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Preface

The main goal of this book is to provide a pedagogical introduction to the
physics of nuclear collisions in the so-called nucleonic regime. A few words
of explanation are necessary concerning the title of this book. We define
the nucleonic domain as the incident (beam) energy regime in which the sub-
nucleonic degrees of freedom (quarks, gluons and hadronic resonances such
as pions or kaons) do not play an important role. Although there is no well-
defined frontier between this domain and the domain of hadronic matter, a natural
upper limit of the nucleonic regime can be associated with collisions with an
incident energy corresponding to the pion production threshold (i.e. 290MeV/
incident energy for a nucleon on a fixed target). In other words, this book
deals mainly with nuclear collisions below 100-200 MeV/However, some
aspects of hadron—nucleus and nucleus—nucleus collisions at relativistic energies
are discussed because of their strong connection with the topics addressed in
this book. An introduction to the relativistic energy domain may be found, for
instance, in the book by Wong [498].

The main motivation of the present work is the study of dissipative reactions
in relation to the properties of nuclear matter far from equilibrium. Therefore,
elastic and quasi-elastic collisions are not described. More generally, nuclear
reactions studied in the context of what is traditionally called nuclear structure
such as single-nucleon transfer, pick-up or break-up reactions are not discussed.
Low-energy nuclear collisions close to the Coulomb barrier are mentioned but
not studied in detail. In particular, the important questions of the synthesis of
superheavy elements and cluster radioactivity are not addressed.

This book is in some ways a continuation of a monograph by U dtghr”
and J Huizenga published in the ‘Treatise on Heavy lon Science’ edited by
A Bromley in 1984. In this work damped reactions were discussed extensively
in the energy range accessible in the 1970s and early 1980s. Since then, a
new generation of heavy-ion facilities has emerged and heavier mass numbers
and higher incident energy beams have become available. A large body of data
has thus been accumulated thanks to the advent of powerful multidetectors. In
parallel, many important developments in the theory have been undertaken mainly
through the emergence of microscopic transport models.

Up to now, however, no book has discussed these new features in a thorough

Xi



Xii Preface

self-contained way; this has been the main motivation for our project. The
present book is written at a level that should make it easily accessible to graduate
students but it should also be useful for newcomers and researchers in the field. In
particular, the first five chapters cover the general basic considerations concerning
both the theoretical and experimental aspects of nuclear collisions. We believe
that this material could constitute a basis for lectures on advanced nuclear physics.
The last three chapters are more specialized since they discuss in detail our current
understanding of subjects widely studied nowadays. They are intended to describe
as completely as possible important and timely issues related to nuclear dynamics
and the physics of hot nuclei. The material presented in these chapters is a matter
of active discussion at conferences and workshops.

Summarizing in a few hundred pages the enormous amount of data and
theoretical work about nuclear collisions is quite a difficult task. In addressing the
important issues raised in this book we have endeavoured to quote as exhaustively
as possible the numerous works published in the literature. However, it is
unfortunately highly probable that some aspects may have been overlooked. We
would therefore like to apologize in advance to those physicists whose work has
not been properly reported.

Needless to say we have benefited from the help of many colleagues and
friends through numerous and fruitful discussions over several years of passionate
research. An alphabetical list of these many individuals would be lengthy and
would reduce to mechanics irreducible personal interactions. Above all this would
hide the pleasure we took in these many exchanges. The concerned people will,
for sure, know that we are aware of how much we owe them. Last but not least, we
would like to thank the institutions which have supported us during the realization
of this work, namely our home laboratories and the Institut Universitaire de
France.

Dominique Durand

Eric Suraud

Bernard Tamain
December 1999



Chapter 1

Introduction

Atomic nuclei entered physics in a ‘shadowy’ way. In the very last years of the
19th century radioactivity constituted the first to be identified, although indirectly,
nuclear property. With Rutherford’s experiments just before the First World War
nuclei as such became a subject of research. Some of their basic properties were
accessed in the 1930s with the identification of neutrons as constituents, together
with protons, and with the pion exchange picture of nucleon—nucleon (neutron
or proton) interactions. By the late 1940s both collective and single-nucleon
behaviours were, to some extent, unravelled. The shell model allowed us to
understand the so-called magic numbers and both fission and giant resonances
had been observed, if not fully understood. The following decades saw the
possibility of accelerating nuclei and smaller particles, to higher and higher
energies, in larger and larger facilities, developed following the pioneering
works on cyclotrons in the late 1920s. According to Heisenberg’s uncertainty
principle these facilities provided access to smaller and smaller structures inside
the nucleus, which gave birth to a new field of research: particle physics. In
turn nucleonic physics dealing with systems of nucleons, namely nuclei in their
ground state or in moderately excited states, became, and still is, a major concern
of nuclear physics studies.

1.1 Nuclear and nucleonic physics

Although nucleons are compounds of quarks and gluons, ground-state nuclei can
safely be viewed as ensembles of interacting nucleons. Quarks and gluons then
remain bound in nucleons and it thus makes sense to consider nucleons as the
effective elementary constituents of nuclei. The basic underlying theory, QCD
(quantum chromo dynamics), which describes the strong interactions between
quarks and gluons, can thus also be safely hidden (outside nucleons) in an
effective interaction between the nucleons. The situation here is pretty similar
to the case of Van der Waals interactions in molecular physics. While the basic
interaction is the Coulomb interaction with its sbftr? dependence, the effective

1



2 Introduction

interaction between inert atoms, such as argon, is reducég:td (n > 2)

terms reflecting dipole—dipole (or higher multipoles) interactions, produced by the
reciprocal polarizations of the electronic clouds of the atoms. Physics of nuclei
in the vicinity of their ground state is thus a physics of nucleons interacting via
the nucleon—nucleon interaction. Such a picture of nuclei as sets of interacting
nucleons constitutes the basis of most studies devoted to the understanding of
structure and dynamical properties of nuclei.

Over the last decades the pile of static properties of nuclei has mounted up
and now ranges from single-nucleon characteristics to collective observables. Let
us cite spectroscopic properties such as single-particle levels, separation energies
or shape analysis as typical static quantities (although they may also be accessed
in a dynamical way). From a dynamical point of view, nucleonic motion has
also been extensively studied, in terms of single-nucleon degrees of freedom,
for example, in charge exchange reactions, or in terms of collective degrees of
freedom, as in fission or giant resonances. All these observables have allowed
us to picture nuclei as complex systems in which individual degrees of freedom
coexist with more or less collective ones. An overall concept underlying these
various findings is that of the mean field which models nuclei as sets of particles
moving ‘nearly’ independently from each other in a common potential well. To
a large extent, many single-particle and dynamical properties of nuclei can be
understood within this general framework. Still, the simple nucleonic mean field
is by no means the end of the story.

In order to access nuclear properties, nuclei must be excited. Depending on
the aim, the excitation may be very gentle or very strong and use various probes.
For example, electromagnetic interactions are known to allow a particularly clean
access to charge densities in nuclei. After providing the systematics of nuclear
charge profiles, electron beams, now in the multi-GeV energy range, are now
offering clues on properties of nucleoimside the nuclear medium. They also
allow us to study sub-nucleonic degrees of freedom inside nuclei because their
‘guantum size’ (e.g. as estimated from their de Broglie wavelength) is much
smaller than the nucleon radius. In such studies, however, the nucleus becomes
a laboratory for our understanding of nucleonic properties rather than a true
subject of investigation. In heavy-ion collisions, on the other hand, a nucleus is
bombarded with another nucleus and the produced nuclei, or at least the formed
(possibly short-lived) nuclear composites are the focus of study. Both their static
properties and the dynamical aspects of the reactions have to be addressed. They
can be described by using macroscopic concepts or by a microscopic description
involving the constituents of nuclei. These are nucleons as long as the considered
beam energies are not large enough to excite sub-nucleonic degrees of freedom.
Quarks and gluons then remain actually sufficiently deeply bound inside nucleons
to accommodate these violent (but still ‘external’) perturbations. In this book we
will consider a beam energy range€Z00 MeV/u), in which the latter assumption
is valid, and we shall call this energy range thgleonic regime. It should,
however, be noted that this energy range does not correspond to a moderate
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excitation regime for nucleons as such. Here one definitely leaves the safe realm
of close-to-equilibrium physics to truly enter one of out-of-equilibrium situations.

1.2 Heavy-ion collisions in the nucleonic regime

As already noted, the last decades have seen an accumulation of an impressive
corpus of nuclear properties close to equilibrium. What do the heavy-ion
collisions of today bring to this picture? The answer is manifold. There is,
first, the aspect of principle, linked to the question of what does ‘know a physical
system’ mean? In any physical system time is running and, although one usually
focuses first on the static properties, there is no reason, in principle, to give less
credit to the dynamical properties. To start with the static properties is usually
simpler and seems to make more sense. Still, it is also well known that one
may understand the dynamical behaviour of a system without necessarily fully
understanding its static properties. Think, for example, of the incredible impact
of percolation models. Once a short range for the interaction is assumed, most of
the physics is under control... and may work pretty well. Hence, as a point of
principle, one shoula priori study dynamical properties on the same footing as
static ones. And heavy-ion collisions in the nucleonic domain fulfil exactly this
methodological requirement for nuclei.

Beyond methodology, the study of heavy-ion collisions in the nucleonic
regime is thus twofold. There is, first, an interest in understanding the time
evolution of the reaction starting from a highly-out-of-equilibrium situation
(two cold colliding nuclei) towards a possible thermalized system by means of
dissipation. Second, reaction products arexineme states in the sense that they
can be either highly exotic or hot. Exotic nuclei have unusual neutron/proton
ratios or a very large number of nucleons (superheavy elements). The ongoing
studies focus here on the existence and structure properties but have not yet truly
attacked the dynamical aspects of nuclei. Hot nuclei have excitation energies
close to or even higher than their total binding energies. Studies of nuclei at
finite temperature are incomplete without an explicit account of the dynamics.
Investigations aiming at understanding the physics of hot nuclei thus rely heavily
on the physics of the reaction mechanisms themselves, simply as the signals
provided by a hot nucleus can mostly be accessed through its de-excitation which
usually involves complex dynamical behaviours.

Before attacking such dynamical questions, which will turn out to constitute
many discussions in this book, it is interesting to briefly discuss the idealized
picture of infinite nuclear matter at various densities and temperatures. In proper
thermodynamical terms, the aim of these investigations is to explore the phase
diagram of nuclear matter.
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1.3 Exploring the phase diagram of nuclear matter

1.3.1 Nuclear matter

Systematic measurements show that the density inside heavy nuclei, such as lead
is more or less constant, which leads us to define an ichiaite system of
interacting nucleons in which the Coulomb interaction has been switched off:
nuclear matter. Nuclear matter is a generic system (as, for example, liquid
3He and electron gas) for the theoretical description of/Xhéermion quantum
problem. Despite its idealization, understanding the properties of nuclear matter
is a prerequisite for any consistent theory of nuclei as a finite piece of nuclear
matter constitutes the core of heavy nuclei. The study of nuclear matter thus
complements approaches dealing with the specific properties of individual nuclei.
In turn, nuclear matter only provides a gross (synthetic) description of nuclei as it
overlooks the key finite-size effects.

