass asymmetries, is charac-
teristic of heavy ion reactions, and might bear significant information on
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the nuclear system before its decay.

The reaction mechanisms, characterizing heavy ion collisions, evolve
with bombarding energy and impact parameter, as schematically illustrated
in Figure 2.1. At low incident energy (E/A < 10 MeV), near the Coulomb
barrier, peripheral collisions lead to "deep-inelastic" processes The two
nuclei just barely touch each other, and form a transient dinuclear system
that eventually separates. The properties of the decay products depend
strongly on the exchange of nucleons during the interaction between the
two nuclei. In general, these binary decay products resemble either the tar
get or the projectile. Central collisions lead to complete fusion and to the
formation of a "compound nucleus", which decays statistically via evapo-
ration of light particles (nucleons and alpha particles) or fission into two
sizeable fragments of approximately half its mass [79, 80] At slightly higher
bombarding energies (E/A < 30 MeV), the emission of IMFs, associated
with higher barriers, becomes more probable. The binary statistical decay
of the compound nucleus produces complex fragments that cover the entire
range of mass asymmetries [3, 9, 81, 82j.

At higher, intermediate bombarding energies (E/A & 30 — 100 MeV),
the probability of compound nucleus formation decreases. In the new
regime that sets in, which is known as "incomplete fusion" [83-87!., only
a small piece of the smaller nucleus is absorbed by the larger nucleus, orig-
inating an excited incomplete fusion product, source of complex fragment
emission.

At relativistic and ultra-relativistic energies, nucleus-nucleus collisions
are well described by the "participant-spectator" and "fireball" models (89,
90]. The colliding system is divided into three pieces, determined by the
collision geometry: the target spectator, practically at rest in the laboratory
system; the projectile spectator, which continues to fly nearly unchanged in
speed and direction, and the so-called fireball, arising from the overlapping
zone of the nuclei. In the fireball regime, the dominating sources of complex
fragments are the spectators, since the fireball, with thermal energy much
larger than the nuclear binding energy, is likely to disintegrate into nucleons.

2.1.2 Multifragmentation

At bombarding energies of E/A « 30 — 100 MeV, a transient nuclear sys-
tem with an excitation energy comparable to its binding energy is formed,
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and eventually breaks up into many fragments. Processes of total dis-
integration of nuclei, accompanied by the copious production of nuclear
fragments, were discovered more than 30 years ago, in nuclear reactions in-
duced by intermediate and high energy protons [91, 92]. Theoretically, the
fast explosion-like process leading to the total disintegration of the nucleus
and to the multiple emission of nuclear fragments of different masses, was
first discussed in ref. [93], where the name "multifragmentation" was intro-
duced. In the early 80?s, multifragmentation studies were performed with
collisions of intermediate energy heavy ions on photo-emulsion [94]. Since
then, evidence for the multifragmentation scenario has been established in
numerous experiments, involving a wide range of excitation energies and
reactions j6-8] Rich experimental information on nuclear fragment produc-
tion is accumulated by now. Not only inclusive charge (mass) and energy
distributions, but also data from different correlations and exclusive mea-
surements are available.

In a schematic description, the nuclear fragmentation process can be
subdivided into three phases: the formation of a highly excited transient
nuclear system, as a result of some dynamical process; its disassembly into
fragments, and the deexcitation of the fragments [95]. Two main mecha-
nisms are suggested for the disassembly stage, both based on the statistical
assumption that at least partial thermodynamic equilibrium is established,
prior to the system decay: "sequential-binary" emission of fragments and
"simultaneous break up" into many fragments.

Sequential-binary decay [9] is essentially an extension of the binary
compound nucleus decay. It assumes that incomplete fusion products can
relax into a compound nucleus and undergo further statistical decay. From
the mass, charge, excitation energy and angular momentum of this com-
pound nucleus, the probability of decaying into two fragments with a given
partition of excitation energy and angular momentum is derived. This
branching is continued until all the fragments cannot decay any longer,
and each stage of the sequential-binary decay is controlled by the com-
pound nucleus branching ratios.

The simultaneous approach [13-18], on the other hand, assumes that
many fragments are formed together in a certain volume, where they attain
chemical and thermal equilibrium. This situation is achieved at the end of
an expansion phase, caused by the high internal pressure, in the course of
which density fluctuations grow up, and intensive exchange of mass and
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energy between different parts of the system takes place. A "freeze-out"
transition is expected when the separation of nuclear drops becomes so
large that the short-range interaction between them ceases. After freeze-
out, the "primary" fragments propagate under the influence of the long-
range Coulomb force, and lose their excitation energy by particle emission
or secondary break up.
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Figure 2.2: Nuclear matter phase diagram around the liquid-gas phase tran-
sition region. The line indicates a possible path followed by the interaction
region in a nuclear reaction. (From ref. [97]).

One way of looking at multifragmentation is as a manifestation of a
"liquid-gas phase transition" taking place in excited nuclear matter [26-50].
Due to the range-dependence of the nucleon-nucleon force, very similar to
that of molecular forces, a liquid-gas phase transition is expected in nuclear
matter, if conditions for sufficient heating are achieved. At normal nuclear
density, the long- and intermediate- range attraction, and the short-range
repulsion of the nuclear force, balance, determining the equilibrium state
of cold nuclear matter. When the average nucleon density is lower than
normal nuclear density, the attractive forces dominate, giving rise to density
fluctuations and clusterization of nucleons.

This Van der Waals-like behavior of the nucleon-nucleon force, sug-
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gested the idea of a liquid-gas phase transition in nuclear matter already
20 years ago [96]. For the ideal case of uncharged and infinitely extended
nuclear matter, phase diagrams very similar to those obtained for macro-
scopic fluids have been calculated and show phase boundaries and regions
of coexistence of the liquid and gaseous phases. One example is presented
in Figure 2.2. The decay into multiple, medium-sized nuclear fragments, is
expected in the whole dynamically unstable region of the liquid-gas phase
diagram, not only in the neighborhood of the critical point. For this rea-
son, many experiments have investigated the phenomenon of multifrag-
mentation in heavy ion collisions, searching for a possible connection to the
phase transition [27, 28, 31]. Many models predict the phase transition,
but substantial uncertainties exist, regarding for instance the critical tem-
perature at which the transition should take place. As a matter of fact, the
finiteness of nuclear systems might induce large distortions in the behavior
of the observables theoretically predicted to signal a phase transition (98|.

In connection with multifragmentation, a variety of theoretical models
has been proposed, such as: probabilistic models (combinatorial relations,
minimum information principle [99], percolation [33-38]); macroscopic mod-
els (phase coexistence [100, 101], Fisher condensation theory [102], critical
indexes [27, 30]); microscopic dynamical models (Hartree-Fock [103, 104],
Boltzmann-Langevin equation [105-107], molecular and quantum molecular
dynamics [71-73]); statistical models [7-9, 13-19]; hybrid models [95].

The large diversity of theoretical models reflects the complexity of the
multifragmentation process. No single model is yet able to describe the
formation, evolution and decay of highly excited systems in the course of
a nuclear reaction. Despite intense experimental and theoretical effort,
many aspects of the underlying reaction mechanism of multifragment emis-
sion remain an unresolved puzzle. For instance, it is still unclear whether
multifragmentation exists as a distinct, simultaneous break up process, or
whether it is reducible to a sequence of binary decays, similar to those
observed at lower energies. Also the issues whether the decay is driven by
statistics or dynamics and whether a liquid-gas phase transition takes place
in nuclear matter, are still debated.



Chapter 2. Intermediate Mass Fragments 13

2.2 Experimental Methods

The very first experiments with intermediate energy heavy ions, utilized the
cosmic radiation as beam, and photographic emulsions as both targets and
detectors. Since the beginning of the seventies, when the Synchrophasotron
in Dubna and the Bevalac in Berkeley became operational for intermediate
energy heavy ion collisions, several accelerator complexes around the world
have been constructed or upgraded for heavy ion experiments.

From the detection point of view, experimental devices capable of per-
forming complete measurements are needed to study how highly excited
nuclear systems form and disassemble. In the ideal experiment, an event-
by-event detection of all the particles and fragments with their charge,
mass, spatial distribution and energy, should be obtained at every stage of
the collision.

Nuclear emulsion experiments ensure complete measurement of the mo-
mentum and charge of each charged particle [108]. However, due to the
large amount of manual labor connected with the analysis, and to the lim-
ited choice of target material, the nuclear emulsion technique can only be
employed for exploratory kind of studies, with a limited number of exclu-
sive events. To reach large statistics, electronic multidetector systems are
used.

2.2.1 Multidetector Systems

The aim of multidetector systems is to detect all particles and fragments
emitted in a collision, in order to perform analysis of events well character-
ized and as complete as possible. In multidetector systems, many detector
telescopes (see Appendix B) are arranged in optimized geometry, suggested
by the specific experimental conditions, and guarantee the desired detection
characteristics: large solid angle, low detection energy thresholds, charge
and mass resolution. Multidetector systems suffer, however, from a num-
ber of limitations, for example: neutrons are usually not detected; charged
products can escape through unavoidable dead areas between detectors and
through the beam holes; multiple hits in a single detector give wrong in-
formation; detection energy thresholds prevent from measuring very low
energy particles, and so on. Because of all these limitations, the recorded
events are never complete.
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Several state of the art, triggerable, large detector systems, have been
or are being developed, among which are: ALADIN [109] and FOPI [110,
111] at GSI, Miniball (MB) at MSU [112] , Amphora [113] in Genoble, IN-
DRA [114] at GANIL, CHICSi [115] for the Uppsala Storage Ring. The data
discussed in Publications II, III and IV of this thesis, have been collected
with two detection devices that cover a large fraction of the available phase
space: the MSU Miniball Array (Publications II and III) and the ALADIN
forward spectrometer (Publication IV). The philosophy behind the design
of these two detection systems is slightly different: the Miniball Array is
well suited for the detection of participant sources produced in near head-
on collisions; ALADIN is optimized for the detection of spectator nuclei,
heated up in high energy peripheral collisions.

Figure 2.3: A schematic representation of the Miniball ^K fragment de-
tection array. The target insertion mechanism is also shown. (From ref.
[88]).

The Miniball Array [112] is a multi-modular, low-threshold, near 4?r
detection system. It consists of 11 independent azimuthal rings; each ring
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accommodates a varying number (12-24) of detector telescopes. An artis-
tic view of the Miniball Array is presented in Figure 2.3 (together with the
target insertion mechanism). The detectors of a given ring are identical
in shape and have the same polar angle coordinate. Polar angles ranging
from 9° to 160° are covered. The Miniball Array is often coupled to special-
ized, high resolution forward arrays, able to detect heavy reaction products
emitted at small angles with near beam velocities. This is particularly im-
portant for reverse kinematics reactions, where the fragments are forward
focused.

The data presented in Publications II and III have been collected with
171 Miniball Array detector telescopes and a 16-element Si-Si(Li)-plastic
forward hodoscope (LBL Array) [116]. In this configuration, the two most
forward rings of the Miniball Array were removed to provide space for two
planes of the LBL forward hodoscope. The two LBL Array planes were
placed behind each other, at polar angles 2° — 5° and 5° — 16° respectively.
In this configuration, the Miniball telescopes covered polar angles 16° to
160°, corresponding to approximately 87% of 4TT, and the LBL forward
hodoscope covered approximately 64% of the solid angle at polar angles
2° < 0 < 16°.

The Miniball phoswich detectors, briefly described Appendix B, iden-
tify particles with charge Z — 1 — 20, with "punch-through" energy value of
75 MeV/nucleon for light charged particles with Z < 2. The LBL forward
array identifies elements with Z = 1 — 54. The MB + LBL detector system,
operated in air, has detection energy thresholds of: 2, 3 and 4 MeV/nucleon
for Z = 3, 10 and 18 (Miniball Array); 6, 13, 21 and 27 MeV/nucleon for Z
= 2, 8, 29 and 54 (LBL Array). The overall energy resolution is estimated
to approximately 1%. The position of the particles detected in the Miniball
Array is taken to be equal to the center of the fired detector; for the parti-
cles stopped in the LBL Array, instead, position sensitive silicon detectors
and the method of resistive charge dividers are used. Details about particle
identification, position and energy calibrations and data acquisition elec-
tronics of the MB + LBL system, can be found in ref. [88]. A simulation of
the MB + LBL filter response, with respect to geometric efficiency, energy
thresholds and double hits, is discussed in Publication I.

Details about the ALADIN forward spectrometer can be found in ref.
[117]. At bombarding energies larger than about 1000 MeV/nucleon, the
ALADIN set-up permits the detection of close to 100% of all projectile
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fragments with Z > 2, and identification of individual isotopes up to mass
40.

2.2.2 Global Observables

Many experiments have been performed in the past trying to understand
the mechanism and to characterize the source of multifragmentation. Most
of the experimental conclusions rely strongly on comparison with theoret-
ical calculations. However, comparison between experiment and theory is
often problematic, since theoretical variables and observables cannot be ac-
curately measured experimentally. In particular, comparison with inclusive
measurements is always complicated by the implicit average over impact
parameters.

In most experiments, information about the impact parameter is ex-
tracted from quantities which relate, via simple and intuitive pictures, to
the collision geometry. A monotonic relationship is assumed between the
impact parameter and any global variable accounting for the degree of "vio-
lence" of the collision: the more violent the collision, the smaller the impact
parameter, the larger the amount of excitation energy deposited in the sys-
tem. Complete detection of all reaction products is therefore a necessary
condition for a good event characterization, since it is needed to recon-
struct global observables that can be employed to select narrow ranges of
impact parameters, and to determine the excitation energy deposited in
the multifragmentation source.

Many variables have been used as impact-parameter-filters, such as:
charged particle and neutron multiplicities (see Section 3.1.1), charge of
the largest fragment, reconstructed source velocity, transverse momentum,
etc. We shall now present two such observables extensively used in this
thesis: the "transverse energy" and

Transverse Energy

A specific reaction filter and a measure of the excitation energy is provided
by the transverse kinetic energy, suggested in ref. [118]. The transverse en-
ergy is calculated event-by-event as the sum of the kinetic energies, weighted
by the sine squared of the detected polar angle, for all particles (N) in an



Chapter 2. Intermediate Mass Fragments 17

event1:
N

Et = J2Eisin2ei (2-1)

Under the assumption of a simple thermal model, where the excitation en-
ergy is evenly distributed among the particles and the angular distribution
of the particles is isotropic, the average transverse energy, for events of fixed
excitation energy, is proportional to the excitation energy:

E< >= ( £ f
Indeed, data analysis has shown that: a) the transverse energy is linearly
and strongly correlated with the excitation energy determined from the re-
construction of the source velocity [53]; b) the center-of-mass energy avail-
able in different reactions and at different bombarding energies, is a linear
function of the upper limit of the transverse energy [88]. These experi-
mental observations strongly support the use of the transverse energy as a
measure of the system excitation energy. The transverse energy is exten-
sively discussed in Publication I.

Zbound

The global variable utilized in the ALADIN experiments to characterize
the events, is the total charge bound in clusters, Tibound, defined as the sum
of the atomic numbers Zi of all projectile fragments with Z{ > 2. In other
words, Zbound represents the charge of the spectator system, reduced by the
number of hydrogen isotopes emitted during the decay [109, 117, 119, 120].