The nuclear matter equation of state (energy versus density and/or
temperature) is one of the most important concepts in nuclear physics. It underlies
much research not only in nuclear physics itself (in particular in heavy-ion
physics) but also in nearby fields (for example the physics of supernovae and
neutron stars). We do not aim here to give an extensive review of this fascinating
topic. Several review papers, as well as many conference proceedings, have
addressed the most recent developments in this field. We hence refer the reader
to these texts for extensive discussions (see, for instance, [23]). Instead we
would like to present superficially some aspects of the nuclear matter equation
of state in connection with the dynamics of heavy-ion collisions. We shall
try to show how the equation of state constitutes an essential ingredient of our
understanding of heavy-ion collisions and, conversely, how these reactions might
give us information on the equation of state itself.

1.3.2 The nuclear phase diagram

The phase diagram of nuclear matter gathers in the density—temperature plane
the various observed or predicted phases of nuclear matter. Terrestrial nuclei
possess a common central density known as the density of saturation, hereafter
denoted byp, and whose value, for symmetrical nuclé¥ (= Z), is of order

po ~ 0.17 fm~3. The point of density, and zero temperature is known as the
saturation point of nuclear matter. High densities/temperatures may be obtained
only by strongly perturbing nuclei. This occurs naturally in the cores of type I
supernovae where nuclei may be heated up to temperatures of order 18 MeV
which are sufficient to sensibly affect the structure of nuclei. On the other hand,
supernovae cores are not extremely dense, their density being only ofpgrder

I The temperature is generally expressed in energy units which means that, in nuclear physics, what
is called temperature is in fact the product of the usual temperature (expressed in Kelvin) by the
Boltzmann constant. Thus, a nuclear temperature of 1 MeV correspoids t010'° K.
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Figure 1.1. Phase diagram (density (in units of saturation density) versus temperature
(in MeV)) of nuclear matter. The core of the nuclei in their ground states corresponds
toT = 0 MeV and p/po = 1. The boundary of the predicted QGP is indicated by the
full line at high T (the broken line corresponds to the limit of the predicted coexistence
region with hadrons). Very high temperatures and densities are presumably the physical
conditions which prevailed in the primordial universe. Neutron stars correspond to a
dense (=3 times saturation density) and cold phase. Temperatures between about 20 and
200 MeV correspond to a region in which all hadrons are present: thisis called hadronic
matter. At low temperatures, only nucleons in their ground state are present. They can be
‘confined’ in drops of matter: thisisthe nuclear matter region. Due to the structure of the
nucleon—nucleon interaction, the coexistence of aliquid and a gas phase is predicted. The
full linein thisregion isthe coexistence curve while the black point isthe critical point. The
region between the full and broken lines is the metastable region while the domain below
the broken line is the so-called spinodale region which will be discussed in detail later.
One expects to be able to explore large regions of the phase diagram through heavy-ion
collisions, within varying beam energies (a schematic trgjectory isindicated in the figure).
In this case the collision must be described in a dynamical framework, namely as apath in
the phase diagram. This makes the interpretation of results difficult. From [336].

Neutron stars, in contrast, involve very high densities (typically two to threetimes
po) but temperatures virtually vanish, from a nuclear physics point of view, in
these objects (7' ~ 105 K =~ 10~ MeV).

At moderate temperatures, the structure of the nucleon—nucleon interaction
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suggests properties similar to real Van der Waals fluids. Indeed, calculations
described in section 2.3.2.1 predict a liquid—gas phase transition with critical
parameters (p., T..) correspondingto the black point infigure 1.1. The exploration
in the loose vicinity of this point (p. < p < 1.52pg, T < T.) by means of
nuclear collisionsis the main topic of this book.

At very high temperature/density (p ~ 10—20pq and/or T' ~ 150-200 MeV)
one expects a transition of nuclear matter to a quark gluon plasma (QGP).
At such high energies quarks and gluons, usualy bound in nucleons and/or
mesons and baryons, become deconfined. QCD calculations provide estimates
of deconfinement for energy densities of the order of a few GeV per fm3,
which is comparable to the nucleon mass. This deconfined phase should have
existed during the very first instants of the universe, according to the Big Bang
model. Such a state could be reached again (a few billion years later!) although
probably at a somewhat higher density in ultra-relativistic heavy-ion collisions.
Below the transition region towards the QGP one also encounters ‘exotic’ phases
appearing as mixtures of nucleonsand mesons (in particular pions) and/or internal
excitations of nucleons (such asthe A excitation for example). The latter regions
of the phase diagram are often referred to as regions of pionic or hadronic matter.
As we shall see later, these extreme conditions of temperature or density may
be obtained, but only during vanishingly small times, in the course of heavy-ion
collisions.

1.3.3 Howtoexplorethe nuclear matter phase diagram

What do we know about nuclear matter? A direct access to supernovage cores or
neutron star matter isimpossible. Furthermore, the physics of these objectsis by
no means a purely nuclear problem: access to the nuclear aspects is complicated
by astrophysical questions. On earth, it is the central part of heavy nuclei which
congtitutes the best access to nuclear matter. But ground-state nuclei allow at best
an exploration of the close vicinity of the saturation point. Here again difficulties
show up. First one should keep in mind theintrinsic limitation dueto thefiniteness
of nuclei which typically contain less than 250 nucleons, because of coulombic
effects. To extract the universal properties of infinite nuclear matter from such
finite systems is thus by no means simple. Another difficulty lies in the fact that
ground-state nuclei naturally provide very little information on nuclear matter. In
order to explore large regions of the nuclear matter phase diagram one needs to
perturb nuclei significantly, which will add an extracomplication to extracting the
nuclear matter properties themselves.

Heavy-ion collisions turn out to constitute the best tool for investigating
the properties of nuclear matter in large regions of its phase diagram. In the
course of the collision matter is compressed and heated up. Depending on initial
conditions, various densities and temperatures can be reached and thus a large
scale exploration of the nuclear matter phase diagram is made possible. For
example, the transition from hadronic matter to a QGP is actively sought in
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today’s experiments with ultra-rel ativistic heavy ions, at beam energies of several
tens of GeV per nucleon. As aready stated, we shall focus in the following
on nucleonic physics, which means, in terms of the phase diagram, regions
of densities less than typically 1.5—2p, and temperatures typically below 10—
20 MeV, asattained in heavy-ion collisions of beam energiesup to about 200 MeV
per nucleon.

Heavy-ion collisions hence seem to offer a unique opportunity for exploring
the phase diagram of nuclear matter. However, one has to pay a heavy tribute
for this possibility: namely the fact that this exploration is no longer static but
dynamical. Heavy-ion collisions thus appear as paths rather than points in the
phase diagram of nuclear matter. A typical heavy-ion collision lasts at most a
few 1029 s, often hardly long enough to allow a proper definition of the notion
of temperature in such a system. The exploration of the nuclear phase diagram
can hence only be understoood in a non-equilibrium context, which outlines the
limitations of such studies. One has thus to remain cautious in the interpretation
of nuclear collisions in the context of the nuclear matter phase diagram, because
it makes sense only as long as the thermodynamical variables such astemperature
are properly defined. Furthermore, understanding the underlying physics and
linking it to the nuclear matter equation of state requires the development of
specific dynamical approaches. This makes the problem more complicated but
it should aso be noted that it makes it richer. Heavy-ion collisions are thus
not to be considered only as a tool for investigating the nuclear matter phase
diagram. They also lead to far-from-equilibrium dynamical situations in finite
quantum systems. Their understanding requires original techniques which may
find valuable applicationsin several fields of physics.

1.4 A short summary of the forthcoming pages

Our text is organized in two parts. In the first part we review both theoretical and
experimental basic tools for investigating nucleonic physics by means of heavy-
ion collisions. In the second part we discuss how heavy-ion collisions bring us
some valuable pieces of physical information. For this purpose, we consider the
time evolution of atypical collision, and discuss its various stages, while trying
to summarize both our theoretical and experimental understanding of the various
encountered situations.

The chapter entitled ‘ Some basic properties of nuclei: static and statistical
concepts' provides arapid overview of basic nuclear properties. A key idea here
is the importance of the mean field. We also briefly review equilibrium statistical
physics for future use. We finally discuss some properties of the nuclear matter
equation of state and present a statistical description of nuclear de-excitation.
The following chapter * Macroscopic and microscopic descriptions of heavy-ion
collisions' is devoted to the dynamical models developed to understand nuclear
collisions in the nucleonic regime. We discuss these questions in the general
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framework of non-equilibrium statistical physics which consists of reducing
the origina many-body problem to a set of relevant variables. In the nuclear
case one-body descriptions represent well-founded, well-adapted and efficient
reductions of the many-body problem. In particular, extended mean-field theories
are often attacked via the phase space, the energy scales involved washing out
detailed quantal effects. These theoretical approaches give access to the transport
properties of excited nuclear matter.

The chapter ‘Basic experimental tools' presents a comprehensive discussion
of the experimental tools developed for analysing the dynamics of collisionsin
the nucleonic regime. Basically, nuclear reaction mechanisms can be described
as a process during which an incident energy is shared among various degrees of
freedom, leading to various fragments or particles. The underlying properties of
the colliding system can only be understood if one reaches a general overview
of the collisions, namely if one detects al the outgoing products among which
the available energy has been shared. One thus needs to carry out experiments
involving 47 detection. But the total information obtained for a single event is
huge and has to be reduced in order to sort the events and to extract reliable
physical guantities, hence the necessity of defining relevant and robust global
variables.

Once the basic theoretical and experimental tools have been settled, and
before entering more specific discussions, a general overview of reaction
mechanismsis needed. Thisis the subject of the chapter * Reaction mechanisms'.
In the nucleonic regime the incident energy becomeslarger than the Fermi energy
which induces a strong evolution of dissipation mechanisms. Furthermore the
reaction and thermalization times become smaller than the typica nuclear decay
times, which induces changes in the decay processes. The transition from fusion
and deep inelastic processes at low energy to the participant—spectator picture at
high energy reflects the competition between various timescal es associated with
collective and intrinsic degrees of freedom. The analysis of intermediate energy
reactions has, nevertheless, to rely somewhat on the pictures provided by these
simpler, low- or high-energy, situations.

The following chapters are devoted to an analysis of the collisions and
the extraction of the corresponding relevant physical information. The entrance
channel is discussed in ‘ Fast processes towards thermalization’, where processes
involving nucleon—nucleon collisions are considered. Energetic particles or -
rays can be produced during the early stage of the reaction. Theinteresting feature
at this level lies in the degree of collectivity revealed by the data: particles can
be created far bel ow the corresponding nucleon—nucleon threshold and collective
behaviour is observed in the transverse mean velocity of fast emitted particles.
These phenomena reflect both the in-medium effects on the nucleon—nucleon
collision cross-section and strong momentum fluctuations.