The reactions studied by the ALADIN collaboration fall in the fireball
regime. More specifically, the ALADIN experiments want to investigate
the decay of the projectile spectator which, abraded by the target nucleus,
continues to fly nearly unchanged in speed and direction. The excitation
energy of the projectile spectator is due to the energy associated with the
extra surface, plus the energy dissipated by friction during the abrasion,

1With the MB -f LBL detection array, only charged particles can be measured and
used to reconstruct the transverse energy.
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plus the energy received from the strong irradiation from the fireball. The
projectile spectator is subject to a strong increase in temperature and little
compression [117].

Since the removal of mass, in the initial excitation stage and during
the subsequent deexcitation, is correlated with the energy transfer to the
spectator system, larger energy transfers correspond to smaller values of
Zbound- This correlation between the energy transfer and Zbound, opens up
the possibility to use the latter quantity to trigger on energy transfer, which
is an important parameter when testing a variety of theoretical models.

2.3 Physical Results

2.3.1 IMF Excitation Functions

As already mentioned, even though a large body of experimental data on
multifragmentation has been accumulated in the past decade, comparison
between experiments and theoretical predictions is often problematic: not
only theoretical variables and observables cannot be accurately measured,
but also different models often suggest different observables.

These considerations have stimulated the novel approach to multifrag-
mentation studies presented in refs. [51-53] and in Publication I. The basic
idea in these studies is that important information about the break up
process can be obtained by examining the data themselves, without any
assumptions connected to specific theoretical models.

The primary experimental observable in this approach is the probability
Pn of emitting n intermediate mass fragments2, defined as:

*» - v o o N( y
2^n=0 iV Kn)

where N(n) is the number of events with n IMFs. The emission probability
Pn is studied as a function of the total transverse energy Et (introduced
in the previous section, equation (2.1)), assumed to be proportional to the
excitation energy. An example of experimental "IMF excitation functions"

2In this work, intermediate mass fragments are denned as those fragments with charge
in the range 3 < ZIMP < 20.
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is shown in Figure 2.4.a: the emission probabilities Pn, n = 0-10, are
plotted for the reaction 129Xe -t- 197Au at E/A = 60 MeV. One can notice
that both the value of n corresponding to the most probable n-fold event
at a given Eu and the average fragment multiplicity, increase with Et.

The n-fragment emission probabilities are found to have a thermal
energy dependence, characteristic of statistical decay, as will be further
discussed below.

Statistical Multifragmentation

In low energy fission studies [121] the fission probability Pj was found to
have a thermal energy dependence:

lnPf<xl/\/l2*, (2.4)

where E* is the excitation energy of the system. This characteristic energy
dependence is a generic attribute of statistical decay, and is independent
of any theoretical models. In fact, in statistical decay, the fission proba-
bility should be proportional to the level density of the system p(E*) at
an excitation energy equal to the available energy minus the fission barrier

Pf(E*) ex p(E*~ Bf). (2 5)

For a Fermi gas level density:

Pf(E') <x exp[2yfa(E* - Bf)}, (2.6)

where a is the level density parameter. For E* >> Bf.

Pf{E*) oc exp(2VaE* - Bfy/a/E*) oc exp(-5 //T), (2.7)

since the temperature T is proportional to y/E* in the Fermi gas model.
Therefore, the linear dependence (2.4) is empirical evidence of the statistical
nature of fission.

While in fission studies the focus is on the competition between fis-
sion and neutron decay channels, when the approach is extended to mul-
tifragmentation the competition between decay channels of different IMF
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Figure 2.4: From the 129Xe -f 197Au reaction at E/A = 60 MeV: a) Prob-
abilities Pn (n = 0 - 10) of emitting n IMFs, plotted as a function of the
measured transverse energy Et. The solid lines are a binomial fit to the
points (see text for explanations), b) Normalized probabilities Pn/'P2 ( n =
3 - 6), plotted as a function of l/y/E~t. The lines are linear fits.
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multiplicity becomes relevant. In the multifragmentation data analysis of
refs. [52, 53], the natural logarithm of the normalized n-fragment emission
probabilities, ln(Pn/P2), is plotted as a function of l/y/Et (in analogy with
equation (2.4)). One example is shown in Figure 2.4.b. Assuming that
Et oc E*, the linear dependence observed in Figure 2.4.b:

Pn(Et) oc exp(-Bn/y/Et) oc exip(-Bn/V¥>) a exp{-Bn/T) (2.8)

indicates the statistical nature of the n-fragment emission probabilities Pn

In other words, the excited nuclear system formed in a heavy ion collision
decays statistically, and the decay is governed by an average barrier Bn for
n-fragment emission.

This result (equation (2.8)), verified for a wide variety of colliding sys-
tems and bombarding energies, is very powerful, since it is obtained by
simply plotting the experimental data in a particularly revealing way, and
does not rely on any model assumptions. The statistical energy dependence
of the n-fragment emission probabilities suggests that the dynamics of the
reaction might be limited to the formation stage of the excited source, while
the fragment decay channels are dictated by the available phase space. In
other words, a decoupling between the entrance and the exit channels is
realized, which is a necessary condition for statistical decay.

Since the normalized Pn obey the relationship (2.8), the slopes in Figure
2.4.b should be proportional to the average n-fragment decay barrier Bn.
However, the actual value of the emission barrier can not be extracted from
the experimental data, since an absolute scale for the excitation energy is
not available.

The linear dependence In Pn oc \jsfE* is a generic attribute of statisti-
cal decay, that applies to both prompt and sequential multifragmentation
governed by the statistics. In the framework of a chemical equilibrium pic-
ture of prompt multifragmentation, the n-fragment emission barrier Bn can
be interpreted as the potential energy of an n-body decay configuration.
Alternatively, in a sequential-decay picture (where the system undergoes
successive binary decays with barriers &i,&2,...&n), &n simply represents the
sum of barriers, under the assumption that the temperature is nearly con-
stant at all stages of the emission [122].
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Reducibility

Another fundamental issue connected to multifragmentation is that of re-
ducibility . Can multifragmentation be reduced to a combination of inde-
pendent fragment emissions? More specifically: can the probability for the
emission of n fragments be reduced to the probability for the emission of
just one fragment?

A simple scenario consistent with reducibility, is that of a system that
emits inert fragments with constant probability p. In this case, the proba-
bility P™ of emitting n fragments, in m independent trials, is given by the
binomial distribution:

The average multiplicity is then:

< n >= mp, (2.10)

and the corresponding variance is:

a2 =< n > (1 -p). (2.11)

To verify whether the n-fragment emission probability Pn follows the bino-
mial distribution, the values of p and m can be extracted from the experi-
mental values of the mean IMF multiplicity and variance. As an example,
the mean and variance from the reaction 129Xe + 197Au at E/A = 60 MeV
are shown in Figures 2.5.a, 2.5.b. At each value of the transverse energy,
the parameters p and m can be extracted as:

a2

p=l . (2.12)

m = - <Jl;> (2.13)
1 - a2/ < n > v ;

The values of p and m, obtained through this procedure, are plotted in Fig-
ures 2.5.c, 2.5.d. These values of p and m can be introduced in the binomial
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equation (2.9), to calculate the corresponding n-fragment emission proba-
bilities. The calculations are shown in Figure 2.4.a (solid lines), compared
to the experimental data (symbols): the calculated binomial probabilities
are in excellent, quantitative agreement with the experimental excitation
functions, over the entire range of measured Et. This result proves the

500 1000 1500
E t (MeV)

500 1000 1500
Et (MeV)

Figure 2.5: From the 129Xe + 197Au reaction at E/A = 60 MeV: mean
(panel a) and variance (panel b) of the IMF multiplicity distribution as
a function of Et. Values of m (panel c) and p (panel d) extracted from
the mean and variance of the IMF multiplicity distribution, according to
equations (2.12, 2.13).

binomiality of the probabilities Pn and their reducibility to an elementary
binomial decay probability p. Alternative methods of extraction of the bi-
nomial parameters p and ra, have yielded results consistent with the above
method, and the binomiality of the n-fold emission probabilities Pn has
been verified for a wide variety of systems and bombarding energies [53].

The applicability of the binomial distribution to the IMF emission prob-
abilities, gives significant insight into the nature of the multifragmentation
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process; multifragmentation is reducible to a combination of independent
fragment emissions with elementary probability p.

Thermal Scaling

We now proceed to investigate the dependence of the elementary binomial
probability p on the temperature. A plot of the natural logarithm of 1/p as
a function of l/y/E~t ("Arrhenius plot") is presented in Figure 2.6.a. The
linearity of the plot indicates a thermal dependence of p, with a Boltzmann
form e x p ( - £ / T ) . Here T a \fE* oc y/Et, and B represents an average
barrier for fragment emission. The thermal dependence is verified over the
entire range of measured Et.
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Figure 2.6: From the 129Xe + 197Au reaction at E/A = 60 MeV: a) Ar-
rhenius plot: In (1/p) versus l/y/El- b) Arrhenius plots corresponding to
Zth - 3, 5, 7 in the IMF definition Zth < ZIMF < 20.

From the slope of the Arrhenius plot, information on the effective emis-
sion barrier B can be obtained. The average barrier is a somewhat artificial
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quantity, since each fragment sees a decay barrier proportional to its atomic
number. It turns out that the value of the average barrier B is determined
by the barrier associated with the emission of the lightest fragment, i.e by
the lowest barrier.

This can be demonstrated by constructing Arrhenius plots correspond
ing to IMFs from different charge intervals, i.e. where the low limit, Zttly

in the IMF definition is varied {Zth < ZJMF < 20, usually Zth — 3, as
in Figure 2.6.a). Figure 2.6.b presents the Arrhenius plots (ln(l/jy) ver-
sus 1/s/Wt) for the elementary probability p extracted from the mean and
variance of IMFs classes with Zth — 3, 5 and 7. One can notice that the
slope of Arrhenius plot becomes progressively steeper with increasing value
of Zth- Since the decay barrier is proportional to the atomic number of the
emitted fragment, the observed Zth dependence indicates that the decay
is actually dominated by the lightest fragment. The sensitivity of these
slopes to Zth, consistent with the Z dependence of the emission barrier, is
a powerful signal for the physical meaning of JO, as extensively discussed in
Publication I.

Transverse Energy

We have seen that the features of reducibility of Pn, and thermal behavior
of p, are experimental observations that do not rely on any theoretical as-
sumptions. However, they do rely on two "technical" assumptions, namely
that: a) the measured transverse energy is proportional to the excitation
energy; b) the n-fragment emission probabilities are truly binomial distri-
butions, and the observed binomiality is not an artifact of experimental
problems that might somehow narrow the natural width of the distribution
(transforming Poisson into binomial).

The work presented in Publication I investigates these two issues, by
means of Monte Carlo simulations coupled to the experimental filter. The
main conclusions from the simulations of Publication I can be shortly sum-
marized as: a) the transverse energy is a good observable that can be re-
liably used as a measure of the excitation energy. Et is linearly correlated
to the excitation energy, and weakly correlated to the IMF multiplicity,
b) Neither event-to-event fluctuations (connected to the use of Et) nor Et

auto-correlation effects, are large enough to transform a Poisson into a
binomial distribution. The mean and variance of the IMF multiplicity dis-
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tribution are well preserved when replacing the excitation energy with the
transverse energy; in fact, they are well preserved even as a function of the
filtered Et, limited by detection inefficiencies. This proves that binomiality
is an inherent property of the n-fragment emission probabilities.

In conclusion, the results from the simulations of Publication I (sum-
marized also in Chapter 5), give a strong indication that reducibility and
thermal scaling are true features of the multifragment decay.

2.3.2 IMF Charge Distributions

In multifragmentation studies, fragment size distributions play an impor-
tant role. Much attention has been payed to the power-law shape of the
charge (and mass) distributions, considered as an indicator of critical be-
havior of the hot nuclear matter [26, 27], as well as to the moments of the
charge distributions, as we shall discuss later on.

In the previous section, reducibility and thermal scaling of the mul-
tifragment emission probabilities Pn , have been demonstrated with data
integrated over a broad range of atomic numbers (3 < ZJMF < ^0)- In
that approach, an average value of the elementary decay probability p —
< p(Z)> has been extracted, strongly dependent on the lightest member
(Zth) in the IMF charge distribution.

Reducibility and thermal scaling of the integrated fragment emission
probabilities naturally rise the question as to whether the charge distribu-
tions are also "reducible" and "scalable". In its widest form, reducibility
demands that the single fragment emission probability p(Z), from which
an event of n fragments is generated by m trials, is the same at every step
of the extraction. The consequence of this extreme reducibility is that the
charge distribution for the one-fold event, is the same as for the n-fold
events, and equal to the singles distribution:

PX{Z) = Pn(Z) = Patngies(Z) = P(Z). (2.14)

The consequence of the thermal dependence of p on the charge distribution
is that:

•D(Z) OC PXD (~ftZ}\ or ext> (P\ZJ) OC exp i r-r i ex exp i
\ yj tit J \

i
1 J
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where B(Z) is the emission barrier for a fragment of charge Z, and T is the
temperature of the emission source.

Experimental investigation of the charge distribution Pn(Z) associated
with events of fixed IMF multiplicity n, has been performed in Publication
II, and has revealed the following scaling law:

Pn{Z) oc exp ( - 4 2 ~ ncz\ oc exp (~^~^ ~ ncz\ (2.16)

valid at all values of Et.

This equation demonstrates the reducibility of the n-fold charge dis-
tribution to the one-fold. It also shows that the thermal features observed
for the n-fragment emission probabilities, and the Boltzmann dependence
of the elementary probability p, extend consistently to the charge distri-
butions. However, the condition of extreme reducibility (equation (2.14))
is not exactly met, due to a weak residual dependence on the fragment
multiplicity n, observed at high values of Et and manifested through the
factor exp(—ncZ).

Origin and In te rpre ta t ion of c

Interesting speculations can be advanced on the origin of the quantity c,
characterizing the dependence of the charge distribution on the number of
IMFs n, and thus constituting an effective limiting constraint to the com-
plete independence of individual fragment emissions. These speculations
are suggested by the solution of a classical problem: the problem of break-
ing an integer Zo into n pieces, and finding the most likely value of n^,
the number of pieces of size Z. This problem, that can be related to the
problem of fragmentation of a nucleus, can be solved with the "minimum
information model" [99], applying the law of charge conservation and the
principle of maximum entropy. The expression found for the solution is:

One can notice that this expression has the asymptotic structure of equation
(2.16) in the limit of very large temperatures, pointing to a topologic or
combinatorial origin of the quantity c, as discussed in Publication II.
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It is reasonable to think that the assumption of unbiased breaking of
a source Zo is satisfied at high temperatures, where exp(—B(Z)/T) ^ 1
in equation (2.16). In this regime, the Z dependence of the emission bar-
rier B(Z) has a minimal effect on the resulting charge distribution. On
the other hand, when the temperature becomes comparable to the emis-
sion barrier B(Z), competition between fragments of different charge can
no longer be neglected and, at very low temperatures, the emission of large
fragments is substantially suppressed by their large barriers. In this case,
the assumption of unbiased partitioning of a source becomes clearly inap-
propriate. At low temperatures the charge distribution is dominated by
the term exp(—B(Z)/T). The emission of large fragments is inhibited and
a sizeable remnant is often found among the final reaction products, serv-
ing as a charge-conserving reservoir. The resulting charge distribution is
nearly independent of the fragment multiplicity, and the quantity c becomes
essentially zero.

c
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Figure 2.7: From the 129Xe + 197Au reaction at E/A = 60 MeV, values of
c, extracted from the dependence of the charge distribution on the number
n of IMFs, plotted as a function of the transverse energy.