The chapter * Decay modes of hot nuclei: from evaporation to vaporization’
addresses the physics of the de-excitation of hot nuclei, once formed. It is
possible to establish a relationship between deposited energies and collective
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variables such as temperature. Intermediate-energy heavy-ion collisions can be
used to follow the evolution of such relations when very large excitation energies
are reached. Collective motions are of special interest because they reflect
the fundamental properties of nuclei. For example, the characteristics of giant
resonances have been established as a function of excitation energy. In turn, the
evolution of fission probability with excitation energy reveals the typical times
needed to strongly deform a nucleus and the competition with thermal instabilities
such as evaporation. It depends on the corresponding viscosity of the nuclear
matter and its evolution at large temperature. Finaly, the transition from nuclear
fission to fragmentation and vaporization is discussed.

Nuclear fragmentation is the process describing the transition from a liquid-
like state of nuclear matter to a vaporized gas state. It is the subject of the
last chapter: ‘Nuclear fragmentation and the liquid—gas phase transition’. We
reach here the limits of today’s research programmes. This chapter thus contains
more open questions than definite answers. The physics of multifragmentation
associated with the disassembly of hot nuclear systems on a short timescale is
detailed. The question of the instabilities responsible for this process is one of
the highly debated issues in this field. The theoretical approaches to nuclear
multifragmentation are reviewed from both a dynamical and a statistical point
of view with a specia emphasis regarding connections with the nuclear equation
of state. The relevance of the concept of a phase transition in finite systems is
also discussed. Experimental characterizations of nuclear multifragmentation are
then developed in terms of timescal es and collective motion and the experimental
signatures of a liquid—gas phase transition are detailed.

In the ‘Epilogue’, we draw conclusions and discuss some possible avenues
and perspectives for the future of the field.



Chapter 2

Some basic properties of nuclei: static and
statistical concepts

In the nucleonic regime nuclei behave as sets of interacting nucleons. This
pictureis not only valid in the case of ground-state nuclei but it also holdsin the
dynamical situations we shall encounter in the following. The standard concepts
introduced for describing ground-state properties of nuclei thus constitute, to a
large extent and provided with some extensions (which will be discussed in the
next chapter), the basic tools needed for understanding nucleonic physics. In this
chapter we aim hence at remembering some basic concepts used in the description
of ground-state nuclei and, by extension, the nucleonic regime.

A key idea, on which much theoretical machinery isfounded, is the concept
of the nuclear mean field, which basically relies on the fact that nucleons move
quasi-independently from one another inside a nucleus. This approximation
requires some words of caution as well as some explanations. In the context
of nuclear collisions in the nucleonic regime, it is precisely this independence
of nucleons which is gradually degraded with increasing beam energy. It is thus
of primeimportance for the forthcoming discussions to clearly define its range of
applicability. Thiswill indeed congtitute a‘theme’ al ong this chapter and we shall
specifically discuss this aspect in atrue dynamical context in chapter 3.

Although the mean field will underlie many of our discussions, one should
not forget the elementary nucleon—nucleon interaction from which it is built. We
shall thus also briefly review the gross properties of this interaction, particularly
its renormalization in the nuclear medium because of the Pauli principle.

In the course of a heavy-ion collision a possibly hot composite is frequently
formed and access to its properties requires the introduction of the concepts
of statistical physics. We shall thus aso briefly describe some of the basic
tools of equilibrium statistical physics, leaving the out-of-equilibrium aspects for
chapter 3. These tools will allow us to investigate in some detail the equation
of state of infinite nuclear matter. Finally, the last part of the chapter will be
devoted to a presentation of the statistical model, which constitutes the basic tool
for investigating the decay of hot nuclei, following the pioneering work of N Bohr.

10
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Most of the topics covered in this chapter are discussed in standard nuclear
physicstextbooks. We thus refer the reader to these more exhaustive references, a
list of which can befoundinthe bibliography section. Hence, we have particularly
used [68,69, 155,398] and [376,426]. Accordingly, only afew original references
for some seminal papers or very recent developments are given in this chapter.
The discussions are often concise, the main goal here being consistency rather
than completeness.

2.1 Nuclei assetsof interacting nucleons

2.1.1 Nucle and nucleons
2.1.1.1 Nuclei made of nucleons

Nuclel are composed of nucleons (neutrons and protons) which interact via
nuclear and Coulomb interactions. While Coulomb repulsion between protons
tendsto blow the whole system apart, the attractive part of the nuclear interaction
binds nucleons together until a balance between the two competing effects is
found. Although nuclei are ultimately constituted of quarks, the latter are bound
in the nucleons so that this simple picture holds, at least as long as one does not
deposit too much energy into the system (basically an energy density of the order
of the mass energy of a nucleon (1 GeV) in its own volume, namely a fraction of
fm3). In the nucleonic domain of energy we consider in this book, quarks remain
safely bound inside nucleons, even when the nucleus is ‘strongly’ perturbed.
The effective elementary congtituents of nuclei thus remain the nucleons, even
in dynamical situations. We shall, nevertheless, also have to consider some other
particles such as pions or photons which may be produced in the course of heavy-
ion collisions. However, thereare only very few such particles producedin agiven
collision so that they can generally be considered in a perturbative way, hamely
without accounting for possible feedback effects on the nucleons themselves. For
the sake of completeness we, nevertheless, give in table 2.1 some basic properties
(masses, charges, spin, etc) of the particles we shall encounter in the course of the
forthcoming discussions.

The picture of nuclel as sets of interacting nucleons can, to some extent, be
visualized in electron scattering experiments. Over the years electron scattering
has allowed access, with a high degree of accuracy, to the charge density of
nuclei, from which one recovers the proton density. These results are illustrated
in figure 2.1 in which the proton densities of some nuclei of various masses are
plotted. Compact measurement of the extension of the nucleonic cloud s, in turn,
provided by the systematics of nuclear radii. For nuclei of mass A typically larger
than 1520, nuclear radii scale as

R~ rgA'/? (2.1)
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Table 2.1. Properties of some ‘particles’ relevant for the discussions in this book. Column
1 gives the name of the particle, column 2 the usual symbol for denoting it, column 3 its
mass (mc?, in MeV), column 4 its charge (in elementary charge unit (e = 1.6 x 107°C)).
In the fifth column the spin (in Planck’s constant 7 unit) is indicated and column 6 gives
the lifetime in seconds (s). Lifetimes denoted oo correspond to ‘stable’ particles. From
1990 Phys. Lett. B 239 1.

Mass Charge Spin Lifetime
Particle  Symbol (mc?, MeV) (e (h) (s)
Proton p 938.3 +1 12 oo (?)
Neutron n 939.6 0 1/2 900
Delta A ~1232 -1,0,1,2 32 6.0x107**
Pion w0 135 0 0 =~80x107'7
Pion at 140 +1 0 ~20x10°8
Kaon K* 494 +1 0 ~1.2x 1078
Eta n 549 0 0
Electron e 0.511 -1 12 00
Photon ~ ~0 (<3 x1073%) 0 1 oo

withrg ~ 1.12 fm. This scaling relation actually constitutes an expression of the
well-known saturation property of nuclear matter (see section 2.2.2.1).

2112 Energy scales

At this early stage of our discussion it is interesting to remember a few basic
energy scales in order to better define the so-called nucleonic energy domain.
Thiswill also alow usto recall the energy scales associated with typical nuclear
properties such as pairing or giant resonances. We restrict ourselves here to
‘static’ excitation energies, overlooking on purpose any dynamical effects which
will be extensively discussed in the following.

In order to make the discussion more quantitative we consider amedium size
nucleus of mass of order 100. The typical energy scale associated with pairing is
given by the gap size which is of order 1 MeV in such a nucleus, when pairing
effects are observed. This thus corresponds to an excitation energy per nucleon
E*/A of order 0.01 MeV/u. Giant resonance energies typicaly lie in the 15—
20 MeV range for such a nucleus, which amountsto about e * = E*/A ~ 0.15—
0.20 MeV/u. The ‘beyond MeV/u’' excitation energy range is attained in the
course of heavy-ion collisions, typical of the nucleonic regime. For € * beyond
about 2-3 MeV/u (a typica energy range discussed in this book) a wealth of
phenomenais observed among which fragmentation is one of the most intriguing
and complex. We shall discuss it at length in the following (see, in particular,
chapters 7 and 8) but must bear in mind that, in this case, one has to account for
possibly strong dynamical effects.
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Figure2.1. Charge density profiles as obtained by electron scattering experiments. Results
obtained from mean-field calculations (section 2.2.3) are aso indicated for comparison.
From [196].

Beyond about ¢* ~ 8 MeV/u one enters the domain of intrinsically unstable
systems, as the excitation energy per nucleon becomes of the order of magnitude
of the binding energy of nucleons in nuclei. Note again that this threshold
is ‘static’, hence probably somewhat overestimated. In terms of excitation
energy per nucleon, the upper limit of the nucleonic regime is attained for
e* ~ 100 MeV/u, beyond which internal excitations of nucleons start to play an
important role: thisalso traces the entrance into the so-called hadronic domain. In
the hadronic domain pions are produced in large amounts. This pionic component
may even become dominant around e* ~ 1 GeV/u. Finaly, the transition to the
QGPis expected for typical excitation energies of afew tens of GeV/u. However,
these energy rangeslie well beyond the domain of this book and thus we shall not
discuss them further.

2.1.2 Somebasic nuclear models

2.1.2.1 Liquid drop model

The simplest, and still extremely powerful, nuclear model is the so-called
liquid drop model (LDM) [334, 398], in which the nucleus is pictured as an
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Hadronic matter
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Figure 2.2. Nuclear excitation energy scale (in MeV per nucleon). The scheme shows
various ‘phases of matter (left column), the corresponding typical physical phenomena
(second column) and the corresponding energies.

homogeneous droplet of nuclear fluid. Such amodel is macroscopic in the sense
that it providesaglobal description of the system. Most of the physicsof theLDM
is contained in the evaluation of the energy of the drop. This energy is composed
of variousterms representing complementing contributions. For anucleus of mass
A, with Z protons and N neutrons, the LDM energy per nucleon can be written
in the Bethe-Weiszacker form as

E/A=—ay+as A3 4 acZ?A743 ... (2.2)

where a, ~ 16 MeV represents the volume energy, as ~ 18 MeV the surface
termand ac ~ 0.7 MeV the Coulomb contribution. Note that several other terms
may be added to this simple expression (2.2), in order to account for asymmetry
(N # Z), pairing effects. But for the forthcoming discussions we shall content
ourselves with the previously defined terms. The LDM is extremely useful in
many situations. Beyond the mere (and highly successful) estimates of nuclear
binding energies, it also constitutes a useful tool, for example, in the overal
description of fission.
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2.1.2.2 Fermi gas model

The next step in the description of nuclei consists in accounting for nucleonic
motion inside the nucleus. This requires an account of the confinement
mechanism of nucleons inside the nucleus, namely a description, in LDM terms,
of the boundary of the drop. The simplest approach here is to assume an infinite
wall, and freely moving nucleons inside this potential well. This will constitute
the so-called Fermi gas model. Before briefly discussing its properties, however,
one should spend some time on the latter assumption concerning free motion
of nucleons. First, the term ‘free’ is somewhat exaggerated in the sense that
nucleons, being fermions, are subject to the Pauli exclusion principle which
preventsthem from occupying the same quantum state. Second, the assumption of
lack of interaction between the nucleons may seem irrelevant at first sight. A way
to quantify this effect is to evaluate the nucleon’s mean free path, which, mainly
because of the Pauli principle, is very large—typically comparable to the size of
the system itself (see section 2.1.3.1). It thus makes senseto ‘forget’ elementary
interactions between nucleons, at least in ground-state nuclei. Note, nevertheless,
that interactions are not totally absent from the picture. Nuclei are self-bound
objects and the potential ‘well’ confining the nucleons itself results from the
interactions between nucleons, but in an average way. For the time being, we
simply omit a description of how to evaluate this potential from the elementary
interactions and we take a model potential instead. We shall see later how the
nuclear potential well can indeed be constructed from elementary interactions
(section 2.2.3).

In the Fermi gas model [68, 186, 376] there is, strictly speaking, no
model potential but the system is supposed to be confined in a finite volume
V. Nucleonic wavefunctions are then assumed to be plane waves, each one
characterized by its momentum k. Single-particle energies are purely kinetic and
hence not quantized but the Pauli principle enters into the occupation numbers
of the levels. A Fermi gas is characterized by its Fermi energy er which is the
energy of the last occupied (highest energy) level. Denoting by A the mass of
the nucleus, one can relate ey to the density p = A/V. At zero temperature (a
degenerate Fermi gas) the number of particles of energy e = (h2/2m)k? below
€o iSgiven by
gV /

(2m)* J ik <ho=y/2meoln
In this expression g is the degeneracy of level k: in a spin degenerate case g = 2;
when isospin degeneracy is furthermore assumed, within assimilating neutrons
and protons, g = 4. By definition N (er) = A, which leads to therelation
A 9 tr 2 9 .3

P=v = @) /0 4wk dk = 62 kp (2.9
which provides the usua relation between density and Fermi energy or Fermi
momentum kg (ep = (h%/2m)kZ). Innuclel, atypical value of the Fermi energy

N(eo) = d3k. (2.3)
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iser ~ 40 MeV. In symmetrical matter (V = Z), this correspondsto an average
density pp ~ 0.17 fm~2 and a Fermi momentum kr ~ 1.4 fm~! (see also
section 2.2.2 on the properties of infinite nuclear matter).

Asenergy is purely kinetic in the Fermi gas model, it can easily be evaluated

k 2 2
GV R, L gV R
Erg =2 [ Lpeer=922 Y g3, 25
FG = o) /0 om 1072 2m " (25)

This expression can be rewritten in terms of the density p and expressed in a
simple way by inserting the Fermi energy e and the total number of nucleons A

2 2 \2/3
Fp = A5 (6” p) - gAeF. (2.6)

as

The latter relations for kinetic energy express the fact that in a Fermi gas
particles constantly move. This‘Fermi motion’ reflects the Pauli principle which
states that two fermions cannot have the same set of quantum numbers or, in the
Fermi gas model, that two fermions move with respect to each other. This Fermi
motion can thus be associated with a pressure

0Frc  ,0(Era/A) 2 B2 <6_7r2>2/3 il

2
= = = —pep. (27
ov P op 52m \ g pee- (21)

5

We shall see later how this pressure enters into nuclear matter calculations
(section 2.2.2.2). Fermi motion inside a nucleus also implies that two nucleons
inside a nucleus have a non-vanishing relative velocity. As nucleons may have a
variety of velocities (from zero to Fermi velocity), the relative velocity may itself
take any value between zero and twice the Fermi velocity. More precisely, one
can compute the distribution of relative momenta k = || k|| which simply reads

kg kg
POy = [k [ sl — kel 2 - 0 (28)
0 0

(mind that the relative momentum is associated with the reduced mass of the two
nucleons, hence the 1/2 factor). After some straightforward algebra, this leads to
the smple form [376]

6 3k 1/k\
P 3k=—|1-=— 4+ = 2.
(k) &k Wk%[ 2kp+2<kp>]dk (2.9)

which exhibits a bell shape between ¥ = 0 and k¥ = kp, with its peak around
(k) ~ 0.6kp. This means that afirst guess at the average relative momentum in
nuclei isabout 0.6kF.
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2.1.2.3 Shell model

The basic defect of the Fermi gas picture of nuclei lies in the quasi-absence of
finite-size effects. The latter are, to some extent, better accounted for in the
LDM approach. Still, nuclei are neither liquid drops nor a Fermi gas, athough
both approaches may provide useful orders of magnitudes in many situations.
From the quantal viewpoint the lack of finite-size effects in the Fermi gas model
reflects itself in the fact that the single-particle nucleon spectrum is structurel ess:
a nucleon can take any momentum below Fermi momentum. Data, in contrast,
show that nucleon spectra in nuclei are highly structured in shells. The well-
known shell effects, responsible, for example, for the shape of nuclei, and the
associated sequence of magic numbers of neutrons or protons (corresponding
to neutron or proton shell closure) thus cannot be accounted for in a Fermi
gas picture. The shell model, as proposed in the late 1940s, brought the first
satisfactory answer to this problem [240, 310, 311].

At simplest level, the shell model can be built up starting from an ad hoc
central potential in which nucleons evolve independently from each other. In
light nuclei a harmonic potential provides a simple and accurate starting point.
For heavier nuclei, Woods-Saxon type potential s are better suited:

Vo
V(r) = T+ exp (=E)

a

(2.10)

where R is the nuclear radius (R ~ roA'/?, equation (2.1)), 2a the surface
diffusivity (2a ~ 1-1.5fm) and V; the potentia depth at centre 1y ~ —50 MeV.
The nuclear potential is furthermore complemented by a Coulomb term acting on
protons. In order to recover the proper sequence of magic numbers, the external
potential, in which nucleons evolve, has furthermore to contain a spin—orbit term

Vis=V)sL-S (2.11)

where L isthe orbital momentum and S the spin of the nucleon.

Shell effects, as accounted for in the shell model, will only play aminor role
in the forthcoming discussions, although they will be mentioned at some places.
It isthus sufficient here to keep in mind orders of magnitude of the values of shell
spacing, which strongly depends on the nuclear mass. In the case of the harmonic
oscillator, shell spacing reduces to the harmonic frequency

hw ~ 41.A7Y3 (MeV) (2.12)
which provides values between about 7 MeV in heavy nuclei to 15 MeV in light
ones.

2.1.3 Independent particle motion in nuclei

As aready suggested, independent particle motion is a key feature of nuclei in
their ground state. This somewhat surprising property (in view of the short-range
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singularity exhibited by the nucleon—nucleon interaction (section 2.2.1) and of
the ‘high’ density of nuclel) has long been established, both on experimental
and theoretical grounds. The success of the shell model description is actually
atypica manifestation of this property. The latter shell model picture is robustly
supported by much experimental evidence, ranging from galactic abundanciesto
the systematics of nuclear level density parameters (section 2.4.2) or separation
energies. It is hence certain that nucleons do evolve more or less independently
from each other in a common potential, at least in ground-state nuclei. Still, the
latter potential can only be understood as stemming from elementary nucleon—
nucleon interactions, as nuclei are self-bound systems, with no external confining
agent (as, for example, isthe case for valence electronsin molecules). The picture
emerging from such simple considerations is thus simply one of nuclei bound
by a common ‘soft’ mean field (section 2.2.3) resulting from an average taken
over (non-soft) elementary nucleon—nucleon interactions (section 2.2.1). This
picture turns out to be quite realistic for ground-state nuclei. Asis obvious, this
simple picture may haveto be revisited in the dynamical context of the heavy-ion
collisions we aim to describe. But it is useful to recall some basic features of the
independent particle picturein order for a better grasp of how the picture can be
altered. Thisiswhat is discussed in this section.

2.1.3.1 The mean free path of nucleons

The relevance of an independent particle picture can be quantified by the value of
the mean free path A of nucleons in the nuclear medium. Still, the calculation of
A remains difficult because the elementary nucleon—nucleon interaction hasto be
renormalized by medium effects (section 2.2.1.2). The results of a microscopic
calculation of A arereportedin figure 2.3, where one should note the strong energy
dependence of \ [141].

It is also interesting to discuss the value of A in asimplistic model, inspired
by kinetic gas theory. If p is the nucleon density and o the elementary nucleon—
nucleon cross-section one can then evaluate the mean free path as A ~ 1/(op).
This relation emphasizes the dependence of A on p and ¢ and thus points to
the strong energy dependence of A (through o, figure 2.5). In anucleus p ~
po ~ 0.17 fm~3, but estimating o is more delicate. In a Fermi gas the relative
momentum between two nucleons is centred around 0.6ky (section 2.1.2.2),
which corresponds to a relative energy of order 40% of the Fermi energy, hence
typically around 20 MeV. At such low relative energy the free nucleon—nucleon
cross-section is huge, of the order several hundreds of mb (figure 2.5), which
would lead to avanishingly small valueof A (A ~ 1/(op) =~ % < 1fm). But
the Pauli principle blocks these interactions at low relative energy. The fermionic
nature of the nucleons thus leads to a significant reduction in the in-medium
nucleon—nucleon cross-section (section 2.2.1.2). When taking into account this
effect, one obtains values of \ of order 5-10 fm, which is comparableto the size
of the nucleus itself, which justifies mean-field approachesin the ground state.
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Figure 2.3. Evolution of the mean free path A (in fm) as a function of beam energy (in
GeV/u). Two evaluations of A are plotted with (full line, Pauli) and without (full line,

free) Pauli correlations. In the ‘free’ case one can see that the mean free path tends to zero
at zero energy, which reflects the fact that the free nucleon—nucleon cross-section tends
towards infinity at zero energy (figure 2.5). In fact, inside a nucleus (corresponding to the
‘Pauli’ case), Fermi correlations forbid collisions and make the mean free path very large,

comparable to the size of the nucleus itself (R), which justifies mean-field approaches at
low energy. Inthe energy range we consider here, one also notesthat A strongly depends on
energy and becomes comparable to the average distance between nucleons (d), so that the
mean field becomes insufficient. The vertical arrows indicate the 7 and NN thresholds in
anucleon—nucleon free collision while the broken line (7w As) is the de Broglie wavelength
associated with anucleon with an incident energy Ej,p. From [141].

The latter conclusion deserves some comment. An independent particle
or a mean-field model does not eliminate, a priori, al the interactions between
the nucleons. These are the so-called residual interactions, i.e. they are beyond
the average effect of the interactions between nucleons contained in the mean
field (section 2.2.3). The justification for the independent particle model hence
lies in the smallness of the residua interaction, rather than on a true lack of
interaction. Furthermore, these arguments hold for nuclei close to their ground
states. However, A does strongly depend on energy and may become very
small at high beam energy (figure 2.3), so one may face situations in which the
independent particle model does not make sense as such. Thisis, in fact, atypical
situation for heavy-ion collisions in the energy range we consider and we shall
thus discuss this aspect at length in chapter 3.
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Figure 2.4. Compilation of experimental values of the depth of real part Up(e) of the
optical potentia (in MeV). It isthe opposite of the physical (negative, in thisenergy range)
value of Uy(e), which is plotted here. Note that the single-particle energy ¢ is not defined
relative to the bottom of the potential well asin section 2.1.2.2 but in such away thate = 0
means a zero kinetic energy outside the nucleus. Results obtained with various nuclei
have been superimposed here. Isospin and Coulomb corrections have also been taken into
account. The full line represents afit to the experimental data. One should note that the
optical potential strongly depends on energy. At incident energies of order 200-300 MeV,
it even changes sign and becomes positive, namely repulsive. From [32].