The experimental dependence of the quantity c on the energy has been
explored in Publication III. Figure 2.7 shows an example of c as a function
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of Et. The values of c have been obtained from a linear fit to the natural
logarithm of the ratio Pn(Z)/Pn+i(Z) — exp(cZ), and from a weighted
average over all IMF multiplicities n. The quantity c starts near zero at
low transverse energies, raises rapidly with increasing Et, and reaches a
saturation value at high Et. Under the assumption that Et is proportional
to the excitation energy, the observed behavior is indeed consistent with
the predicted temperature dependence of c.

The above physical interpretation of c, connected to charge conserva-
tion, is reinforced by the comparison with percolation calculations (Publi-
cation III) and evaporation-like calculations (performed in Publication I).
Both calculations suggest that while c = 0 indicates evaporative-like emis-
sion from a source which survives as charge-conserving residue, the c > 0
regime may signify complete vaporization of the source. A nuclear system
that undergoes sequential emission is a simple case leading to independent
fragment emission; at each stage of the emission, the charge of the emit-
ted fragment is not affected much by the decreasing source size. On the
other hand, simultaneous emission is an example leading to c > 0; in this
case, the fragments are aware of each other, which is reflected through the
functional form exp(—cnZ) of the charge distribution.

The sensitivity of c to the presence or absence of a charge conserving
residue, makes c a robust indicator of whether the system is present in two
separate phases (liquid-vapor) or in one phase (unsaturated vapor). The
change of c from zero to non-zero quantity, can be compared to a first
order phase transition of a fluid moving from the region of liquid-vapor
coexistence to the region of (unsaturated) vapor. In the coexistence region,
the presence of the liquid guarantees mass conservation; the properties of
the vapor (in particular the cluster size distribution) cannot reflect the total
mass of the system (c = 0). On the other hand, in the region of unsaturated
vapor, there is no liquid to ensure mass conservation, and in this case c > 0.

2.3.3 IMF Size Fluctuations

We have seen in the previous section that the quantity c, characterizing
the dependence of the charge distribution on the number of IMFs, is an
empirical indicator of the phase of the system. In the search for the nu-
clear liquid-gas phase transition, many studies focus on other observables
suggested by theoretical models.
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Liquid-Vapor Equilibrium Model

If the Coulomb interaction is neglected, nuclear matter, bound by nuclear
forces with long-range attraction and short-range repulsion, is expected to
behave like a fluid, described by the Van der Waals equation of state. In
this context, the liquid-vapor equilibrium model [26, 47, 100-102] describes
multifragmentation like a "nucleation" process in nuclear vapor near sat-
uration. The Fisher-droplet theory [102] predicts a probability for cluster
size A given by:

P(A) « A^exp ( - ^ 2 / 3 ) exp [ - ( w
r

w ) A ] (2.18)

Here //£, \iy are the liquid and vapor chemical potentials, r is the Fisher
critical exponent and 7 is the surface energy coefficient for the liquid. For
A*v > A4!/) the liquid phase is stable and large clusters are found. For
pv < ML? the vapor is stable and small clusters are present. At the crit-
ical temperature, the liquid-vapor distinction ends {fly — ML) a n d the
surface energy coefficient vanishes; the cluster size distribution assumes a
characteristic power-law dependence. This power-law distribution has been
identified in a variety of inclusive experiments [27, 28, 31], and a recent ex-
perimental analysis has not only demonstrated a near critical behavior but
also determined other critical coefficients besides r [39]. However, several
investigations have shown that the power-law dependence is not a unique
signature of liquid-gas phase transition, but rather a generic feature asso-
ciated with statistical equilibrium models [9, 20, 26].

Percolation Model

Different observables connected to the (second order) phase transition are
suggested by the percolation model [33-38]. In the bond percolation model,
the nucleus is viewed as a lattice of nucleons connected by bonds, with a
breaking probability (pb) that depends on the excitation energy (or tem-
perature) of the nucleus. In a cold nucleus, the bond breaking probability
is small, and a large percolating cluster is found extending throughout the
lattice. The bond breaking probability increases with increasing excitation
energy and eventually reaches a critical value, beyond which the percolat-
ing cluster no longer exists. At this critical point (plrit) the nucleus breaks
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into many small clusters, similar to those observed in nuclear multifrag-
mentation.

The evolution from a large percolating cluster to many small clusters
beyond a percolation threshold, is reminiscent of the behavior of a system
undergoing a liquid-gas phase transition, suggesting that the percolation
theory may be used to mimic phase transitions.

The cluster size distribution near the percolation threshold follows a
power-law, consistent with the distribution of droplet size near the critical
point in a liquid-vapor equilibrium. Several other quantities behave in a
qualitatively different way at the critical point, and may thus be used to
observe and verify second order phase transitions in nuclear multifragmen-
tation.

One of these quantities is the event-by-event moment of the cluster size
distribution [36, 123]. The ith moment of the charge (mass) distribution
for a single event is defined as:

where N{Z) refers to the multiplicity of clusters with charge Z and the
sum is extended to all the fragments of the event (except for the heaviest
one, considered to be the percolating cluster). For an infinite system, the
percolation theory predicts that the moments Mi of the cluster size distri-
bution diverge for i > 1 at the critical point pb = p£r**. Of course, in a finite
system, the moments remain finite even for i > 1; however, if the system
keeps some trace of critical behavior, Mi should be much larger than the
average, for some particular events.

In a similar approach, combinations of moments can be considered. For
example, an interesting combination is the reduced variance 72 [123, 124]
given by:

_ M2M0 _ a2

72 ~ ~~Mf ~ < Z >2 + ' { }

where a2 is the variance and < Z > is the average charge of the the frag-
ments in the event. When 72 is plotted versus the bond breaking probabil-
ity, 72 = 1 for pb = 0 and pb = 1, while it diverges at criticality (pb — pjj"'),
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Figure 2.8: Values of the reduced variance 72, generated by bond percolation
calculations for cubic lattices of size 6, 12, 17, as a function of the bond
breaking probability pb.

for an infinite system. The singularity at pf%t reflects the infinite fluctua-
tions (a2) in the fragment size distribution at the critical point. Conversely,
the value of 72 approaches unity when the fluctuations are minimized; this
happens when the system disassembles completely into nucleons at large
pb, and when the bond breaking probability is small and a heavy residue is
dropped as the percolating cluster. The singularity in 72 is predicted for an
infinite system. Percolation calculations, performed for finite size systems,
generate a broad maximum instead of a singularity; this is illustrated in
Publication IV and in Figure 2.8, and is an example of how the signals of
a critical behavior that are sharp in large systems, can be washed out by
finite size effects.



Chapter 2. Intermediate Mass Fragments 33

Intermittency Analysis

Another observable commonly used to establish deviations from Poisson
fluctuations and to search for hints of critical behavior in the experimental
data, is the scaled factorial moments (SFMs) of charge (or mass) distribu-
tions.

The SFMs are defined as:

Zo is the total charge of the source, divided into bins of size A; N^ represents
the number of fragments with charge in the interval [(i— 1)A, zA], i=l, 2,
..., Zo/A; the ensemble average is performed over all fragmentation events
considered.

If the SFMs follow a power-law Fk oc A~^fc, as a function of the binning
size A, "intermittency" is observed, i.e. a manifestation of scale invariance
of the process and of randomness of the underlying scaling law. In prac-
tice, the double logarithmic plot: inFk versus —InA is constructed. The
occurrence of intermittency is indicated by: a single, positive slope of the
plot; positive In Fk for all values of A; relative ordering of the moments
\nFk+1>\nFk[125}.

Several authors have linked the occurrence of intermittency, in the dis-
tribution of a physical observable, with critical behavior [126-131]. This has
been justified by the fact that, within the Ising model, the magnetization
of the domains exhibits intermittency at the critical point [132]. Moreover,
some works have reported on the occurrence of intermittency, at the critical
point, also in bond percolation calculations [126, 127].

A recent study [133] has reconsidered the intermittency signal observed
in percolation theory, pointing out that if the SFM analysis is properly per-
formed at fixed multiplicity (as it should be in order to avoid that multiplic-
ity fluctuations become the leading term in the fluctuation of the fragment
size), the alleged intermittency signal disappears. The authors of ref. [133]
have concluded that the intermittency signal, observed in percolation cal-
culations, has been wrongly interpreted as an indication of criticality, since
it originates from a finite width of the multiplicity distribution.
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In addition to this, more and more studies suggest caution in interpret-
ing the occurrence of intermittency as a sign of critical behavior [134-136].
As a point of fact, a recent work has shown that any simulation that con-
serves charge produces intermittency [136].

In Publication IV, bond percolation calculations have been carried out
for lattices of different sizes. SFM analysis of the critical events, selected
by means of the reduced variance 72 (equation (2.20)), has been performed:
in no case intermittency has been found to arise from the critical events.

SFM analysis of ALADIN fragmentation data (Au + Au reactions at
E/A = 600 — 1000 MeV), has been found in qualitative agreement with the
results of the percolation calculations. The ALADIN data have been sorted
as a function of Tibound (Section 2.2.2) which is believed to select events from
similar initial conditions; in this way, spurious fluctuations, connected to
the mixing of events, should be avoided. For its strong (inverse) correlation
with the energy transferred to the excited projectile spectator, Zbound can
be connected to the bond breaking probability in the percolation model,
and is expected to have a 1/pb dependence. A positive intermittency signal
has been seen to appear for some of the ALADIN events, but these events
are not the critical ones, according to the gate on the reduced variance
72. In light of the observations reported above (namely that the SFM
analysis should be performed at fixed multiplicity and that any model that
conserves charge produces intermittency), we suggest that the intermittent-
like signal observed in the ALADIN data can be attributed to constraints
introduced by conservation laws and to a certain summation over events
produced under different initial conditions (i.e. different impact parameters
and consequently different excitation energies).
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Intensity Interferometry

This chapter is devoted to "intensity interferometry" with nucleons, which
is the topic of Publications V and VI included in this thesis. Section 3.1
gives an overview of how light charged particle and neutron measurements
can be utilized to learn about heavy ion collisions. Section 3.2 introduces
the experimental correlation function, a measurable quantity that contains
information about the space-time evolution of the reaction via quantum
statistical effects and final state interactions between emitted particles In
particular, the construction of the neutron-neutron correlation function and
several technical issues connected to neutron measurements are discussed.
Finally, the theoretical correlation function is introduced in Section 3.3,
and confronted with the experimental results from Publications V and VI.
Special attention is payed to the use of a microscopic transport model
(BUU) to predict two-nucleon correlation functions.

3.1 Introduction

3.1.1 Light Charged Particles and Neutrons

Inclusive Measurements

In the study of heavy ion collisions, much effort has been directed towards
extracting useful information from light charged particles and neutrons,
copiously emitted at all the various stages of the collision.

35
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Often, the energy spectra of light charged particles have been used to
determine the nuclear temperature [54, 137], the idea being that in the
center-of-mass of the emitting source, these spectra most likely exhibit an
exponential fall off, with a typical e~E^T Maxwellian shape. At low bom-
barding energies (E/A < 10 MeV), rapid equilibration among the intrinsic
degrees of freedom is usually achieved. On the other hand, studies at higher
bombarding energies have indicated that it becomes impossible to explain
the light charged particle spectra assuming that they originate from ther-
mal sources only. The forward light charged particle spectra exhibit a fast,
component, associated with "pre-equilibrium" emission. Nucleon showers
of prompt emitted particles (also called "Fermi jets") are observed exper-
imentally, as predicted by theoretical models [138-140], Usually, several
moving Boltzmann distributions have to be introduced to fit the spectra
[141-143]. However, the temperature values deduced from these fits may
not always be meaningful, because the fits are not unique and do not prove
that the sources really exist and are equilibrated.

In a different approach, the multiplicity distributions of light charged
particles [55, 56] and neutrons [57, 58] have been utilized as a tool to esti-
mate the extent to which the kinetic energy available in the entrance chan-
nel is thermalized, since most of such particles are expected to be emitted
by evaporation. However, many difficulties are connected with this pro-
cedure as well. Decay product multiplicities lead to a correct estimate of
the excitation energy only if the detection efficiency is very high and if one
knows the mean energy carried away by these particles.

Coincidence Measurements

It is clear that to extract valuable information from inclusive light charged
particle and neutron measurements is a difficult task, that can lead to
ambiguous results. More easily accessible information can be provided by
exclusive measurements, where light charged particles and neutrons are
detected in coincidence with each other, or with other reaction products
[59, 60].

Studies of large angle correlations have been carried out at different
bombarding energies. At low energies, azimuthal large angle correlations
have been explained, to a large extent, in terms of momentum conservation
within systems with a limited number of nucleons [144]. At intermediate
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energies, studies of large angle correlations have provided information about
recoils, angular momentum [145, 146] and shadowing effects [147-150).

Small angle particle correlations have turned out to be a sensitive tool
to study the space-time characteristics of nuclear sources, from the interplay
of quantum statistical effects and final state interactions. This technique,
which is known as "intensity interferometry", will be the topic of discussion
of this chapter. Several studies suggest that particle interferometry might
provide an independent way of determining the density of the system at
freeze-out, the decay time of excited and dense nuclear matter |61, 151 j ,
the time ordering of different particle emission [152] thus allowing to get a
closer look into the dynamics of heavy ion collisions. Nuclear interferometry
can also be extended to the study of the production of unstable systems
(such as 5Li* and 8Be*, that disintegrate into p-a and a-a respectively)
and resonances. Measuring the relative population of the excited states of
these systems is in fact another way to determine the temperature of the
source from which they come [153, 154].

3.1.2 Nuclear Intensity Interferometry

In 1920, more than a century after the famous double slit experiment by
which Young proved the wave nature of light, Michelson utilized ampli-
tude interference to determine the angular diameter of several stars. These
measurements, however, were affected by uncontrollable atmospheric dis-
tortions [155]. A more reliable method to evaluate the size of astronomic
objects, was proposed by Hanbury-Brown and Twiss in 1954 [156]. Two
years later, the angular diameter of Sirius was deduced from the correla-
tions between photon pairs, detected in coincidence at very small angles
[157]. This first intensity interferometry measurement opened up a whole
new field of research, now commonly referred to as HBT. Intensity inter-
ferometry was introduced in subatomic physics by Goldhaber, who utilized
two-pion interferometry to determine the size of the hadronic fireball pro-
duced in high energy proton-antiproton collisions [158, 159].

Two-particle interferometry is a very powerful method of determining
the source size of objects that emit particles [61, 151]. The basic idea is
that, when identical particles are emitted in close proximity in space and
time, their wave function of relative motion is modified by quantum statis-
tical symmetries. The uncertainty principle |Ap||Ar| ~ h induces a char-



38 3.1.2 Nuclear Intensity Interferometry

Figure 3.1: Schematic illustration of two-particle correlation, where 6 is the
relative angle, and q is the relative momentum. (From Publication V),

acteristic correlation between identical particles with relative momentum
smaller than the inverse source size. By measuring two-particle correlations
at small relative momentum (see Figure 3.1) it should be possible to obtain
information about the space-time characteristics of the emitting source.

Nuclear intensity interferometry can be applied to both bosons (such as
photons and mesons) and fermions (such as nucleons). For identical bosons,
the correlation induced by the symmetry in their wave function (Bose-
Einstein statistics) leads to an enhancement at low relative momentum [160-
162]. For identical fermions, the Fermi-Dirac statistics produces instead an
anti-correlation at zero relative momentum. Two-particle correlations can
also arise from mutual interactions in the final state (nuclear and Coulomb
forces) [163, 164].

In the following, we shall focus on nucleon-nucleon fermion interferom-
etry, that was introduced by Koonin in 1977 [165] as a way to characterize
the space-time extent of emission sources in intermediate energy heavy ion
collisions.
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3.2 Experimental Methods

3.2.1 Experimental Correlation Function

Two-particle correlations are measured through the correlation function
[166]:

is the probability of detecting two nucleons with relative mo-
mentum q — (pi — />2)/2 and total momentum P — p\ -+-p2, in detectors 1
and 2. Nt(p;) is the probability of detecting one particle with momentum
Pi in detector i. The correlation function thus represents the ratio between
correlated and non-correlated nucleon pairs. If no correlation existed, the
numerator and denominator would be identical, and the correlation func-
tion would be unity. The normalization constant k is determined by the
requirement that the correlation function C(P,q) — 1 at large relative mo-
menta, where modifications of the two-particle phase space density, arising
from quantum statistics or final state interactions, become negligible. Ex-
perimental determinations of the correlation function often involve implicit
integration over some of the six variables P and q. The most common
choice is C(q), q — \q\.

The background distribution (the denominator) should contain all de-
tails about the process dynamics, experimental acceptance, energy thresh-
olds, efficiencies etc. Two different approaches are commonly used for the
denominator construction [61]. In the "singles technique", the background
yield is taken to be proportional to the product of the single particle yields,
measured with the same external trigger conditions as the true two-particle
yield. In the "event-mixing" technique, the denominator is generated by
mixing particles from different coincidence events. The latter method en-
sures that the uncorrelated distribution includes the same class of collisions
and kinematical constraints as the numerator, but has the disadvantage
that it may attenuate the very correlations one wishes to measure. In fact,
when the coincidence sample contains very strong correlations, the event-
mixing technique may not completely succeed in decorrelating the events,
and introduce distortions in the correlation function. For this reason, it
is important to include sufficiently many particle pairs in the background
calculations, which is always possible since each event can be mixed with
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all others in many different ways.

The interferometry technique requires the measurement of the relative
momentum q between two particles from the simultaneous measurement
of p\ and p2- High precision measurements are possible if the detectors
provide good energy and angular resolution as well as particle identification
The experimental threshold for the relative momentum is determined by
the energy threshold of the detected particles and by the smallest angle
between neighbouring detectors. It is important to push this threshold
to the lowest possible value, since the interesting signatures of quantum
symmetrization effects and final state interactions appear at very small
values of q. Large values of q are instead important for normalization of
the correlation function. A wide dynamical range and large solid angle
coverage are also desirable characteristics of the detector system.

3.2.2 Simultaneous Correlation Function Measurements

Simultaneous neutron-neutron (nn), proton-proton (pp) and proton-neutron
(pn) interferometry measurements are described in Publication V. An artis-
tic view of the experimental set-up is shown in Figure 3.2. A compact array
of CsI(Tl) crystals, was positioned at 60 cm from the target at a laboratory
angle of 45°, for detection of proton pairs [167]. To allow proton-neutron
coincidence measurements, five CsI(Tl) detectors were removed from the ar-
ray, and a corresponding number of neutron liquid scintillators was placed
behind the holes, at 3.5 m from the target. Finally, six larger volume neu-
tron scintillators were mounted in the horizontal plane, also at 3.5 m from
the target, covering altogether the azimuthal angular range 113° - 32°.

Light particles with 1 < Z < 3 were detected with the CsI(Tl) crystals
coupled to photomultiplier tubes and identified via pulse shape analysis.
This technique, shortly reviewed in Appendix B, is based on the fact that
the light output from the liquid scintillator has a different shape for different
incident particles, since the light collection time depends on the ionization
density of the incident radiation.

The proton detection energy threshold was 8 MeV and the angular sep-
aration between the centers of adjacent modules was 3.8°, giving a relative
momentum threshold of 4 MeV/c for both pp and pn measurements. The
proton position, taken to be equal to the center of the fired detector, was
determined with an uncertainty A0 = 1-1°, corresponding to the solid angle
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covered by a single crystal. The uncertainty in the proton position coin
bines with the uncertainty in the energy determination (estimated to 5-10
%) giving a rather large uncertainty in the relative momentum determina-
tion. This uncertainty Aq is shown in Figure 3.3, as a function of q The

Figure 3.2: Artistic view of the experimental set-up used for the simulta-
neous measurement of proton-proton, proton-neutron and neutron-neutron
correlation functions from the A0Ar + 197Au, 12C reactions at E/A = 30
Me V. The charged particle veto detectors are not shown.

large Aq explains the broader maximum of the proton-proton correlation
function (Figure 3.6) as compared to other correlation functions measured
in similar experiments [164]. For neutron-neutron pairs, the smaller solid
angle subtended by the neutron detectors and the very good energy res-
olution (ensured by a precise measurement of the neutron time-of-flight),
allowed a more precise relative momentum determination. On the other
hand, the measurement of the very low relative momentum region was lim-
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Figure 3.3: Uncertainty Aq associated with the measured relative momen-
tum q for proton pairs. The contributions to Aq from the energy uncertainty
AE (open circles) and the position uncertainty A0 (black dots) have been
estimated analytically and then summed in quadrature (open squares).

ited by the large distance between neighbouring neutron detectors. As the
correlation function analysis will show, only low energy neutrons (with ki-
netic energy En < 7 MeV) populate the smallest bins of relative momentum

3.2.3 Interferometry with Neutrons

The accurate measurement of two-particle correlation functions is a delicate
experimental task of its own. In addition to this, when intensity interfer-
ometry involves detection of neutrons, specific instrumental problems arise,
such as low detection efficiency, background noise and neutron scattering.

The main technique for neutron registration consists in indirect detec-
tion, through the light deposited by protons or other nuclei in liquid or
solid scintillators. These scintillators consist mainly of carbon and hydro-
gen. A neutron, scattering on a hydrogen nucleus, transfers part of its
kinetic energy to the recoil proton, which in turn interacts with the de-
tector producing scintillation light. For this reason, the neutron detection
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efficiency is usually far from 100%. The amount of energy transferred to
the proton is determined by the statistical distribution, ranging from zero
up to the full incident neutron energy, and depends on the scattering angle.
The neutron energy is thus not given by the amount of energy deposited
in the detector, but is usually obtained through the measurement of the
neutron time-of-flight.

The detection efficiency can be experimentally determined as a function
of the neutron energy and of the threshold applied on the produced light
output. However, it is customary to estimate the efficiency via Monte Carlo
simulations, since several computer codes can reproduce the measured ef-
ficiencies for different geometries and various neutron energies [168-170J.
In Publication V, Monte Carlo simulations of the detection efficiency have
been performed for large volume liquid scintillators. The estimated effi-
ciency decreases with increasing neutron energies, dropping from « 40% at
5 MeV to « 15% at 100 MeV.

Neutron measurements in low and intermediate energy heavy ion col-
lisions are also affected by a large background noise. Background 7-rays,
that are emitted in the reactions or produced by neutron interactions in
the material surrounding the target, can be discriminated via pulse shape
analysis technique (see Appendix B). Noise associated with charged par-
ticles, instead, can be suppressed by placing thin plastic veto scintillator
detectors or lead absorbers in front of the neutron detectors. Charged par-
ticles identified by coincidences between the veto and the neutron detectors
are rejected in the off-line analysis.

Cross-talk

Detection of coincident neutrons at small relative angles is plagued by fre-
quent scattering of neutrons between detectors. When the detectors are
close to each other, a neutron can pass through several detectors and in-
duce spurious coincidence signals, as illustrated in Figure 3.4. For this
reason, multimodular detection systems with compact geometry cannot be
used for interferometry measurements. Even if these "cross-talk" effects
decrease with increasing distance between detectors [171], large distances
correspond to large angular intervals, which are not desirable in interfer-
ometry measurements. Clearly, much attention has to be payed to the
geometry of the detector system in the planning stage of an interferometry
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Figure 3.4: Distance-energy relations for cross-talk events, a) Cross-talk
from close to distant detector (E2 < E\). b) Cross-talk from distant to
close detector (E2 >> E\). (Adapted from ref. [111]).

experiment. Preparatory tests and Monte Carlo cross-talk simulations have
to be performed, to achieve an optimal geometry of the detection set-up.

The possibility to estimate the rate of cross-talk between neighbour-
ing detectors by means of brass "shadow bars" placed in front of one of
the detectors, has been investigated in ref. [172]. Unfortunately, neutrons
leaking through the shadow bars make this estimate very difficult. The use
of isotropic monoenergetic neutron fluxes, where tagging of events can be
made by means of time-of-flight determinations, and the use of Monte Carlo
simulations, are ultimately suggested in this reference as suitable methods
for testing the specific experimental set-up prior to the experiments.

Results from cross-talk Monte Carlo simulations are reported in Pub-
lication V. The general cross-talk dependence on neutron energy, detector
distance and detection energy threshold, has been investigated for the case
of two detectors. In addition, Monte Carlo simulations of the cross-talk
associated with the complete experimental set-up shown in Figure 3.2 have
been performed.
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The simulations were performed with the computer code MENATE
[170], which takes into account all the main features of neutron emission
and detection. In this code, the neutron source is characterized by the
neutron multiplicity and by the energy and angular distributions of the
emitted neutrons, which are taken from experimental data. The geometry
of the multimodular detection system is denned by specifying the size and
coordinates of each module. The hit position of the incoming neutron
is uniformly distributed at the surface of the detector. Differential cross
sections for the following interactions in the detector material: C(n,2n),
C(n,n',7), C(n,a), C(n,n')3a, C(n,n), C(n,np), C(n,p), H(n,np), scattering
and photoelectric effect for 7-rays, are introduced. With this prescription,
cross-talk events were simulated for both the Ar + Au and the Ar + C
systems. "Cross-talk correlation functions" were produced, normalized to
the same number of coincidences and to the same event-mixing denominator
as the experimental nn correlation functions. These results will be shown
in the next section.

Even though these calculations are not accurate enough to allow a
direct subtraction of the cross-talk events from the experimental correlation
functions, they provide relevant information on the relative importance of
the cross-talk effect and on the range of relative momenta affected by false
cross-talk correlations. In particular, the calculations show that, in our
experiment, the false cross-talk events lie in a ^-region that is well separated
from the true nn anti-symmetrization peak.

Empirical methods to eliminate cross-talk events can be devised also at
the data analysis level, and alternative methods, generally based on TOF
and energy comparisons, can be found in the literature [171, 173].

Ref. [171] suggests a way to eliminate the cross-talk events in which a
neutron, registered in one detector, is rescattered forward and registered
in a second detector placed at a larger distance from the target (Figure
3.4.a). This category of cross-talk events, which is the most common, can be
suppressed by comparing the energies of the two neutrons and by rejecting
all coincident neutron pairs in which the energy registered by the most
distant detector is smaller than the energy deposited in the closest one [171].
Cross-talk events in which a neutron is back scattered in a closer detector
(Figure 3.4.b) are not rejected by this procedure. However, this last type
of cross-talk events does not affect the correlation function much, since
the energy degradation occurring in backward scattering and the distance-
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energy relation characterizing this kind of events, shift them to the region
of large relative momentum. This simple cross-talk elimination scheme can
be improved by applying more stringent conditions that take into account
the relative angle between detectors, the value of the neutron energy, the
energy deposited in the detectors etc.

In ref. [173], the identification of cross-talk events is based on the time
measurement. A coincidence between two detectors is attributed to cross-
talk and rejected, whenever the energy of the first neutron is larger than
the minimum energy required by a neutron scattered from the first detector
to reach the second detector, in the measured time interval.

It is important to remember that, along with cross-talk neutrons, also
true coincidences are rejected by these methods. Consequently, all condi-
tions applied to the numerator must be applied to the denominator as well.
Eventually, the correlation function constitutes a self consistent check of
the absence of cross-talk contamination, since more stringent kinematical
conditions produce a decrease in statistics, but no appreciable difference in
the correlation function shape.

3.3 Physical Results

3.3.1 Nucleon-Nucleon Correlation Function

The experimental correlation functions, presented in Publications V and VI,
from 30 MeV/nucleon 40Ar + 12C and 197Au reactions, represent the first
simultaneous proton-proton, neutron-neutron and proton-neutron measure-
ment reported in the literature. The key point of such measurements is that
different effects contribute with different strength to the correlations of dif-
ferent types of particle pairs. By making simultaneous analysis of different
two-fermion systems, the individual contributions can be probed.

In the low energy domain two-nucleon correlation functions are dom-
inated by quantum statistical effects [174, 175]. At intermediate energies,
instead, final state interactions affect the propagation of the nucleons after
the emission [176]. These final state interactions are Coulomb repulsion be-
tween protons and a strong isospin triplet- spin singlet nuclear attraction
in the s-wave.

Figure 3.5 gives a qualitative picture of the expected two-nucleon cor-
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Figure 3.5: A qualitative picture of the expected proton-proton, neu-
tron-neutron and proton-neutron correlation functions. (From ref. [177]).

relation functions [177]. For the proton-proton case, the Coulomb interac-
tion is responsible for a strong anti-correlation at low-q values. The inter-
play between the short-range attractive s-wave interaction, the long-range
Coulomb repulsion and the Pauli exclusion principle, originates a peak at
q « 20 MeV/c, with a height that can be related to the source dimension
and/or time scale [148, 165, 178-180].

Two-neutron correlations probe quantum interference effects [174, 175]
as well as nuclear final state interactions [164, 181]. The nuclear attrac-
tion is responsible for a strong correlation at q < 10 MeV/c [182]. Since
neutrons are insensitive to the long-range Coulomb interaction, the param-
eters characterizing neutron emission are not distorted by the Coulomb
field. For this reason, nn correlation measurements are a sensitive probe
for the space-time characteristics of the source, giving also a supplementary
information about the role of the Coulomb interaction by comparison with
pp measurements.

Finally, for the proton-neutron correlations, there are neither anti-
symmetrization nor Coulomb effects between the two particles. Thus one
might expect a pronounced correlation at q = 0, due to nuclear attraction.
However, since the relative pn wave function is only partly in the isospin
triplet state, the correlation function should have a lower maximum value
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than that for nn [182]. In addition to this, the proton interacts with the
Coulomb field of the source, which may obscure the picture and deplete
the q % 0 nuclear interaction peak [182]. It has been suggested that the
proton-neutron correlation strength should be compared with the proba-
bility of deuteron formation [183] and that this type of comparison could
be used to determine the spin state of the particle source [183].