2.1.3.2 Optical potential

Nucleon—nucleus scattering provides an amost direct probe of the potential
experienced by nucleons inside a nucleus. It has thus been studied in a
systematic way for many years. Beyond mere elastic processes, one also observes
absorption/emission channels. Systematic measurements of such scattering cross-
sections have shown that these results can be interpreted in terms of an optical
potential, namely a model in which nucleons in the nucleus move in a complex
potential V(r) = U(r) + iW(r). In analogy to standard optics, the real part
of the potential accounts for elastic scattering (diffusion), while the imaginary
part is associated with absorption. The real part is thus roughly associated with
‘mean-field’ effects, while the imaginary part accounts for residual elementary
interactions beyond the mean field and is thus directly linked to the mean free
path.

A comparison with experimental data shows that the real part of the optical
potential U (r) can befitted by a Woods—Saxon potential [426]

1
=Uogy exp((r — R)/ay)’

At low energy the imaginary part W (r) can also be fitted to Woods-Saxon-like

U(r) (2.13)
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shapes, although in a slightly more complicated way,

W(’l") = (Wo — 4VV1(LW2 ! (214)

8r> 1+exp((r — R)/aw)’
In these expressions, equations (2.13) and (2.14), R is the nuclear radius, a y ~
0.65 fm and aw ~ 0.5 fm is the surface width, which mainly depend on the
nucleus, while Uy, Wy and W are intensity parameters, which depend on the
incident nucleon energy e.

A compilation of experimental datafor the depth of thereal part of the optical
potential Uy (¢€) is shown in figure 2.4. It is interesting to note that U, strongly
depends on the energy ¢, and goes to zero around e ~ 200 MeV, an energy range
typicaly attained in the nucleonic regime. Beyond ¢ ~ 300 MeV, Uy(¢) even
becomes repulsive and the usual notion of an attractive potential well disappears
in such a dynamical context. The strong energy dependence of the real part of
the optical potential Uy(e) aso points to the limitations of a ‘static’ mean-field
picture.

The imaginary part W of the optical potential, in turn, accounts for
absorption of nucleons in the nuclear medium. It should be noted here that
absorption may correspond to various processes. Depending on the energy, it
may imply aloss of flux in the elastic channel (N — N — N — N) to the benefit
of inelastic channels (N — N — N — A, for example) and not necessarily a
true absorption. In any case, absorption is directly linked to the mean free path
A of nucleons inside nuclei. Indeed, let us assume, for the sake of simplicity,
that U and W do not depend on position r, and let us consider a nucleon of
momentum k entering the nucleus with wavefunction ¢(r) o« exp(—ik - r) a
instant ¢ = 0 [426]. The time evolution of the nucleon wavefunction follows the
Schrodinger equationid¢/0t = he¢ with h = (h?/2m)k*+U +iW, whichleads
to a solution of the form

2
o(r,t) o< exp(—ik - r) exp [—i- (;—mk?‘ + U> t] exp(—Wt). (2.15)
The probability density associated with ¢ thus decreases exponentially in time as
exp(—2Wt). If one pictures the mean free path as the probability that a nucleon
‘survives after having travelled a distance A corresponding to atime interval At
such that exp(—2W At) = 1/e, one can identify A ~ (hk/m)1/2W (with W
strongly depending on energy ¢).

2.1.3.3 Acritical view on the independence of nucleons

As discussed in the preceding sections the independence of nucleons inside the
nucleusis (only) a(good) approximationto reality. Evenif nucleonsare, toalarge
extent, independent to each other in ground-state nuclei, which is, in particular,
reflected by their large mean free path, definitively, one cannot totally overlook
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the role of the ‘residual’ interaction beyond the average common mean field, as
examplified by the optical potential results. It isthusinteresting to try to quantify
more precisely the amount of independence of nucleons in ground-state nucle,
possibly with the help of dedicated approximations.

For example, a simple and efficient way of accounting for the energy
dependence of the optical potential 1 (¢) is to introduce an effective mass m *(e):

m*(e) _dV(e)

=1 . 2.1
m de (2.16)

A nucleon, once ‘dressed’ with such an effective mass, can then be viewed as
moving in an energy independent potential. Experimentally, m */m ~ 0.7 for
single-particle energies of order 20 < ¢ < 80 MeV, while in the vicinity of the
Fermi energy (e ~ —8 MeV) it issizably larger (m*/m ~ 1.2) [301,302].

In fact, even when not explicitly accounting for the energy dependence of
the optical potential, the notion of effective mass shows up very naturaly in
the nuclear context. As soon as one faces a finite range interaction, exchange
termsintroduce non-local (or momentum dependent) componentsinto the picture
(section 2.2.1.3). Recdl that the indistinguishability of particles in quantum
mechanics was imposed to account for our ‘ignorance’ of who is who in an
elementary scattering process. One has thus to complement the direct term
(‘142 — 1+ 2") by theexchangeone (‘1 + 2 — 2 + 1’) to account for this
effect. If the range of the interaction is not too large, the momentum dependence
issmall (by virtue of Fourier transform properties) and one may content oneself
with a small momentum expansion (see, for example, section 2.2.1.3), which, for
symmetry reasons, provides aleading term which is quadratic in the momentum
and thus effectively renormalizes the mass of the particles. Indeed one obtains

V(r,p) = Vo(r) + Vi(r)p® +--- (2.17)
so that the single-particle energy can be rewritten as

2 2
. 1
€= L +V(r,p) = p + Vo(r) with 5

o S +Vi(r) (218)

2m

2m*

again leading to the introduction of an effective mass.

To use an effective mass for nucleons is usually, at least with moderate
excitation, a good ansatz and it will be routinely used in the following. Still,
the concept of an effective mass does not exhaust al the pending questions
concerning the independence of nucleons, even in ground-state nuclei (dynamical
correlationswill be discussed in chapter 3). A central issue here concernsthe key
role of the Pauli principle. Indeed, even if one considers an independent particle
model of nuclei, the Pauli principle has to be accounted for and single-particle
levels populated accordingly. The example of the Fermi gas here is generic as
by natureit is amodel in which only the Pauli principle applies (and, as we shall
see later, the Fermi gas model often provides an instructive zero level picture).
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One sometimes speaks here of the ‘Pauli correlation’. This term has to be taken
with some caution as there is no interaction in the game and thus it does not
correspond to a correlation in the sense of classical statistical physics. Still, one
can compute the correlation function of, for example, a Fermi gas representing a
ground-state nucleus, which allows us to quantify the effect. The calculation is
well known and we refer the reader to standard textbooks for details [68]. The
result is, nevertheless, instructive. One introduces the two-body density matrix
(section 2.3.1.1):

pio(r1,ma) =Y [6(rs —7)8(ry —vi) +6(rs —7)d(ra — ;)] (219)

j<k

and computes its average over a ground-state (spin-isospin degenerate, factor i
in equation (2.20)) Fermi gas which leads, after some algebra, to

(p12) = p*[1 = 7C%(kpllrL — 72]])] (2.20)

where p isthe Fermi gas density and where C' is given by

2 z

C(z) = 5 <Smﬂlj — cos x) . (2.21)

The function C' characterizes the correlations of nucleons due to the Pauli
principle (hence it would be zero in a classical gas). It takes the value one at
zero distance (z = 0) which expresses the impossibility to put two fermions at
the same point with finite momenta (strong correlation). At largerelative distance
x 2 5, C vanishes, which reflectstheloss of the Pauli correlationfor two fermions
far away from one another. Taking z = 5 for the loss of Pauli correlations and
kr ~ 1.4fm~! leadsto atypical ‘ healing distance’ of order 3fmin aground-state
nucleus. It isa‘huge quantity, comparable to the nuclear radius, which reflects
the key role played by these Pauli correlationsin ground-state nuclei.

Asafinal remark let us return, but from a complementary point of view, to a
basic underlying hypothesis of the Fermi gas model, namely the total absence of
interactions between nucleons. We have seen the limitations of this hypothesis.
In the Fermi gas picture the fact that nucleons are not strictly independent of one
another reflectsitself in the fact that even at zero temperature occupation numbers
arenot strictly zero or one. Levelsbelow the Fermi level arethus dlightly depleted
while levels above are slightly populated. The depletion of occupied levels has
been measured experimentally. It typically amountsto 15%, which, nevertheless,
remains a sufficiently small value to justify the independent particle model [302].

2.2 From the nucleon—nucleon interaction to nuclear matter
and finite nucle

In order to go beyond the simple (still often very useful) models of section 2.1.2,
one has to include in the picture the elementary interaction between nucleons.
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One can then explore how the average potential well, in which nucleons evolve,
can be built up from this elementary stone and thus gain a more microscopic
picture of nuclei as constructed from nucleons. These questions are discussed in
this section.

2.2.1 On thenucleon—nucleon interaction

The*free' (in vacuum) nucleon—nucleoninteraction is experimentally well known
but it cannot be used as such for building a mean field inside a nucleus. In
the nuclear medium, elementary scattering between two nucleons is ‘affected’
by neighbouring nucleons because of the Pauli principle effects. These in-
medium effects have to be estimated by means of suitable approximations such
as Briickner theory. This leads us to consider effective, in-medium, interactions,
which will then serve as a basis for constructing a proper mean field inside a
nucleus. Although formally appealing, Brickner’'s theory is unable to provide
a quantitative account of basic nuclear properties, such as saturation or binding
energies of simple nuclei [302,459]. As no definite theoretical framework does
fulfil these requirements, one is often bound to use phenomenological effective
interactions such as the Skyrme and Gogny interactions.

2.2.1.1 Basicsof the‘free’ nucleon—nucleon interaction

Experimental data on the nucleon—nucleon interaction are numerous, ranging
from total scattering cross-sections to detailed quantities such as phase shifts,
which give access to the characteristics of the interaction [376]. Although
providing very global accounts of the nucleon—nucleon interaction, total
scattering cross-sections are very telling and useful for the forthcoming
discussions. They are plotted in figure 2.5 for the various nucleon—nucleon
combinations. In the case of proton-proton interactions, the Coulomb part of
the interaction has been subtracted, so that only the nuclear components are
active here. Note also that below the = production threshold (290 MeV for
N + N — D + 7) nucleon—nucleon scattering cross-sections are purely elastic,
while beyond 290 MeV both elastic and inelastic channels are plotted.