Figure 3.6 presents the nn, pp and pn correlation functions, measured
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Figure 3.6: Energy integrated nn (upper panels), pp (middle panels) and pn
(lower panels) correlation functions, measured at 45° from the A0Ar + 197Au
reaction (left column) and from the 40Ar + 12C reaction (right column) at
30 MeV/nucleon.

simultaneously from Ar + Au (left column) and Ar + C (right column) re-
actions at E/A = 30 MeV/nucleon. If we compare the measured correlation
functions with the qualitative pictures of Figure 3.5, we can notice that the
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experimental correlation functions behave as expected from a combination
of two-particle wave function symmetrization and final state interactions,
even though experimental effects distort the picture somewhat. In partic-
ular, the large width of the peak in the pp correlation function, can be
attributed to the limited angular resolution of the proton detection device,
and the "bump" in the nn correlation function (appearing in the region
15 < q < 40) is due to false coincidences arising from cross-talk between
neighbouring detectors (as discussed in the previous section). The fact that
the pn correlation function shows less correlation strength than expected,
is instead attributed to truly physical reasons which we shall discuss later
on.

q(MeV/c) 8 0 80

Ep (MeV)

Figure 3.7: From the 40Ar + 197Au (left) and the 40Ar + 12C (right) reac-
tions at E/A = 30 MeV, the proton-proton correlation function, shown as
a function of the relative momentum and of the energy of one of the two
protons.

Even though it is customary to study energy integrated correlation
functions C(q), relevant information can be hidden when the implicit in-
tegration is performed. For this reason we have constructed also tridi-
mensional correlation functions, in which a second variable has been made
explicit, namely the energy of one of the particles in the pair.

Several features of the correlation functions, lost in the integrated pic-
tures, appear in the tridimensional study.
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For the pp correlation functions, shown in Figure 3.7, the q ss 20 MeV/c
peak is significantly enhanced at large proton energies, for both the Ar +Au
and the Ar + C systems. This effect is in agreement with results reported
in refs. [184-186] where cuts on the total momentum of the proton pair were
applied.

C(q,En)

30
80 0

1 0 En(MeV)

En (MeV) q (MeV/c)

Figure 3.8: Two different perspectives of the the neutron-neutron correlation
function, measured from the *°Ar + 197Au reaction at E/A = 30 MeV,
shown as a function of the relative momentum and of the energy of one of
the two neutrons.

In the Koonin model [165], an enhanced pp correlation function peak
indicates a smaller source size. In this framework, the larger source size
at lower proton energies might be interpreted as a possible lifetime effect.
Several calculations suggest that indeed slower particles are associated with
the last steps in the interaction and that a larger apparent source size in-
dicated by slow particles, arises because of a longer average emission time
[187]. These observations suggest that, by introducing cuts in the energy or
momentum of the particle pairs, one might be able to achieve a better char-
acterization of the emission sources, distinguish between pre-equilibrium
and equilibrium effects and get a deeper insight into the dynamical evolu-
tion of heavy ion collisions.

Several features of the nn correlation function are disclosed by the
tridimensional analysis as well. Firstly, Figure 3.8 indicates that the low
relative momentum region is populated exclusively by low energy neutrons
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fwith kinetic energy < 7 MeV). This is an experimental bias, due to the
Lrge rdatWe a n g l e d ween neutron detectors, which was .mposed m the
set-up in order to minimize the cross-talk.
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Secondly a relevant structure created by spurious cross-talk events in a

re 3 9 the Ar + C correlation function is compared to the

VI) Besides! striking similarity between calculations and data one
notice that the ^-region affected by cross-talk is well separated from
true neutron-neutron correlation function peak.
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These observations tell us that, with the experimental arrangement uti-
lized in the above measurements, the capability to separate the cross-talk
region from the low-q region, has been traded against a loss of accuracy in
the measurement of just that most delicate low-q region, where the interest-
ing signatures of anti-symmetrization and final state effects are expected.

The Proton-Neutron Correlation Function

We have already mentioned that the proton-neutron correlation function
shows less correlation strength than expected. In particular, the energy
integrated Ar 4- Au pn correlation function is completely flat, while a weak
correlation is observed in the Ar + C system (Figure 3.6, lower panels). The
tridimensional analysis of the proton-neutron correlation function reveals
that the strength of the Ar -j- Au correlation function is somewhat recovered
for high energy pn pairs (Figure 3.10).

Two reasons have been advanced that might account for the missing
correlation: a) the Coulomb repulsion exerted by the emission source on
the proton [182]; b) a higher than expected S = 1 spin state population
[183]. The experimental observations that the pn correlation is enhanced for
smaller target nuclei (Figure 3.6, lower panels) and for pn pairs with high
kinetic energies (Figure 3.10), seem to substantiate the hypothesis that it is
the Coulomb "push", imparted by the emitting source on the proton, that
destroys the pn correlation. Smaller sources generate a weaker Coulomb
field, and fast protons should be less sensitive to the Coulomb push.

While the above arguments are purely qualitative, quantitative three-
body calculations have been performed in ref. [188] to simulate just this
effect. They show that indeed the Coulomb field of the emitter influences
two-particle correlations at small relative momenta, but that substantial
correlation survives even in a strong Coulomb field.

This leaves room to other mechanisms that might explain the pn sup-
pression, such as a larger S = 1 spin state population as compared to the
normal quantum weight, as suggested in ref. [183]. In this reference it
is shown that the theoretical pn correlation functions, calculated from pn
pairs in the singlet (S = 0) and triplet (S = 1) states, are qualitatively
different, as can be seen in Figure 3.11: the singlet correlation function
has a maximum at q = 0; the triplet correlation function has instead a
minimum there, since small relative momentum, S = 1 pn pairs, lead to
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Figure 3.10: From the *°Ar + l97Au (left) and the 4QAr + l2C (right)
reactions at E/A = 30 MeV, the proton-neutron correlation function, shown
as a function of the relative momentum and of the energy of the neutron.

deuteron formation. In other words, the existence of the deuteron bound
state induces an effective repulsion. Since the singlet interaction of a pn
pair is much stronger than the triplet one, the behavior of the average cor-
relation function is always dominated by the singlet one. However, in the
case of a spinning source, the number of pn pairs in triplet state (parallel
spins) is expected to increase, and consequently the spin averaged corre-
lation function might be significantly changed as compared to that of a
spinless source. This hypothesis cannot be confirmed nor ruled out by our
measurements. The inclusive deuteron cross section, also measured in the
experiment, has been found in agreement with the values reported in the
literature, and does not seem to support the idea of an abnormal S = 1
strength.

3.3.2 Theoretical Correlation Function

Theoretically, the correlation function for two particles with momenta
and p2, emitted at position and time given by the four vectors 7*1 = (»*i,
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Figure 3.11: The singlet, triplet and spin averaged pn correlation functions
versus q. (From ref. [183]).

and r2 — (r2,t2), can, under certain approximations, be written as }189|:

C(P,q) =

This formula can be understood as the probability of detecting two particles
with momenta p\ and p 2 s weighted by the source distribution function
g(p,r), and normalized to the probability of detecting the single particles.
The essential quantity entering equation (3.2) is the source distribution
function g(p,r), that describes where and when the particles are emitted.

Correlation function measurements are often used to test theoretical
models capable of predicting g(p,r). For simplicity, it is customary to
parametrize size and lifetime of the emitting source in terms of two Gaussian
distributions [151]. Assuming that the source lifetime is zero, one can
determine the emission source size, by fitting the correlation function with
the radius of the source distribution as a free parameter. Compilations of
source radii extracted from two-proton correlation functions can be found in
the literature [190]. However, a recent systematic study at 30 MeV/nucleon,
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has found source radii independent of the size of the target and typically
exceeding the radius of the compound nucleus [191j. These and other results
[192] are still puzzling.

Comparison with BUU

Equation (3.2) only requires the knowledge of the two-particle relative wave
function and of the single particle phase space distribution function It is
thus possible to generate two-particle correlation functions for small rela-
tive momenta, with any theory that calculates the time evolution of the
one-body distribution function. A common choice [193] is the microscopic
transport model based on the BUU equation [19, 69, 70, 194-198,, described
in Appendix A. However, since BUU is a one-body theory, the source emis-
sion is assumed independent, neglecting density fluctuations as well as rnul
tiple particle correlations. Moreover, fragment formation, which can feed
and delay light particle emission via sequential decay, is not calculable with
BUU, that fails to account for the freeze-out stage of the reaction, as well
as for the surface energy.

BUU calculations of the two-particle correlation functions from the
40Ar -f 197Au reaction at E/A = 30 MeV are compared to the experimen
tal data in Figure 3.12. Due to the large uncertainties associated with the
determination of the relative momentum (see Section 3.2.2), the compar-
ison should focus on the height of the correlation function, rather than
the shape. Moreover, it is the height of the correlation function that car-
ries the information associated with the space-time characteristics of the
emitting source. One can notice that the BUU calculations overpredict the
experimental correlation strength in all cases. For the pn correlation func-
tion, a disagreement is not unexpected, since the Coulomb interaction of
the proton with the emitting source is not properly taken into account in
BUU, but just added as a final interaction from the residual nucleus at the
calculation stopping time (150 fm/c). For the pp case, this may have less
severe consequences, since both protons experience approximately the same
Coulomb push. Notice also that, even though the experimental energy and
angular cuts have been introduced, the calculations cannot account for ex-
perimental effects such as energy and angular resolution, neutron cross-talk
etc.
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Figure 3.12: From the 40Ar + 197Au reaction at E/A - 30 MeV, the nn,
pp and pn correlation functions are compared to correlation functions cal-
culated with a BUU approach (solid lines). (Adapted from Publication VI).



Chapter 4

Pion Production

The topic of this chapter is pion production in proton-nucleus and nucleus
nucleus collisions, for bombarding energies ranging from well below the free
nucleon-nucleon threshold up to 500 MeV per nucleon. The chapter is di-
vided as follows: in Section 4.1, a general introduction is given about pion
production at subthreshold energies, and about the onset of "hadronic mat
ter" at higher energies. Section 4.2 introduces the reader to the methods
of pion detection, and to pion excitation function experiments at storage
rings. Particular attention is payed to the delicate problem of translat-
ing the measured yields into absolute cross sections. Finally, Section 4.3
discusses physical results from the pion production excitation functions,
together with a comparison to theoretical BUU calculations.

4.1 Introduction

The threshold energy for the production of a pion in a collision between
two nucleons corresponds, in the center-of-mass system, to the pion mass
mxc2 « 140 MeV. This energy translates into a laboratory energy of about
290 MeV.

When pion production occurs in proton-nucleus or nucleus-nucleus col-
lisions, a first correction to this threshold is the incorporation of the bound
nucleon Fermi momenta. Under reasonable assumptions about the momen-
tum distributions of nucleons in nuclei, one expects pion production down
to beam energies of about 50 MeV per nucleon [63].

57
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In nucleus-nucleus collisions, the pion threshold can be calculated under
the assumption of collective interaction among the nucleons in the projectile
and target. The idea of coherent production via bremsstrahlung processes,
was introduced by Heisenberg in 1949 [199]. The most extreme degree of
collectivity is utilized in the "pionic fusion"description [200, 201 j , where a
thermally equilibrated emission source is introduced. In the pionic fusion
process, two colliding nuclei amalgamate and cool by pion emission, leav-
ing a compound nucleus at- or close to its ground state. Including fully
coherent production, in which all the available kinetic energy is converted
into one pion, one finds that the extreme limit (or absolute threshold) for
pion production, in collisions between two nuclei of equal mass number, is
below 20 MeV per nucleon in the laboratory system (for nuclei with mass
number larger than oxygen) [202].

Initial state correlations in the form of coherent particle production
have been investigated also with interferometry [189, 203, 204J, and the-
oretical predictions of two-pion correlation functions have been compared
to experimental data. However, up to now, all production cross sections
of secondary particles seem to be well explained in terms of incoherent
nucleon-nucleon collisions [197, 205, 206].

A schematic representation of pion production mechanisms leading to
different energy thresholds, is presented in Figure 4.1.

The measurement of meson yields at energies well above threshold is a
way to study the onset of "hadronic matter", defined as a state of nuclear
matter encompassing normal nucleons as well as mesons, baryon resonances
and other non-nucleonic baryons. ?r-mesons predominantly probe the ex-
citation of the Delta resonance (A), an excited nucleon state that can be
regarded as a resonance of the TT-N system. The onset of hadronic mat-
ter has a major impact on the reaction dynamics. When a high energy
pion collides with a nucleon in a nucleus, the nucleon may absorb the pion
and become a A. This transformation originates a "hole" in the energy
state originally occupied by the nucleon. The progress of the reaction is
then determined by the dynamics of the A-hole system as it propagates
through the nucleus. In heavy ion collisions the A can be created also in
a nucleon-nucleon collision, and thus plays an important role also for the
equilibration of the reaction, by absorbing the kinetic energy of nucleons.
Furthermore, pions are subject to strong interaction with the surrounding
nuclear medium and pronounced shadowing effects show up in their an-
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gular distributions [207] as well as in their energy spectra [208]. Direct
7r-N scattering and collisions of the A resonance with nucleons, cause ab-
sorption and redistribution of the emitted pions in the phase space. The
emission pattern of pions allows to study the importance of these effects
and to extract information on the dynamics of the heavy ion collision itself.

Nucleon-Nucleon Nucleon-Cluster

Single Fermi Boosted Cluster-Cluster

Double Fermi Boosted Fully collective

Figure 4.1: Schematic representation of different pion production mecha-
nisms, leading to different energy thresholds.

4.2 Experimental Methods

4.2.1 Excitation Function Experiments at Storage Rings

Storage ring facilities are able to provide beams of very precise, continuously
varying energy and have opened up the possibility to perform complete
excitation function experiments.
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In storage rings, beams of highly denned energy recirculate through
extremely thin internal gas-jet targets, typically a few million times per
second. As compared to experiments where an external beam passes once
through a fixed target, with storage rings one achieves better definition of
beam energy, smaller target distortions on low energy products and less
background of target non-associated particles [210].

Injection straight aaction

Elactron cooling ttralght auction

Figure 4.2: Layout of the CELSIUS Storage Ring. The injected beam arrives
through the beam transport system shown at the upper left. (From ref.
[209]).

Another important feature of storage rings, is their capability to deliver
beams of continuously varying collision energy. This is achieved through
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magnet ramping cycles, lasting up to several minutes [211]. This makes
storage rings well suited for studying production phenomena near thresh
old, where rapid variations of the cross section with energy appear. In
particular, details of the dependence of meson production on the collision
energy can be studied near threshold. Up to now, such details are badly
known, partly because of the traditional way of measuring the cross sections
with one beam energy per experiment.

A
beam

Data taking

Injection

Time

Figure 4.3: Illustration of the variation of the beam energy during one beam
cycle of the CELSIUS Storage Ring.

CELSIUS [211, 209] (an acronym for Cooling with ELectrons and Stor-
ing of Ions in the Uppsala Syncrocyclotron) is an ion storage ring operating
at the "The Svedberg Laboratory" (TSL) in Uppsala (Sweden). The four
straight sections of the CELSIUS lattice (Figure 4.2), are used for: injection
of ions from the TSL cyclotron, cooling, acceleration and experiments with
internal targets. A long lifetime of the beams is ensured by very thin gas-
jet targets (« 1013 atoms/cm2) and ultra-high-vacuum environment (10~ n

mbar inside the ring, 10~8 mbar inside the scattering chamber). An elec-
tron cooler can be used to shrink the beam in all six dimensions of phase
space and compensate the beam heating due to beam-target interactions.

At the CELSIUS Storage Ring, pion production experiments have been
performed by the CHIC collaboration, and TT+ production cross sections
have been measured within a wide range of collision energies. During these
experiments, CELSIUS has been operated in linear momentum ramping
cycles. The variation of the beam energy, obtained by variation of the
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main magnetic field, is illustrated in Figure 4.3 for a typical beam cycle.
After a time window for injection, during which several cyclotron beam
pulses are received and accumulated, a slow acceleration period brings the
beam energy up to a desired starting value. At this point, the beam is
exposed to the internal target and the data acquisition is started. The
data taking continues while the beam energy is slowly ramped up until a.
final value is reached. During this time nuclear collisions occur, and for
each event, the start time of the slow ramping period is registered together
with the time for the event trigger and the beam frequency at that time,
which provides the information on the beam energy for the collision. The
duration of the data taking time window is determined by the requirement,
that at most 2/3 of the beam flux should be lost. At the end of the cycle,
the remaining particles are dumped and the magnetic fields return to theii
value for injection.

The CHIC pion production experiments have been performed with both
protons and fully stripped 20Ne beams, recirculating through internal gas-
jet targets of 14N, 40Ar, 84Kr and 131Xe. For each projectile/target com-
bination, two cycles of linear momentum ramping were used, in the range
590 - 760 MeV/c and 730 - 1090 MeV/c for protons, and 309 - 498 A
MeV/c and 448 - 952 A MeV/c for Ne projectiles. The duration of the
ramping times achieved during these experiments and other characteristic
experimental parameters for the data taking are given in Table 4.1-

Precise reproduction of the beam cycles ensures that the data can be
collected for several hours without destroying the collision energy dispersion
(estimated to better than 0.8 MeV for protons and 0.9 MeV per nucleon
for Ne beams).

This experimental technique is new and very powerful, since it allows
to scan over important thresholds and resonances, as well as to study in
detail the general energy dependence of the pion production cross section.

4.2.2 Pion Detection

Two methods are mainly used to detect charged pions from intermediate
energy heavy ion collisions: magnetic spectrometers and scintillator range
telescopes [202]. Magnetic spectrometers [212-214] provide excellent energy
resolution and good background suppression. However, the long flight path
required, severely limits the measurement of low energy pions and the solid
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250 - 500
169 - 270
250 - 500
169 - 270
250 - 500
50 - 120

100 - 400

i Ramp time

i « !
250
250
250
250
250
250

! 70
250
70

130

< Luminosity >
(s"1 cm"2)

M O 2 9

2-1029

2-1029

3-1029

8-1028

M O 2 9

5-1028

3-1028

4-1027

5-1027

No. of pions

1

2104

4105

4-104

6105

2104

3105

5104

i 8 1 0 4

1-103

2104

Table 4.1: Experimental parameters for the data taking at the CELSIUS
Storage Ring. The range of beam energies spanned in a linear momentum
ramping cycle, the duration of the cycle, the mean luminosity (i.e. the num-
ber of beam particles per unit time and unit area) and the total number of
pions registered in the cycle, are indicated for the different projectile/target
combinations.

angle covered is usually quite small. With plastic range telescopes [215,
216], that consist of a raw of plastic scintillators of different thickness, large
solid angles and simple detection methods, are traded against a reduced
energy resolution, and a limited range of detectable pion energies.

The CHIC collaboration uses standard range telescopes, in which the
thickness of the individual scintillator layers has been chosen to correspond
to pion energy bins of about 8-10 MeV. Scintillator response functions can
be used to determine the pion energy; usually, however, the scintillator
layer energy bin determines the energy resolution of the device. With plas-
tic range telescopes, the upper value of the detectable pion kinetic energy is
limited to 75-80 MeV by the increasing number of secondary pion reactions
in the detector material. Since no magnetic fields are applied, pion range
telescopes see a large background. In particular protons outnumber the
pions by several orders of magnitude. To discriminate against this back-
ground, the first two plastic layers of the CHIC pion telescopes are used as
passive absorbers (imposing a low pion energy threshold of « 20 MeV), and
the last plane is utilized as a veto detector against punch-through particles.
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Figure 4.4: Left panel: Example of AE-E correlation plot. Right panel:
Example of the 1<ADC method" for separation between pions of opposite
charge.

In the set-up of Publication VII, five 10-elements plastic range tele-
scopes were placed in the horizontal plane, at various polar angles. The
telescopes, at 50 cm from, the target, covered 10-30 msr solid angle angle
each, with angular resolution of the order of a few degrees. The polar angle
was restricted to the range 20° - 120°, due to the rapidly increasing fast
proton flux at forward angle and to the decreasing pion production cross
section at backward angle.

Background suppression was achieved both on-line, by discriminator
cuts in the energy signals up to two detectors before the stop detector, and
off-line, by cuts in the AE-E correlations. About 99% of the protons were
rejected on-line.

Particle identification was achieved through standard AE-E correla-
tions (see Appendix B), producing different bands for electrons, pions and
protons (Figure 4.4, left panel). Separation between TT+ and ir~ was ob-
tained with the "ADC method", i.e. by integrating the stop energy signal
within a prompt gate that measures the total signal, and a delayed gate
sensitive to tail of the signal only [108]. A TT+ decays via the ?r+ —> fi+ + u^
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channel, with mean life time of 26 ns. The detection of the emitted muon
contributes an energy of 4.2 MeV to the delayed signal. The x~ decays
in principle through the same channel, but in the vicinity of a nucleus it
is captured before the decay, and releases its energy in a prompt manner
A plot of the prompt-delayed ADC signals originates a characteristic sep-
aration between the different pion species, as shown in Figure 4.4, right
panel. The efficiency of this separation method has been evaluated to be
85-90% with the specific CHIC geometry, due to pions stopping so close to
the edge of the detector that the muon escapes without delivering its full
kinetic energy.

Before the final pion cross sections are presented, several corrections are
introduced, taking into account pions that decay in flight before detection,
pion reactions in the detector material and geometric efficiency for muon
capture [217].

The absolute normalization is obtained from monitor telescopes de-
termining the yield of protons in phase space regions where the absolute
proton cross section is well known.

4.2.3 Absolute Normalization

We have seen in the previous section that proton rejection has to be imple-
mented during the measurements, due to the high proton fluxes. However,
in our experiments, some reference particle is necessary for the absolute
normalization of the pion cross sections, and high energy protons can be
utilized for this purpose. As a matter of fact, the absolute beam lumi-
nosity (including the effective overlap between the stored beam and the
gas-jet target) cannot be directly measured at CELSIUS. For this reason,
the absolute pion cross section is obtained through the proton cross section
according to:

fEr' J±dE f4
JE™ dSldE ' (

P

^ f
dil Np JE™

where NT+ and Np are the measured TT+ and proton yields, and da^/dUdE is
the double differential proton cross section, which is assumed to be known.
The cross section is integrated over the interval of proton kinetic energies
detectable with the range telescopes, in our case E™m = 52 MeV, E™ax =
161 MeV.



66 4.2.3 Absolute Normalization

150 200

300

50 100 150 200 250

Proton Energy (MeV)

Figure 4.5: Examples of double differential proton cross sections calculated
with BUU, compared to experimental data taken from the literature. For
the reactions 160 MeVp -h 90Zr, measured at 6(P [218] (upper panels), and
800 MeV p + 64Cu, measured at 2(P [219] (middle panels), BUU calcula-
tions (open squares) carried on for 50 fm/c (left) and 150 fm/c (right), are
compared to experimental data (black dots). Lower panel: for the reaction
20Ne + 27Al at 156 MeV/nucleon, BUU calculations (symbols) carried on
for 40 fm/c, are compared to experimental data (lines) measured at various
angles.



Chapter 4. Pion Production 67

In order to translate the measured proton yield Np into absolute cross
section, a combination of model calculations and empirical information is
used. For the data presented in Publication VII, the normalization has been
obtained through proton cross sections calculated with the BUU equation.
In these calculations, the BUU parameters have been tuned in order to well
reproduce experimental proton yields measured at certain energies. The
same BUU setting has then been used to calculate proton cross sections at.
other energies, where empirical data do not exist.

Since BUU only provides the phase space distribution of test particles
as a function of time (see Appendix A), the determination of proton cross
sections from BUU is not a trivial problem. With the specific numerical
implementation that we have used, the excited compound system, formed
after the emission of pre-equilibrium particles, continues to evaporate untiJ
all particles are emitted, so that a somewhat arbitrary stop time has to be
chosen. The situation is further complicated by the fact the BUU does not
consider bound states such as deuterons, tritons, a-particles and heavier
fragments but only the phase space density.

A good matching of BUU proton cross sections with existing experi-
mental data [218-221] can be obtained by using a stop time of 40-50 fm/c
(corresponding to the first minimum in the average nucleon density., which
shows monopol oscillations in time); at that point, a proton test particle
is considered as "free" if the local density is lower than 1/12 of the normal
nuclear density. Numerical integration over 10-20 impact parameters is
performed.

Figure 4.5 compares BUU double differential proton cross sections with
experimental data taken from the literature. A satisfactory, quantitative
agreement is achieved for very different systems, energies and angles. The
upper and middle panels show BUU proton cross sections obtained with
stopping times of 50 (left) and 150 (right) fm/c, for the reactions 160 MeV
p + 90Zr [218] and 800 MeV p + 64Cu [219] respectively. One can no-
tice that the calculations carried on for longer times (right panels) mainly
produce low energy evaporation particles, that fall below the proton ki-
netic energy range 52-161 MeV used for our normalization procedure (see
equation (4.1)).

For heavy ion reactions (such as the 20Ne + 27A1 reaction at E/A = 156
MeV shown in the lower panel of Figure 4.5) good agreement is achieved if
the BUU cross sections are multiplied by a normalizing factor (0.3), which
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takes into account the neglect of the bound states in BUU.

Even if a good comparison with existing proton data is achieved with
the above prescription, it is clear that this normalization procedure relies
heavily on the ability of a theoretical model to predict different proton cross
sections, for a wide range of beam energies, different targets and emission
angles. In order to reduce the systematic errors from the normalization,
it will be necessary to improve the absolute luminosity determination by
measuring other reaction products and elastic scattering channels.

4.3 Physical Results

4.3.1 Pion Excitation Functions

Using the above normalization procedure, differential 7r+ cross sections
(da,,, /dft), emitted at laboratory angles of 22°, 55°, 75°, 97° (or 90°) and
120°, integrated over the pion kinetic energy range 16-75 MeV, have been
extracted as a function of the beam energy, for both p-nucleus and nucleus-
nucleus reactions1. As already mentioned, the CHIC excitation function
data, collected with a continuously varying collision energy, constitute first
examples of a novelty in experimental nuclear reaction physics.

In order to compare our measurements with the few existing data re-
ported in the literature, we have integrated our cross sections over the
angular variable, and we have applied a correction for the detection energy
cutoff, in both the low (E* < 16 MeV) and the high (E* > 75 MeV) pion
kinetic energy regions.

This correction has been estimated via BUU calculations, presented
in Figure 4.6, from the p + 40Ar reaction at various collision energies.
In panel 4.6.a, the total TT+ cross section (circles) is compared to the cross
section obtained when the experimental pion kinetic energy detection cutoff
is applied (squares). The ratio of the two cross sections is shown in Figure
4.6.b. One can notice that the fraction of missing pions rises from zero
at the lowest beam energies up to 50-60% at 500 MeV. Details about the
BUU calculations will be discussed in the next section.

1For the Ne + Ar reaction, the low luminosity registered during the experiment (see
Table 4.1), has allowed to utilize only the data collected in the high energy ramping
cycle and at backward angles, where the solid angle covered by the range telescopes was
slightly larger.
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Total TT+ cross sections, obtained from the p + N and p + Ar data using
the BUU energy correction factors, are shown in Publication VII, Figure
3, together with data from the p + 12C reaction taken from refs. [222,
223]. The complete 7r+ cross sections presented in this figure, highlight the

100 200 300 400 500

EbeOm (MeV)

100 200 300 400 500

Ebeom (MeV)

Figure 4.6: a) TT+ excitation functions (total cross section versus bombard-
ing energy) obtained from BUU calculations for the p + 40Ar reaction,
without (black dots) and with (open squares) the experimental pion kinetic
energy detection thresholds, b) Ratio of the two cross sections of panel a).
The lines are a guide to the eye.

potential of ramped beam experiments, as compared to traditional external
target measurements.

Comparison with BUU

A comparison between data and BUU calculations has been attempted. We
have used a "hadronic extension" of the BUU transport model developed
by Li and Bauer [224, 225], which introduces the phase space distribution
functions and evolution equations for A(1232), N*(1440) and pions, besides
the ones for nucleons (higher resonances are not included, because of poor
knowledge of their production cross section; this provides a high energy
limit of about 2 GeV per nucleon for the model).
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The main steps followed in the BUU Monte Carlo simulation are: ini-
tialization, mean field propagation, collisions and Pauli-blocking. Initializa-
tion is the preparation of the ground state nuclei before the collision, this
is done by representing the continuous distribution functions by a large,
but finite, number of utest particles" (see Appendix A). The nucleon test
particles are distributed according to normal nuclear density (po = 0.167
fm~3) in the configuration space. From the local density, p(i"), the test
particle Fermi momentum is calculated as: PF(V) — /i(3//r2p(r)/2)1/3. The
initial momentum of each test particle is then chosen either randomly in-
side a sphere of radius Pp, or according to a normalized Gaussian that
describes the high momentum components observed in nuclear scattering
experiments.

Both nucleon and resonance test particles are propagated in a density
dependent Skyrme-type mean field potential U(p) — A(p/po) + B(p/po)

a

-t- Coulomb term, solving Hamilton's equations of motion, as described in
Appendix A. Pions are considered as free particles and feel the Coulomb
potential only.

All particles can undergo two-body elastic and inelastic collisions (un-
less the Pauli exclusion principle is preventing it), and the following reac-
tions are included in the collision term:

(4.2)

(4.3)

(4.4)

(R denotes a resonance, A or N*).

When the nuclear densities start to overlap, the initial nucleon distri-
butions are rapidly altered by the interactions. In this way the model takes
into account the time dependence of the momentum distributions during
the collision process, due to the relative motion of the colliding nuclei and
to the nucleon-nucleon collisions.

Pion reabsorption is taken into account through the two step mecha-
nism:

N + ir->R, R + N -> N + N. (4.5)

All cross sections and parametrizations used can be found in [224, 225].

The specific calculations presented in Publication VII, have been per-
formed with 1000 and 500 test particles per nucleon in the p-nucleus and
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Figure 4.7: Time evolution of the populations of free pions and resonances
(A and N*) predicted by a BUU simulation for a central (b = 1 fm) p f
Ar reaction, at beam energy of 400 MeV.

nucleus-nucleus simulations respectively. Figure 4.7 shows the time depen-
dence of the populations of free pions and resonances calculated with BUU
for a central collision of p + Ar at 400 MeV. Numerical integration over
20 and 10 impact parameters has been performed in the p-nucleus and
nucleus-nucleus case, respectively.

Comparison of the calculations with the experimental data is presented
in Figure 4.8, for the p + 40Ar reaction. Three different BUU calculations
are shown, corresponding to three different initializations of the test par-
ticle momentum. Namely: a) the initial momentum is zero; b) the ini-
tial momentum is picked randomly inside a sphere of radius PF( '*) ; C) the
momentum is picked according to a Gaussian distribution, normalized so
that the mean square momentum is related to the Fermi momentum by:
< p2 > = 3/5Pp, as required in a Fermi-gas at zero temperature.