Figure 2.5 calls for several comments. First, there is a striking similarity
between the various isospin channels, which reflects the so-called charge
independence of the nuclear interaction. Second, the low-energy behaviour is,
amost perfectly, inversely proportional to the energy (o ~ 1/E). This, however,
is true only in vacuum. Inside a nucleus the Pauli principle strongly affects
nucleon—nucleoninteractions (section 2.2.1.2), in particular at low rel ative energy,
so that the resulting ‘in-medium’ cross-sectionislargely suppressed at |ow energy
(see also figure 2.7). Asaresult, it is not totally foolish to keep in mind a gross
value of the in-medium nucleon—nucleon cross-section of order 40 mb, which
is more or less independent of the energy. This ‘average’ value is often used
in qualitative discussions and in dynamical simulations of heavy-ion collisions
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Figure 2.5. Compilation of total nucleon—nucleon scattering cross-sections (in mb) as
a function of beam energy (in MeV). Beyond 290 MeV the inelastic channel of the
p—p scattering is also indicated. Note the strong energy dependence of the scattering
cross-sections at low relative energy and their energy independence at high relative energy.
Note also that these are ‘free’ cross-sections, which would be significantly renormalized in
the medium, by Pauli effects (figure 2.7). From [376].

as well. Finaly, it is worth briefly mentioning angular effects, although they
have been integrated over in figure 2.5. Indeed, at low energy (up to typically =
threshold) the nucleon—nucleon differential cross-section is essentially isotropic.
At higher energy, in turn, it becomes forward peaked. In most of the discussions

relevant for the nucleonic regime this latter anisotropy effect can, nevertheless, be
safely overlooked.

It is not our aim to discuss here all the works which have been devoted to
the nucleon—nucleoninteraction. We shall thus only recall afew gross properties.
The shape of the interaction crucially depends on the spins of the two interacting
nucleons (figure 2.6). Still, we can content ourselves with noting that the
dominant part of the interaction is central (i.e. depending only on the relative
distance of the two nucleons), strongly repulsive at short range (<0.4 fm, hard
core) and attractive at intermediate range (~1-1.2 fm). Note, aso, that this
dominant repulsive/attractive shape of the interaction, analogousto atypical Van
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Figure 2.6. Main channels of the so-called Paris nucleon—nucleon potential. The explicit
form of the interaction potential (in MeV) depends on the angular momenta of the
two nucleons. For a coupling of the spin to zero (typical of low-energy n—n and p—p
interactions), only the central potential Vo plays a role. For a coupling to one the
central component Ve has to be complemented by tensor Vi and spin-orbit Vso terms.
From [134].

der Waalsinteraction [255], is responsiblefor the saturation mechanism of nuclear
matter as well as for the possibility of liquid—gas coexistence in nuclear matter
(see dso figure 2.8 and section 2.2.2).

The nucleon—nucleon interaction cannot yet be derived from first principles
(QCD). Nucleon—nucleon potentials are thus, at least partly, phenomenological
and contain a, possibly large, number of parameters. Starting from a given
functional form for the potential (fulfilling, in particular, the appropriate
symmetry properties), the parameters are fitted to deuteron properties and
available phase shifts. Note that thisfitting procedure does not necessarily ensure
a proper reproduction of many-body properties, such as saturation. Conversely,
saturation may allow nucleon—nucleon interactions which otherwise lead to the
same phase shifts to be triggered.
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Thelong range part of the nucleon—nucleon interaction has long been known
to correspond to pion exchange. This has led to the so-called OPEP (one pion
exchange potential) models of the 1950s and 1960s. The OBEP (one boson
exchange potential) approaches, developed from the 1970s on, have led to a
substantial progressin terms of the foundations of the interaction [98, 376]. One
assumesthat nucleonsinteract viathe exchange of mesons, the 7 correspondingto
the attractive long range part, the p and w to the shorter range part etc. Complex,
multi-meson contributions are furthermore simulated by effective mesons, such
as the o, which leads to an overall simple form for the interaction, which is
findly fitted to a few experimental phase shifts. OBEP approaches, although
phenomenological, have thus provided an extremely fruitful framework and
a sound basis for our understanding of the free nucleon—-nucleon interaction,
particularly in the long and medium ranges. Short range effects (hard core) have
yet to be better understood and properly linked to quark degrees of freedom.

2.2.1.2 Brief outline of Briickner G-matrix theory

We have seen that the picture of quasi-independent nucleons, evolving in a
common potential well, appears as an extremely relevant approach to the nuclear
many-body problem. It may, however, look contradictory to the fact that the
underlying two-body interaction, the nucleon—nucleon interaction, is singular at
short distance (hard core). Thisis all the more true as this hard core part of the
interaction seems to be necessary to explain the observed saturation property of
nuclear matter (section 2.2.2). How should these two aspects be reconciliated?
In other words, how is it possible to justify a description of an ensemble of
particles, strongly correlated at short relative distance, as a set of ‘independent’
particles? Most of the answer to this question is contained in the Pauli principle.
In vacuum, the scattering of two nucleons would be described by means of
scattering theory in terms of a T matrix [420]. However, inside a nucleus, the
presence of neighbouring nucleons does not allow virtual intermediate scattering
inside a Fermi sea and thus introduces high momentum components (£ > k)
in the wavefunction of the two interacting nucleons. This means that this
wavefunction will be renormalized at short relative distance. This opens up
two possibilities: either to use the bare interaction with a wavefunction which
is correlated at short relative distance; or to use a renormalized interaction with
a non-correlated wavefunction. In the latter case, Pauli correlations thus lead
to an effective interaction, which differs from the bare interaction, in which the
hard core is softened by the neighbouring nucleons [48, 101-103, 213, 437]. This
modification of the nucleon—nucleon interaction in the medium does a posteriori
justify independent particle models.

The former argument can be made more formal with the help of the so-called
‘independent pair’ approximation [376]. Let us take two interacting nucleons 1
and 2, and let us assume that we can ‘isolate’ the (1, 2) pair from the rest of the
system, which is not perturbed by the elementary process of interaction between
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Figure 2.7. In-medium nucleon—nucleon cross-sections (in mb) at various nuclear
densities, as a function of the relative momentum p (in GeV/e, pr = 270 MeV/e at
saturation density). Note the strong medium effects and their density dependence. At
small relative momentum we find a vanishing cross-section, which would correspond to an
infinite mean free path. From [85].

1 and 2 (which amounts to neglecting three.. . -body effects). The wavefunction
of the total system may then be written as

0(1,2,3,4,..) = A_a [[{vu(1,2)6m (3)pn(4) ...} (2.22)

where A;... 4 labels the antisymmetrization operator over the A nucleons,
Y 1S the correlated wavefunction of the two interacting nucleons and the
wavefunctions of the spectator nucleons 3,4,... are labelled as ¢;. We
furthermore assume that the system may be properly described by a one-body
Hamiltonian h, whose eigenfunctions are the ¢;'s. The Bruckner matrix (or
effective interaction) G is then defined as

V) = GAr(|or)|d1)) (2.23)

where Ay, isthe antisymmetrization operator for nucleons k and /. The G matrix
thus allows us to decorrelate the wavefunction of the system, at the price of a
renormalization of the interaction. It can furthermore be linked to the bare (free)
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interaction V', through the so-called Bethe—-Gol dstone equation [376]

Q

G(w) _V+Vw—h,G (2.29)
where @ denotes the projection operator on empty states (namely with momenta
k above the Fermi momentum) and where w represents the energy of the pair of
interacting nucleons. Equation (2.24) is a standard scattering equation, similar
to the one followed by the T matrix, the major difference lying in the Pauli
blocking operator Q. The practical evaluation of G intermsof V' isnot easy, but
a degree of freedom lies in the choice of the splitting of the interactions between
h and the residual scattering process V' [302]. This allows us to devise efficient
approximation schemes.

Briickner theory has recently been extended to the relativistic domain
(Dirac—Bruckner) [14,459]. It is well known that, as the Fermi velocity is of
order vr =~ 0.3¢, atypica velocity of nucleons inside a nucleus is of order
v & 0.2¢, which should justify the use of relativistic descriptions. Relativistic
theories of nuclear matter are based on the Dirac rather than on the Schrodinger
equation. The results obtained in these approaches, in spite of the huge technical
difficulties, bring precious insights into the nature of the saturation mechanism
(section 2.2.2.2). These calculations thus provide an appealing aternative to
the standard, non-relativistic, approaches of the nuclear many-body problem.
They provide, in particular, information on in-medium effects. An example of
the effective in-medium nucleon-nucleon cross-section, computed in the Dirac—
Brickner formalism, is shown in figure 2.7. One can see from this figure that the
in-medium cross-section vanishesat low energy, because of Pauli blocking, which
explains the high value of the nucleon mean free path in a ground-state nucleus.
One should also note the strong influence of the medium density, which reflects
the fact that, in nuclear matter, the Fermi momentum is directly related to density
(p ~ k). Findly, one should remember that the values of the cross-sections till
depend, to some extent, on the details entering the models used.

2.2.1.3 Phenomenological effective interactions. Skyrme and Gogny forces

Although formally ‘simple’ and satisfying from the qualitative point of view,
the Bethe-Goldstone equation (2.24), and its relativistic counterpart, are tough
to solve in nuclear matter and even more in finite nuclei. Furthermore, the
results obtained in these approaches (for examplefor saturation or nuclear binding
energies) are not aways fully satisfying (section 2.2.2.2 and [302]). It thus
makes sense to consider phenomenological effective interactions which alow us
to reproduce experimental data. One then starts from a sound a priori functional
form of the effectiveinteraction, actually inspired from Briickner theory outcomes
and with proper symmetries, and the parameters entering the force are then fitted
to basic nuclear properties (saturation, binding energies and/or radii of simple
nuclei).
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The nuclear interaction is known to be short range (at least of smaller
range than the average internucleon distance), and this fact is confirmed in the
medium, by Briickner calculations [376,398]. The simplest approximation thus
consists in building an effective interaction of zero range, namely proportional
to §(r) (r being the relative position). This turns out to provide a surprisingly
good account of many nuclear properties. Still, a more realistic approach has to
include finite range effects, as, for example, suggested by simple Yukawa forces
(V(r) < e #"/r, r = ||r||). Thisfinite-range effect may actually be simulated
by a momentum dependence of the interaction. Starting from a central effective
interaction V (), the momentum representation reads

(pIVIp)) = —— / o=iP=P) /0y (1) gy, (2.25)
(2m)?
A zero-range interaction thus leads to a constant in momentum space, while a
finite-range force leads to an explicit momentum dependence. The simplest,
rotational -invariant, momentum-dependent, interaction thus reads

(pIVIp') = Vo + Vi(p®> +p) + Vap - p' (2.26)
or, inreal space, (p is now the momentum operator)
V(r) = Vod(r) + Vi(p*s(r) + 6(r)p®) + Vapd(r)p. (2.27)

Effectiveforces do aso, in general, depend on the nuclear density, which directly
entersthe Q projector in the Briickner matrix G (equation (2.24)). Many effective
forces have been developed over the years, following this brief outline. We focus
here on two types of forces which are particularly suited to moderate energies:
Skyrme and Gogny interactions.