Differential (da/dft) cross sections of TT+, emitted at 55°, 75°, 97° and
120° are shown. One can notice that, taking into account the two-body
collision dynamics plus the influence of the mean field, leads to a rather
good description of the pion cross sections. Apart for a general overestima-
tion, more pronounced at backward angles, the agreement with the data is
rather good also close to threshold, provided that the Fermi motion is taken
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into account. Introducing a correction to the zero-temperature Fermi dis-
tribution (calculation c) instead, improves the agreement only marginally.

Several reasons can be advanced that might account for the general
overestimation of the pion cross section.

Firstly, the calculations have been performed with only one parametei
set, corresponding to a momentum independent, Skyrme-like mean field
with: A = -124 MeV, B = 70.5 MeV, o = 2, po = 0.167 im~3 This
parameter set yields a compressibility value K = 380 MeV, i.e. a "hard"
equation of state. Calculations reported in the literature indicate a (weak)
sensitivity of the pion yield to the parametrization used for the mean field
potential. In refs. [226, 227] a % 10% increase in the pion yield is observed
when going from a "hard" to a "soft" (K = 200 MeV) potential. On the
other hand, the introduction of a momentum dependent interaction results
in a s ; 30% decrease in the pion yield [227].

Secondly, the angular distribution of the resonance production (equa-
tion (4.3)) and the angular distribution of the decay of all baryon resonances
(equation (4.4)) have been assumed isotropic in the center-of-mass frame
Experimentally, instead, the angular dependence of the TV -t- N —* ;V -t- A
cross section is found to be forward-backward peaked and energy depen-
dent [228, 229j. The angular distribution of pious from the decay of the
A resonance is found forward-backward symmetric at center of mass ener-
gies near to the peak of the A resonance (1232 MeV), strongly backward
peaked at lower energies and forward peaked at higher energies [230, 231].
We have verified that including the experimental anisotropic distribution
of the A decay does not change the results appreciably in our energy re-
gion. However, the use of the correct angular distribution for the resonance
production could have more important effects.

Finally, the s-wave interaction N ~\- N —> N -\- N + TT has been ignored,
as well as the interference between s-direct and p-resonance channels; this
is a good assumption at high energies, but could affect subthreshold pion
production. Also the TT + x —> TT + x elastic collision has been left out.
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Chapter 5

Summary of the
Publications

In experimental nuclear physics, many people are involved in the research
leading to a publication. For this reason, I have indicated my personal
contribution at the end of each publication summary.

Publication I
R. Ghetti, L.G. Moretto, L. Phair, K. Tso and G.J. Wozniak,
Aspects of Reducibility and Thermal Scaling in Multifragmentation.

In this publication, results from two Monte Carlo simulations of multi-
fragment decay, are discussed in connection with results from experimental
data analysis presented elsewhere ([51, 52, 53] and Publications II—III), con-
cerning a number of reducibility and thermal scaling properties in nuclear
multifragmentation. Namely:

• The probability of emitting n fragments is reducible, through the bi-
nomial expression, to the probability of emitting one single fragment.

• The resulting one-fragment emission probability originates linear Ar-
rhenius plots: this proves its statistical and thermal origin.

• The charge distribution associated with n-fragment emission is re-
ducible to the one-fragment charge distribution; thermal scaling is
also observed.

75
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• The reducibility equation of the n-fragment charge distribution, con-
tains a constant with a value that can be related to liquid-gas coex-
istence in multifragmentation.

The goal of the work presented in Publication I is to discuss the experi-
mental findings, rather than to propose a model which is able to reproduce
the data. To this end, multifragment events have been Monte Carlo sim-
ulated and analyzed in the same way as the data. The results have then
been interpreted in the light of different simulation input conditions, and
compared to the experimental results:

• The meaning of binomial emission probabilities and linear Arrhenius
plots has been investigated, under normal as well as specific physical
conditions such as a small size of the fragment emission source, the
presence of many sources, the presence of source residues etc. The
simulation results strengthen the validity of reducibility and the phys-
ical meaning of quantities such as the one-fragment emission proba-
bility. The Arrhenius plot is a powerful tool to explore the thermal
features of the elementary probability and contains information on
the average fragment emission barrier, which is proportional to the
slope of the plot. The value of the average emission barrier is found
to be dominated by the lightest fragment, with the smallest barrier.
However, the extraction of the barrier from the slope of the Arrhenius
plot is not straightforward, and can be hampered by the presence of
source residues, small size effects etc.

• The reducibility of the charge distribution has been tested with our
binomial multifragment decay scheme, and the appearance of a quan-
tity related to the phase of the system has been confirmed.

• The transverse energy, used as a global running variable in the exper-
imental data analysis, has been found to be linearly correlated with
the excitation energy of the source. In our simulations, neither event-
to-event fluctuations nor auto-correlation effects, have been found to
be large enough to distort a Poisson into a binomial distribution.

• The possibility of introducing bias in the experimental results, through
reduced geometric efficiency and through the specific MB + LBL ex-
perimental filter, has been investigated. We have shown that a re-
duced geometric efficiency preserves binomiality, and allows to recover
the simulation inputs without significant loss of information.
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My contribution to this publication has been full responsibility for the
binomial simulations and partial responsibility for the Poisson simulations.
Furthermore I have written the article.

Publications II-III
L. Phair, K. Tso, R. Ghetti, G.J. Wozniak, L.G. Moretto et aL,
Reducibility and Thermal Scaling of Charge Distributions in Multifragmen-
tation.
L.G. Moretto, L. Phair, R. Ghetti, K. Tso, N. Colonna, W. Skulski et ai ,
Phase Coexistence in Multifragmentation?

In Publications II and III, we study the charge distributions associ-
ated with multifragmentation data obtained, from Ar 4- Au and Xe- in-
duced reactions, at the National Superconducting Cyclotron Laboratory of
Michigan State University. The events are sorted according to the value of
the charged particle transverse energy, and according to the number n of
intermediate mass fragments.

In Publication II, the consistency of the n-fold event charge distribu-
tions Pn(Z), with the ansatz: P{Z) oc e~Biz')lT\ is investigated. The
charge distribution Pn(Z) is found to be nearly exponential: Pn{Z) oc
e~anZ, except for events of relatively low transverse energy. The fall off
of P(Z) with increasing Z, shows that the fragment emission barrier is
indeed dominated by the lightest fragment, as argued in Publication I.
The behavior of the exponential fit parameter an , is found to be thermal,
characterized by a linear dependence on 1/y/Et oc 1/T. The values of ctn

corresponding to different fragment multiplicities n, are offset one with re-
spect to the other, by a quantity indicated with c. The charge distributions
can thus be expressed as:

= - - cnZ ) oc exp ( cnZ). (5.1)

At low transverse energies, systematic deviations from the exponen-
tial fits are observed. However, assuming that the charge distributions are
generated from fragment emission associated with a barrier B(Z) of any
functional form, the previous analysis can be generalized, and the expres-
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sion:

( B'(Z\ \ f H(' 7\ \
fJ- -cnZ) oc exp ( \-± - cnZ) (5-2)

is found to scale the charge distributions for all values of n and Et, inde-
pendently of the functional form of B(Z). The expression of equation (5.2)
suggests the presence of a temperature dependent enthalpy term, associated
with the energy or barrier B{Z) for the formation of a fragment. The second
term e~cnZ, which dominates at high temperatures where e~B(<z)/T % 1, is
interpreted as an entropy term of topological origin, pointing to a combina-
torial structure of the multifragmentation process, in the high temperature
limit.

In Publication III, the quantity c is extracted with various methods
from the charge distributions, and its dependence on the transverse energy
is investigated. Experimentally c is found to be close to zero at low val-
ues of the transverse energy; then it rises rapidly with increasing Et and
finally it reaches a saturation value at high Et. Under the usual assump-
tion that the transverse energy is proportional to the excitation energy,
this behavior can be interpreted as follows. At high temperatures, the Z
dependence of the emission barrier B(Z) has a minimal effect on the charge
distribution. The assumption of unbiased breaking of a source is satisfied,
and a quantity c of combinatorial origin is extracted from the multiplicity
dependence of the charge distribution. At low temperatures, the emission
of large IMFs is suppressed by their large barriers, and a sizeable remnant
is often found among the reaction products. In this situation, the charge
distribution is dominated by an enthalpy term e~B(z)lT, and the quantity c
becomes essentially zero. As suggested by the above considerations, and by
comparison with the evaporative-like calculations of Publication I and with
percolation calculations, the c = 0 regime signifies that the emission occurs
from a source which survives as a charge-conserving residue; c > 0, instead,
indicates complete vaporization of the source. Due to this sensitivity of the
quantity c to the presence or absence of a charge-conserving residue, its
evolution from zero to non-zero is compared to the phase transition of a
fluid, moving from the region of liquid-vapor coexistence to the region of
unsaturated vapor. In this sense c is a robust empirical indicator of phase
coexistence in multifragmentation.

In publications II and III I have carried out parts of the data analysis.
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Publicat ion IV
Yu. Murin, R. Ghetti and B. Jakobsson,
Intermittency as a Signal of Criticality in Multifragmentation Studies.

The work presented in Publication IV discusses the use of intermittency
as an indicator of criticality in multifragmentation. In Publication IV, bond
percolation calculations are performed for lattices of different sizes: inter-
mittency is observed only in a non-critical region. Scaled factorial moment
analysis of ALADIN multifragmentation data, is in qualitative agreement
with the percolation calculations, revealing that an intermittency signal is
generated by over-critical events. This suggest caution when linking the ex-
perimentally observed intermittency signal to the development of a critical
behavior in the reactions. In the ALADIN data, the intermittency signal
can be attributed to the constraints introduced by conservation laws and
to a summation over events of different dynamical origin.

My contribution to Publication IV has been to analyze the ALADIN
data and to write the article.

Publ icat ions V-VI
R. Ghetti, L. Carlen, M. Cronqvist, B. Jakobsson, F. Merchez et al.,
Simultaneous neutron-neutron, proton-neutron and proton-proton interfer-
ometry measurements.
M. Cronqvist, 6 . Skeppstedt, M. Berg, L. Carlen, R. Ghetti et al.,
Neutron-proton interferometry in 30A MeVA0Ar + 197Au collisions.

Publications V and VI are based on the results from an interferometry
experiment performed at the SARA two-cyclotron system at ISN, Greno-
ble. Proton-proton, neutron-neutron and proton-neutron correlations were
measured simultaneously, from the E/A = 30 MeV Ar + Au, C and CH2
reactions.

Publication V describes our technique to perform simultaneous inter-
ferometry measurements and to generate the correlation functions. The
complete experimental detection set-up is described; the performance and
limitations of this arrangement are investigated. Concerning the correla-
tion functions, special attention is dedicated to the problems of normal-
ization, efficiency corrections and sources of background. Two techniques
for denominator construction are presented. Neutron detection efficiencies
are Monte Carlo simulated. Neutron cross-talk between neighbouring de-
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tectors is investigated as a function of neutron energy, distance between
detectors and applied neutron detection threshold. Other sources of back-
ground scattering and false correlations are discussed and their effects are
evaluated when possible. Finally nn, pp and pn correlation functions are
presented from the Ar + C reaction. A Monte Carlo simulated "cross-talk
correlation function" is presented as well, which can be directly compared
with the measured nn correlation function.

In Publication VI the nn, pp and pn correlation functions from the Ar
+ Au reaction are presented, both as a function of the relative momentum
q and also as a function of the particle energy. The energy integrated cor-
relation functions are compared to theoretical calculations performed with
an evaporation model, and with a model based on the BUU dynamical
transport equation. The attention is then focused on the pn correlation
function, shown for the Ar + C, Au and CH2 reactions. Two possibilities
are advanced to explain the weak q dependence of the pn correlation func-
tion, not reproduced by any standard calculation: either the Coulomb push
imparted by the emission source on the proton and/or an abnormal pn spin
state mixture. The second hypothesis is confronted with the deuteron cross
section, registered simultaneously and inclusively in the experiment.

In Publications V and VI, I have participated to the preparation and
performance of the experiment. Furthermore I have been fully responsible
for the proton data analysis and I have performed the cross-talk simula-
tions. I have had main responsibility for writing Publication V and partial
responsibility for writing Publication VI. I have presented the results at a
CHIC annual workshop and at one international conference.

Publication VII
B. Jakobsson, M. Berg, L. Carlen, R. Elmer, A. Fokin, R. Ghetti et al,
Gross and Fine Structure of Pion Production Excitation Functions in p-
Nucleus and Nucleus-Nucleus Reactions.

In Publication VII, the first positive pion production excitation func-
tions, measured with a continuously varying beam energy at the CELSIUS
Storage Ring (Uppsala), are presented from the E = 169-500 MeV p +
N, Ar, Kr, Xe and the E/A = 100-400 MeV Ne + Ar reactions. Due to
the novelty of this kind of measurement, a great deal of attention is payed
to the description of the experiment, raw data analysis and normalization
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procedures. The total TT+ yields from the p + N and p + Ar reactions are
presented and found in reasonable agreement with previous p + C data
reported in the literature. Differential TT+ cross sections from p + Ar and
Ne 4- Ar reactions at different laboratory angles, are compared with theo-
retical predictions from the BUU microscopic transport model. Finally, the
measured cross section excitation functions are used to search for narrow
resonances.

My contribution to this publication has been to perform the BUU cal-
culations (with a preexisting computer code). I have also contributed to
writing the article.



Chapter 6

Conclusions and
Perspectives

The common denominator of the work presented in this thesis, has been
to attempt to understand the reaction mechanisms that characterize inter-
mediate energy heavy ion collisions from the analysis of reaction products
(fragments, nucleons and 7r-mesons).

Nuclear multifragmentation is a very special process observed in in-
termediate energy heavy ion collisions. Whether multifragmentation is a
distinct, simultaneous mechanism or a sequence of binary decays, similar to
those observed at lower energies, remains an open question. The observed
reducibility of the n-fragment emission probabilities to an elementary de-
cay probability, suggests that multifragmentation is a combination of nearly
independent fragment emission processes.

Reducibility is achieved through the binomial expression, which is de-
fined by two parameters: the elementary probability p and the number of
independent trials 771. In light of this, different speculations can be ad-
vanced about the nature of the multifragmentation process. One can think
of a sequential decay with constant probability p. In this scenario m could
define a time window during which the emission is possible. This time
could be determined by the dynamics of the process. For example, it could
be the time during which the barriers are lowered due to an expansion or
a change in the shape of the system. In this case, the finite time win-
dow during which emission is possible, prevents the n-fragment probability

62 - 83



84 Chapter 6. Conclusions and Perspectives

distribution from becoming a Poisson distribution.

Alternatively, one can picture multifragmentation to be a simultaneous
emission of fragments, and advance a space-like interpretation of the ob-
served binomial decay. A simple analogue is that of a chain of m links with
a probability p that any link breaks. In this case, it would be the finiteness
of the source, rather than of the decay time, that would be responsible for
the binomiality. A source of charge Zo cannot emit more than m = Zo/Z
fragments of charge Z. No matter how fragment emission is implemented,
charge conservation will force an original Poisson distribution to become a
binomial, when all the charge is exhausted.

The second fundamental feature revealed by the multifragment data
analysis, is a clear signature of statistical decay, inferred from the linearity
of the Arrhenius plot for the one-fragment emission probability p. The
linearity of the relationship between ln(l/p) and l/y/Et, is equivalent to a
Boltzmann dependence: p oc exp(—B/T), assuming </Et oc \/E* a T. This
thermal dependence is a generic attribute of statistical decay, that applies
to both sequential-binary and simultaneous emission. In the first case, the
average fragment emission barrier B corresponds to the sum of the barriers
for successive binary decays, under the assumption that the temperature is
nearly constant at all stages of the emission. In a simultaneous picture of
prompt multifragmentation B can be considered as the potential energy of
an n-body decay configuration.