In 1956 T H R Skyrme [431] proposed a phenomenological effective
interaction with two-body V'(1,2) and three-body V' (1, 2, 3) terms. The two-
body term is treated in an approximation of short range (or small relative
momentum k = —i(V; — V3)/2):

V(l, 2) = t()(l + JZ()PG)(S(’I"l — 7'2) + %tl(é(’f‘l — 7'2)k2 + k2(5(7‘1 — 7'2))
+t2k(5(1"1 —Tz)k+in(0’1 +0'2)k/\(5(1"1 —’1“2),(3 (228)

where P, isthe spin-exchangeoperator between spinso; and o ». Thethree-body
term is explicitly taken with zero range V'(1,2,3) = ¢3d(r1 — r2)d(r2 — 73).
The V (1,2) and V (1,2, 3) potentials altogether contain six parameters (¢o, t1,
ta, t3, Wy, x0), Which are fitted on nuclear matter saturation and on binding
energies and radii of a few nuclei. The first realistic calculations with Skyrme
forces were performed in the early 1970s in the Hartree—Fock approximation
(section 2.2.3) [378,477].

In a Skyrmeinteraction, thet, term correspondsto a zero range contribution
with aspin exchangeterm P, and ¢; and ¢, simulatefinite-range effects. The W,
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term represents a two-body spin—orbit interaction. The three-body term deserves
more comment. First, it should be noted that in a spin-saturated system it is
equivalent to a density-dependent two-body interaction

Viss = Vy(L2) = H5(1+ P)ors — ra)p ( *2‘) e
One can thus view this term as a phenomenological representation of the density
dependence of the Briickner matrix (section 2.2.1.2). This interpretation is
presumably more satisfying than the one in terms of a three-body interaction,
although it is well known that explicit three-body interactions are expected to
play arolein nuclei [205]. Still, the density dependence of the interaction termin
(2.29) raises some difficulties with respect to the incompressibility modulus K .
of nuclear matter (it leadsto too high values of order 350-400MeV, section 2.2.2).
Modern Skyrme parametrizations hence involve afractiona density dependence,
namely a term of the form p'*7 in equation (2.29), with typically + < v < 1,
which leads to acceptable values of K, of order 200250 MeV (section 2.2.2.1)
[31,274]. A few extraterms may furthermore be included, leading to typical
parametrizations containing about 10 parameters.

From equations (2.28,2.29) for the nucleon—nucleon potential, it is possible
to build the Hartree—-Fock mean field U (section 2.2.3), which takes a particularly
simple form for Skyrme forces. The t, and t3 zero-range terms lead to volume
contributions, expressed as powers of the density. The ¢; and ¢, finite-range
terms give contributions proportional to gradients of the density, which represent
surface effects and lead to a density-dependent renormalization of the kinetic
energy (equation (2.34), section 2.2.2.2). Still, in many dynamical calculations
linked to heavy-ion collisions, these t; and ¢, terms, as well as spin—orbit
contributions, have been omitted for practical reasons. The one-body potential U
then reduces, for a spin and isospin (VN = Z) saturated system, without effective
mass (m* /m = 1, equation (2.36) and sections 2.1.3.3 and 2.2.2.2) to

U= %top + 2:_—671531)1"'7. (2.30)
This oversimplified formis often called a (¢, ¢3) potential.

Skyrme forces have been widely used, and with success, in many nuclear
problems[341,378], for structureaswell asfor dynamical questions. A reasonfor
this success lies in their ssmplicity due to the Dirac functionsin equations (2.28)
and (2.29), and to the fact that it is possible to derive the functional form of
these forces from a Briickner matrix approach [340, 389]. While Briuckner theory
does not directly provide a redistic effective interaction, it thus, nevertheless,
alowsthe building of efficient effective interactions, with a minimum number of
parameters.

The major defect of Skyrme forces lies precisely in what makes them so
useful, namely the ignoring of a true finite range. The momentum-dependent
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terms do indeed, to some extent, represent finite-range effects, but this only holds
in the limit of small relative momenta, typically less than kr. Difficulties with
Skyrme forces hence appear, in particular, in dynamical situations, in which high
relative momenta may be attained in the course of callisions. An aternative to
Skyrmeforcesis provided by Gogny interactions[210], in which thet ¢, £, and ¢,
Dirac terms are replaced by Gaussians. The total potential then takes the form

2
V(1,2)= > e ) ul(W; + B,P, — H;P; — M;P,P;)

i=1

+ iWO(Ul + 0'2)(’(3 N (5(1"1 — ’l"2)k)

+ (14 Py)o(ry — 1)p? (%) (2.31)
where P, and P, are, respectively, the spin and isospin exchange operators and
{pi, Wi, B, Hi, M;, i = 1,2} and Wy and t3 are the parameters of the force.
Thisforceisless simple than Skyrmeinteractions, but it can be used in dynamical
situations involving relative momenta typically up to & ~ 2 fm—!. For higher
relative momentathere is no simple standard parametrization of effective forces.
One has then to rely more or less on simplified Dirac—Briickner calculations or
on phenomenological parametrizations of the momentum dependence, but this
mainly concerns beam energies above the range we are considering here.

2.2.2 Thenuclear equation of state at zerotemperature

When building a proper theoretical framework on the basis of the nucleon—
nucleon interaction, the first step is to access the properties of infinite nuclear
matter properly. We briefly review these aspects here.

2.2.2.1 The saturation point

The single point of the phase diagram or, more generaly, of the equation of
state of nuclear matter which is known experimentally is the saturation point,
characterized by its density po and energy per nucleon E /A [302]

po ~0.174+0.02 fm™3
E/Ay ~ —16+ 1 MeV.

The values of py and E/A, are amost pure experimental values: electron
scattering experiments have long shown that the central density of heavy nuclei
is almost constant, independent of the mass (figure 2.1 and [196]). This fixes the
value of pg. The volume term in the Bethe-Weiszécker mass formula (2.2) [47],
in turn, represents the binding energy of nuclear matter at saturation density:
ay ~ 16 MeV = —F/Ay.

The saturation point corresponds to the equilibrium point (at zero
temperature) of nuclear matter, hence characterized by vanishing pressure P =
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p*0(E/A)/0p = 0 and positive curvature 9P/dp > 0. Thisisall that is known
about the equation of state with a high degree of experimental confidence. The
guestion thus becomes whether one would be able to explore at least the vicinity
of the saturation point, which would provide the shape of the equation of state at
zero temperature close to the saturation point. Thefirst quantity of interest in this
respect is the curvature of the equation of state at saturation. This quantity may
be obtained through systematic studies of the monopole giant resonance [57, 58],
which corresponds to radial density oscillations. Representing the nucleus as
a finite piece of nuclear matter, the monopole resonance hence provides an
exploration of the vicinity of the saturation point. One characterizesthe curvature
of the equation of state at saturation by the incompressibility modulus
0*(E/A)

K. = kp?—"LL, 2.32
ST (2.32)

In this expression kp is the Fermi momentum at saturation (po, kp?,
equation (2.4)). Knowing K, alows us to parametrize the nuclear matter
equation of state as afunction of p in the vicinity of pq as

N Koo (p—=po)® _ Koo (p = po)?
E/A(p) = E/A(po) + R E[Ay + 8 (2.33)
which may be useful for qualitative discussions.

Thefirst experimental values of K ., were obtained from the giant monopole
resonance in the late 1970s. However, as K ., represents the curvature of the
equation of state, it may be expected to play an important role in many other
phenomena. Severa attempts have been made in this direction, trying to relate
K, to many nuclear as well as astrophysical properties. This gave raise to a
debate, till not fully closed, on the value of K, [58,207]. To cut along story
short, it does not seem today that any physical situation might be better suited
for determining the incompressibility modulus than the actual measurements
of the monopole vibration frequency. In particular, it was often proposed that
astrophysical observations such as the maximum mass of neutron stars could
directly point to awell-defined value K .. Thisis presumably far too optimistic
for the very simple reason that neutron stars involve very high densities (~2—
3po) While K, is a property of nuclear matter at saturation (e.g. at p = po).
Heavy-ion collisions were also often propounded as a laboratory for measuring
K. Once again this statement is probably too optimistic. The reason is partly
different here. Of course the vicinity of the saturation point may be explored in
intermediate energy heavy-ion collisions. However, it is very often in the course
of a highly out-of-equilibrium process and so we are unable to explore accurately
the curvature of the equation of state at saturation, the latter exploration requiring
more ‘gentle’ and small amplitude motion. Strongly out-of-equilibrium phases
in nuclear collisions also lead to relatively high/low values of the density, again
departing from a proper analysis of the saturation point. Evaluating K ., directly
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from heavy-ion collisions at intermediate energies hence appears to be difficult
because of dynamical effects. For the time being, therefore, we shall primarily
trust values of K, obtained ‘directly’ from the giant monopole resonance and
stick to the value:

Koo =~ 220 £ 50 MeV

which alows us to accommodate recent discussions on the value of K ., [58].
Before closing this discussion onthe value of K ., let us make alast remark.
The debate on the value of K ., opens awider discussion on the stiffness of the
nuclear matter equation of state. Indeed, as previously outlined, one is often
bound to explore regions of very high (or low) densities, either in dynamical or
astrophysical contexts. For example it seems to be established that the stiffness
of the nuclear matter equation of state might influence the physics of neutron
stars [132]. However, one is considering here a more general property (at high
density) of the equation of state. It is quite possible, although not necessary,
that a stiff equation of state will indeed have a high incompressibility modulus.
This then concerns the high-density behaviour, not the saturation point. This
distinction, or rather the lack of this distinction, is often a source of confusion.

2.2.2.2 Theories of nuclear matter

From the theoretical side, in spite of our satisfying knowledge of the bare
nucleon—nucleon interaction, sizeable difficulties till remain if one aims at
producing a realistic ab initio model of nuclear matter. There is thus no totally
satisfying theoretical scheme that allows us to recover quantitatively, from an
elementary nucleon—nucleon interaction, the experimental saturation point. The
difficulties encountered in the theoretical descriptions of nuclear matter are
basically of two origins: (i) the existence of many-body effects beyond two-body
ones (light nuclei seem to favour the existence of at least three-body interactions
[205]); and (ii) the importance of medium effects on the elementary nucleon—
nucleon interaction.

Basic results obtained from standard theories of nuclear matter can be
summarized as follows. Non-relativistic theories have been developed since the
mid 1950s and basically rely on Briickner theory [302]. These caculations,
involving only atwo-body nucleon—nucleon interaction, do not alow a satisfying
reproduction of the saturation point, whatever approximate scheme is used for
solving the problem [302]. One can even show that saturation points are bound to
lie on the so-called Coester line, which misses the experimental saturation point
[127]. Theinclusion of athree-body interaction might help solve this problem of
recovering the proper saturation [192]. While remaining at the level of two-body
interactions, relativistic approaches may also provide a solution to this saturation
problem [459]. The resulting theory is known as the Dirac—Briickner theory of
nuclear matter and allows us to exit the Coester line and to move closer to the
experimental saturation point. This conclusion should, however, be softened by
the fact that the latter effect diminishes when the A excitation of the nucleons
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is inserted in the description [459]. One should aso keep in mind the extreme
complexity of these calculations and hence the fact that several approximations
have to be inserted in the numerical treatment.