It is thus clear that the above experimental findings, while giving a deep
insight into the nature of the multifragmentation process, cannot resolve
the question "sequential versus simultaneous", which consequently needs
to be addressed in some alternative way. I would like to conclude with
the following remark: when sequential-binary decays occur very close in
space-time (which justifies the assumption of nearly constant temperature
during the decay chain), the interactions between successive decays can be
as strong as if the fragments had been formed simultaneously. In these
circumstances, a clear distinction of the two mechanisms cannot be based
on the emission time scale only; the essence of sequentially becomes the
binary nature of each emission stage, rather than the emission time scale.

The features of reducibility and thermal scaling extend consistently to
the n-fragment charge distributions, which are also found to be reducible
and thermal. The most interesting observation connected with the charge
distribution analysis lies, however, in the residual dependence of the charge
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distribution on the fold number n; this residual dependence is observed at
high values of Et, and is manifested through the factor exp(-ncZ), that
effectively relaxes the extreme reducibility hypothesis.

In some sense, the quantity c is related to the binomial parameter m.
In a simultaneous multifragmentation scenario, c and m could be simply
dictated by small size effects. However these quantities are also predicted
in sequential-like models. The fascinating questions as to whether they
bear a signature of dynamical processes and whether they could allow to
distinguish between sequential and prompt decay mechanisms, remain open
for further and more quantitative investigations.

The temperature dependence of the quantity c (near zero at low values
of Et, positive at high Et) is reproduced by percolation and evaporation-like
calculations. The calculations indicate the sensitivity of c to the presence
or absence of a charge-conserving residue; the evolution of c from zero to a
positive value may thus signal a transition of the system from a liquid-gas
coexistence region to a vapor phase.

Further investigations are needed for the search and identification of
signals of a liquid-gas phase transition occurring in multifragmentation.
From our analysis, we can conclude that, on the one hand, the quantity c
seems to be a robust indicator of phase coexistence; on the other hand, the
occurrence of intermittency, associated with non-statistical fluctuations of
the fragment size, is not necessarily related to the development of a critical
behavior in the reaction.

Two-particle interferometry is a powerful technique to probe the dy-
namical evolution of nuclear collisions. Quantum statistical and final state
effects contribute differently to the correlation of different types of parti-
cles, and therefore simultaneous measurements of several particle pairs may
allow these different effects to be disentangled.

The neutron-neutron correlation function is an attractive tool to inves-
tigate the interplay between quantum statistical correlations and nuclear
interaction effects, since the space-time parameters characterizing neutron
emission are not distorted by the Coulomb field. Supplementary informa-
tion about the role of the Coulomb interaction can be obtained by compar-
ison with the proton-proton and the proton-neutron correlation functions.
The proton-neutron correlation function is also directly comparable with
the probability of deuteron formation and this comparison may be used to
determine the spin state of the particle emitting source.
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The simultaneous measurement of the pp, pn and nn correlation func-
tions reported in Publications V and VI, represents a first example of this
kind of experiment, and it can be regarded as "exploratory". Perhaps,
the most important accomplishment of this work has been to pave the
way to simultaneous measurements, mainly indicating which experimental
difficulties are going to be met and suggesting possible ways to overcome
them. From this work we have learnt that in order to be able to accurately
measure the low relative momentum region, where the interesting signa-
tures of quantum statistics and final state effects are expected, low energy
thresholds and small relative angle between detectors are needed. More-
over, excellent energy and position determination are required to reduce the
uncertainty associated with the relative momentum determination. Detec-
tion of coincident neutrons is a very delicate experimental task, plagued by
frequent neutron rescattering between detectors. Cross-talk can be reduced
by increasing the distance between neighboring detectors and by increasing
the energy thresholds; however, a compromise has to be found with the
need to measure low relative momentum values. Optimal arrangements
for the experimental set-up have to be carefully studied with the help of
computer simulations, and a skillful data analysis can help identify false
neutron coincidences.

Our correlation function study has offered some physical insight into
possible reaction mechanisms. In particular, the tridimensional analysis
of the correlation functions has revealed different correlation patterns at
different energies of the particle pairs; this may be attributed to different
physical regimes occurring in the reactions, such as pre-equilibrium and
equilibrium emission, or to lifetime effects. To clarify the scenario, pre-
cise analysis of energy (or momentum) selected correlation functions and a
quantitative model comparison are clearly needed.

While stressing once again the importance of complete and accurate si-
multaneous measurements, a possible recommendation for the future could
be to perform exclusive experiments, that would allow to construct impact-
parameter selected correlation functions. This kind of analysis, could be
coupled to the study of the sensitivity of the correlation function to di-
rectional cuts (e.g. along and perpendicular to the total momentum of the
particle pair), and should provide a clear identification of the space-time
characteristics of the nuclear sources.

Finally, storage ring experiments with ramped beams and internal tar-
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gets open up the possibility to perform very precise and complete excita-
tion function measurements. The collision energy dependence of produc-
tion phenomena can be studied in detail and compared to the predictions
from different model calculations. Important production phenomena can
be studied near threshold, where rapid variations of the cross section with
the energy appear.

In such experiments particular attention must be payed to the delicate
problem of translating the measured yields into absolute cross sections.
Our first measurements are affected by a rather large systematic error.
To reduce this uncertainty, reliable ways to monitor the luminosity of the
beam (and its temporary variations) must be devised. Apart from the
registration of well documented cross sections (not only protons but also
a-particles, nuclear fragments etc. ), alternative methods have to be taken
into consideration (e.g. the measurement of the elastic scattering of the
beam).

By studying meson production, the dynamical aspects of nuclear colli-
sions can be probed and different production mechanisms can be checked.
In particular, the extension of the nucleus-nucleus collision part of the ex-
perimental program will offer the possibility to study in-medium and ab-
sorption effects on pion production. Studies of strange mesons, that will
be possible after the energy upgrade of the CELSIUS machine, will pro-
vide important information about the early stages of heavy ion reactions,
since strange mesons, with long mean free paths, interact very weakly when
propagating through nuclear matter, reducing the importance of final state
interactions.

Also in this case, complete and exclusive experiments are advisable.
To this end, the CHIC Collaboration is developing a silicon-based near 4TT
multidetector system (CHICSi), devoted to multifragmentation studies at
storage rings. This device will be coupled to the external range telescopes,
allowing to investigate all kinds of relevant correlations between meson pro-
duction and multifragment emission. Naturally storage ring experiments
with slowly ramped beams should be able to provide important information
also about multifragmentation, from detailed investigation of the collision
energy dependence of the fragment emission. This will put stringent tests
on the theoretical description, hopefully allowing clarification of many of
the questions that are still open in intermediate energy heavy ion collisions.



Appendix A

BUU Dynamical Transport
Model

The BUU equation was first proposed by Nordheim [194] and later worked
out by Uehling and Uhlenbeck [195]. Several review articles on the BUU
transport theory have been published [19, 69, 70, 196-198].

The BUU equation describes the time evolution of the one-body Wigner
function, defined as:

The Wigner function can be seen as a quantum mechanical analogue of
the classical phase space density. Its time evolution is determined by the
nuclear mean field U and the two-body nucleon-nucleon collisions (residual
interaction):

dt

da
6(p + p2-p3- p4) (A.2)
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The terms on the left hand side represent the change in f(r,p, t) caused by
the fact that particles with a velocity v move in and out of the phase space
cell centered at ( r ,p) and that the momentum of the particles may change
due to the force Vrf7(r) from the self-consistent field U(p(r)). The mean
field is given by the Coulomb interaction between protons, plus a nuclear
potential approximated by a density dependent Skyrme-like interaction of
the form:

. (A.3)

Here, p(r) and po are the local and normal nuclear densities respectively,
and the parameters A, B and a are chosen such as to reproduce the exper-
imental binding energies and other saturation properties of nuclear matter.

The collision integral, on the right hand side of equation (A.2), repre-
sents the change in f{r,p,t) due to the interaction between particles. Via
two-body collisions, particles may be scattered into or out from the phase
space cell. The probability for an elastic two-body collision is given by the
free nucleon-nucleon cross section (?{pp* <-» p3p4)- The momenta p and p a

are the arbitrary momenta of two colliding particles that scatter elastically
into the states with momenta p3 and p 4 , fulfilling momentum and energy
conservation.

The collision term consists of both a "gain" term 73/4(1 — / ' ) (1 — Z^),
and a "loss" term 7/2(1 — /3XI — f'^)- The Pauli exclusion principle is
taken into account through the Pauli blocking factors (1 - / ' )(1 — ft) and
( 1 - / 3 ) ( 1 — f[). Here fi is the phase space distribution and // is the corre-
sponding occupation probability. The phase space occupation probability
is simply the phase space distribution fi divided by g/h3, the maximal
occupation allowed by quantum mechanics.

The integro-differential BUU equation is solved numerically with the
"test particle" method. Each nucleon is represented by a fixed number Nr

of classical test particles. A sufficiently large number Nr has to be chosen to
provide convergent results. The test particles are divided into "runs", where
each run has the same number of test particles as the number of nucleons
in the colliding nuclei. The scenario of one run corresponds to a classical
cascade simulation, and Nr such runs are performed simultaneously. For
the initial configuration, the test particles are assigned a random position
in a sharp sphere of nuclear radius oc A1/3. The initial momentum is also
randomly assigned within a local sphere of radius Pp = h(3ir2p(r)/2)1/3 in
the momentum space. In each run, the test particles propagate classically
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in a mean field, according to Hamilton's equations of motion. Two test
particles are allowed to collide within the same run only (parallel ensem-
ble algorithm). The scattering occurs with a probability generated from
the free nucleon-nucleon cross section. The collision of two test particles
is described by a Monte Carlo procedure. If two particles pass the point
of closest approach within the time interval considered, and the distance is
smaller than the range of the interaction, then the particles may scatter.
The new momenta p3,p4, are generated randomly, fulfilling energy and mo-
mentum conservation. However if the particles scatter into states already
occupied, the collision is forbidden by the Pauli exclusion principle. The
probability for the scattering to be Pauli-for bidden depends on the number
of test particles in small finite phase space cells around p3 and p4. The
Pauli-blocking procedure is performed as an average over all runs.

The Wigner transform f{r,p,t), as well as the mean field U, are gen-
erated from the test particle distribution as a mean over all runs, and the
solution of the BUU equation represents the time evolution of the single
particle distribution function. This theory therefore allows to predict sin-
gle particle observables [67]. Also two-particle correlations that are simply
consequences of the conservation laws for momentum, energy, angular mo-
mentum and particle number can be reproduced by the BUU theory [230].
However BUU-type theories neglect density fluctuations and many particle
correlations. Attempts have been made to incorporate stochastic fluctua-
tions in BUU, with the so-called BUU-Langevin equation [105-107].



Appendix B

Particle Identification
Techniques

Most nuclear physics detectors are based on the same principles of oper-
ation: the radiation enters the detector, interacts with the atoms of the
detector material, losing parts of- or all its energy, and releases a large
number of relatively low energy electrons from their atomic orbits. These
electrons are then collected and formed into a voltage or current pulse, for
analysis by electronic circuitry.

In a typical detector telescope, the radiation passes through two or
more counter detectors. Often the last counter (E detector) has a large
volume, in order to achieve complete absorption of the energy of the par-
ticle, while the preceding counters are thin, so that the particle only loses
a small amount of energy (AE) in each. Scintillators, solid state detectors
and ionization chambers are the most commonly used detectors for this
kind of telescopes.

Detector telescopes are well suited for particle identification, and sev-
eral methods can be employed.

A common technique involves the measurement of the energy loss in
the counters, and is based on the property that the product:

AE-EcxMZ2, (B.I)

where M and Z are the particle mass and charge. Because of the Coulomb
force, charged particles traversing a material, interact simultaneously with
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many electrons and lose energy continuously along their path. After travel-
ling a certain distance the particle is stopped. The theoretical relationship
between range and energy, know as "Bethe-Bloch" formula, has been ob-
tained from a quantum mechanical calculation of the collision process. This
relationship gives the average energy loss per unit path length of the par-
ticle (also called "stopping power"). For non-relativistic charged particles,
the Bethe-Bloch equation predicts:

dE Z2 MZ2

- oc —— ex — , ( B . 2 )
dx v2 E

which can be understood considering that a charged particle spends a
greater time in the vicinity of a given electron when its velocity (v) is
low, so that the impulse felt by the electron, and hence the energy transfer,
is largest. For a thin AE transmission detector, the deposited energy AE
can be equated to dE/dx, and consequently the product AE E becomes
a hyperbola with a Z dependence (equation (B.I)). Particles of different
mass and/or charge are identified by different relations between E and AE.
These relations are often illustrated in two dimensional spectra (see for
example Figure 4.4 in Section 4.2.2).

A common method of particle identification with scintillator detectors
is "pulse shape" analysis. This technique is based on the fact that the light
output of a scintillator material can often be represented by the sum of two
exponential decays, called the fast and the slow components. The majority
of the light yield occurs in the prompt component (with decay time of a few
ns). The slow component, instead, has a very useful characteristic, since its
light output depends on the nature of the incident radiation. Pulse shape
discrimination makes use of this dependence to differentiate between parti-
cles of different kinds which deposit the same energy in the detector. This
procedure is commonly applied to eliminate 7-rays when organic scintilla-
tors are used as neutron detectors (see for example Figure 3 in Publication
V).

Pulse shape analysis is employed also with "phoswich" detectors, that
are a combination of two different scintillators optically coupled to the same
photomultiplier tube. The two scintillator materials are chosen to have
different decay times, so that the shape of the output pulse is dependent
on the relative contribution of scintillation light from the two components.
The Miniball telescopes are phoswich detectors consisting of a 40 /xm thick
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plastic foil, placed in front of a 2 cm thick CsI(Tl) crystal (Figure B.I). The
back face of the crystal is glued to a light guide which is connected to a
10-stage photomultiplier tube collecting the light from both the scintillator
foil and the CsI(Tl) crystal. The time characteristics of the two scintillator
materials are very different. The light emission from the scintillator foil is
much faster than that from the CsI(Tl) crystal, so that most of the plastic
signal is collected before the slower CsI(Tl) signal becomes dominant. The

Fast Scintillator

\

Light guide

Crystal

Al-mylar foil

PMT

Optical cement

Figure B.I: Schematic of phoswich assembly of a Miniball detector. (From
ref. [88]).

plastic and the crystal signals associated with an incident particle can thus
be obtained by using different time gates for the light collection, as indicated
in Figure B.2. The fast component (0 - 40 ns) is mainly contributed by the
thin scintillator. The slow (200 - 600 ns) and tail ( 2 - 4 /zs) components
result from the CsI(Tl), whose light signal is approximately the sum of
two exponential decays. As a result, the fast-slow combination provides
AE-E signals for identification of intermediate mass fragments with charge
3 < Z < 20, while the slow-tail combination gives AE and E signals for
light charged particles with Z < 2.
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Photomultiplier Tube Signal

"fast"
40ns

"slow"
400ns

Figure B.2: Timing and widths of the fast, slow and tail gates of the Miniball
phoswich detector signal. (From ref. [88]).
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