We shal hence content ourselves, in the following, with (partly)
phenomenological approaches. Conversely, one may hope that studies of the
properties of nuclear matter could reduce, or even suppress, this speculative
component. In any case, phenomenological models, such as the ones based on
effective forces (section 2.2.1.3), allow relevant qualitative discussions.

2.2.2.3 A phenomenological equation of state

As an examplewe consider the widely used Skyrme interaction for nuclear matter
at zero temperature [431, 477]. In such an infinite system the Fermi gas model is
exact, as wavefunctions are indeed plane waves (section 2.1.2.2). For a standard
Skyrme interaction (section 2.2.1.3) the total energy density, of spin and isospin
degenerate matter, can then be written as

h? 3 1
= — J— PY+2 2
E(p) 5 T+ 8top + 16t 3P 16(3t1 + 5t2)pT (2.34)
where 7 is the kinetic energy density, which in the Fermi gas takes the simple
form 2/
2m EFG 3 371'2 5/3
= = - = — _ 2
TETRG =G Ty 5(2) P (2.35)

with the notation of section 2.1.2.2. It is interesting to note that the finite range
termst; andt» play arole evenin thisinfinite system where surface terms vanish.
By construction, Skyrmeforces accommodate weak momentum dependenceonly,
and it isthus no surprisethat thelatter dependence shows up as aterm proportional
to k2 (equation (2.28)). But such a term has the same functional form as the
standard kinetic term in the Hamiltonian and hence effectively renormalizes the
nucleon mass. Onethen directly obtains a density-dependent effective mass [477]
2 2

;n* = L + 1i6 (3t1 + 5t2)p (2.36)
which alows us to recast the energy density in a simple form. From the energy
per nucleon one can then compute the pressure as

p_ OB _ 50/

ap op
2K 3 5 (372\*? oy 1
_z 9 [ o7 /3 - 1 Y+2
35T+ 8t0p + 76 ( 5 ) (3t1 + 5t2)p°/% + 16t3(7+ )p

(2.37)

which providesa phenomenological equation of state of symmetric nuclear matter
at zero temperature. Note that the saturation is then simply recovered by setting
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both the pressure and its derivative with respect to density, equal to zero. Finaly,
the incompressibility modulus at saturation (p = py) is obtained via a second
derivative [398]:

*(E/A) ,(E/p)

0
K - k‘Fz = gpo
> akFQ ap2 ‘PZPD

6 h2 (3rx2\*/* 3 (372\**
= ~San (5) Ars (%) enesnd
+ Stsy(y + Dpg (2.39)

As is clear from this set of formulae, the Skyrme force has sufficient
flexibility to accommodate experimental results on saturation (density, energy and
compressibility) while leaving open awide choice of parameters. In the ssimplest,
still widely used, case m* /m = 1, only three parameters are left free (¢o, ¢35 and
), which can thus be directly expressed in terms of the three previous constraints
on saturation. Thevaueof K ., thendirectly fixes~, once given saturation density
and energy. For example, assuming a ‘canonica’ value of 220 MeV for the
incompressibility modulus, givesy ~ i which leadsto to = —2096 MeV - fm*3
and t3 = 13872 MeV - fm*15/4,

2.2.3 TheHartree-Fock model

As aready mentioned, a microscopic foundation of an independent particle
picture of nuclel has to account for the interactions between nucleons, which,
after all, are responsible for the binding. The idea is thus to extract from these
many interactions an average potential which will allow us to consider nucleons
as independent from each other inside this self-consistent field. The aim of the
Hartree—Fock theory is to fulfil precisely this requirement. Of course, the major
interest of such an approach is that it establishes a link between the average
mean field and elementary nucleon—nucleoninteractions. Thisaspect isespecially
important for our purpose of exploring dynamica situations in which a self-
adaptative time-dependent mean field is obviously unavoidable.

The basic idea of the Hartree—Fock approach lies in approximating the A-
body ket |¥(1,2,...,A)) by an ‘optimal’ antisymmetrized product of one-body
wavefunctions |¢;(i)) of the form (Slater determinant)

A
|¥nr(1,2,...,4)) = A1___A<H|¢i)> (2.39)
=1

where A 4 labels the A-body antisymmetrization operator, which ensures
a proper account of the fermionic nature of the nucleons. The Hartree
approximation (without Fock!) would simply consist of replacing A 1.4 by the
unit operator. But the Hartree approximation is unrealistic in nuclear physics
where the Pauli principleis known to play a considerablerole.
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We start the derivation with the A-body Hamiltonian, built here, for the sake
of simplicity, with only atwo-body interaction V;; and neglecting the spin degree
of freedom [426]. Inthe |r) representation it thus reads

A
h2
H = ZK +ij_—Z%Ai+ij(m—rj) (2.40)
1<) i=1 1<)
in the simple case of a two-body potential depending on relative position (K ;
labels here the one-body kinetic energy operator). We furthermore introduce the
one-body density matrix p, defined as (section 2.3.1.1):

A
p=Y_16:)(eil (241)
=1

which in the |r) representation is simply expressed from the one-body
wavefunctions ¢; as

(r'lplr) = Z¢> (2.42)

where the star denotes the complex conjugate.

The Hartree—Fock equations can now be obtained by minimizing the total
energy of the system (U yp |H|¥yy), in the space of Slater determinants, with
respect to the |¢;), and under the constraint that each one-body wavefunction
|¢;) is normalized to unity. One hence introduces A Lagrange parameters ¢ ;
accounting for these normalizations, which leads us to write the variational
principle as

ot |:<\I’HF|H|\I’HF e]/d3r¢ r)p;(r )} =0. (2.43)

This leads, after some algebra, to the static Hartree—Fock equations for the one-
body wavefunctions ¢;:

i0i(r) = — 5 Adi(r) + U () — [ @ U 1))
= [ & b)) = (rlhlor). (2.4)

In this expression
h=K+U (2.45)

is, by definition, the one-body Hartree—-Fock Hamiltonian, composed from the
kinetic energy operator K and from the one-body mean-field potential U, itself
composed from the direct

Uli(r) = / &> V(r —r)p(r',7") (2.46)
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and exchange
u(r,r") =V —r")p(r,r') (2.47)

potentials. The Lagrange parameterse; hence represent the energies of the single-
particle levels (of wavefunctions ¢;). Equations (2.44)—2.47) clearly express
the self-consistent nature of the Hartree-Fock procedure, namely the fact that
the potential part of h itself depends on the solutions ¢ ; of the Schrodinger-like
equations (2.44), through the one-body density matrix p. This self-consistency
also appearsin thefact that the total energy of the system Eyr does not reduceto
the mere sum of the single-particle energies ¢;. Indeed, in order to avoid double
counting of the potential energy terms, the total energy reads

A A
EHF = (\I’HF|H|‘I’HF> = Z + % Z = % Z K + 61 (248)
i=1 i=1 i=1
with obvious notation (¢; = (K;) + (U;) = K; + (U;)). Note also that the
exchange potential U **¢, which is, in general, complex to evaluate, is highly
simplified in the case of a zero-range interaction. This is one of the reasons for
the success of Skyrmeinteractionsin Hartree—Fock calculations (section 2.2.1.3).
It may finally be useful, for forthcoming discussions, to recast the HF
equation in a compact operator form involving the one-body density matrix p.
Start from equation (2.44), multiply it by ¢ (') and sum over single-particle
levelsi, which leadsto

S etn(roi() = [ hrr) Y outr)6 )
= [ o) = (¢ lhplr). (249

Starting from the complex conjugate of equation (2.44) at point »’, and
multiplying it by ¢;(r) similarly leadsto

>_€di(r)o;(r') = (r'|phr) (250)
so that finally
(r'|hplr) = ('|phlr) = (r'|[h, pllr) =0 or [h[p],p]=0.  (25I)

Note that the derivation of this relation from equations (2.44)—(2.47) follows the
same lines as the one which leads from the standard Schrodinger equation to the
Liouville~von Neumann equation (2.54).

2.3 Nuclei asstatistical physics systems

In thefollowing we shall often face situationsin which statistical physics concepts
have to enter our description. Following essentially [28] and [75] we thus recall
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in this section a few basic relations of equilibrium statistical physics for future
use and we discuss how nuclei can be described with such tools. In addition
to [28], the reader may also consult standard statistical physics textbooks such
as[249,386] or [122,275]. Out-of-equilibrium statistical physicswill be discussed
in chapter 3.

2.3.1 Basicsof equilibrium statistical physics
2.3.1.1 Notion of density matrix

How to describe a physical system with A particles? If its quantum state |¥) is
perfectly known, the average value of any observable @ is simply obtained as
(@) = (¥|Q|T). This ‘well-defined’ problem corresponds to what is called a
pure state in statistical physics. It occurs, however, extremely rarely asit requires
complete knowledege of the state of the system, which is virtually impossible.

Oneisthusled to consider ‘poorly known' systems, which one can describe
by ensembles of accessible states {|¥ )} and corresponding probabilities ¢ that
agivenstate | ¥, ) doesindeed describethe state of the system. The density matrix
(or density operator) D associated with this statistical mixture {g, |¥U,); A =
1, N} (in the simple illustrative example of a discrete finite ensemble) is then
defined as

D = Z [P gr (P2l (252)
A

from which constitutive relations follow, namely hermiticity, unit trace (Tr D =
1) and semi-definite positiveness of D. From the density matrix D of an A-
body system, one can aso define ‘reduced’ density matrices by partia traces
(integrations) over some components of the system. For example the one-body
density matrix p is obtained by tracing over all but one particle. It contains, of
course, much less information than D (see chapter 3).

Once introduced to the density matrix D, the average value of an operator
Q@ can then simply be expressed as

Q) =D ax(¥,|Q|T,) = Tx(QD). (253
A

It is to be noted that al the information about the system is actually contained
in D. Two different statistical mixtures with the same density matrix are thus
indistinguishable by any measurement. One can a so show that the density matrix
D of a system with Hamiltonian operator H evolves in time according to the
Liouville-von Neumann equation
oD
ih— =|H,D 2.

which can be derived from the Schrodinger equation (see the derivation of
equation (2.51)).
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The density matrix D does contain, through the probabilities ¢ »'s, much
more information on a system than the one contained in the mere | ,)'s. Details
about the thermodynamical conditions are precisely contained in the ¢ 's, and
hencein D. Depending on the situation, the ¢,’s (or D), will thus take specific
forms, reflecting the physical conditions under study. Most of the time, the state
of the system is only partially known, but in order to provide the most realistic
description, it is necessary to account for the information at hand. Two cases may
occur:

(i) Theinformation known about the system is exact. In this case, one directly
includes it in the definition of the space containing the | ¥ ,)'s themselves,
and it thus becomes a variable.

(i) Theinformationis only known as an average Q° = Tr(QD). In this case,
it isintroduced in the description as a constraint on the density operator.

2.3.1.2 Equilibriumdensity matrixes. the Boltzmann—Gibbs distribution

The equilibrium state of a system is associated with the density matrix D whichis
least biased in terms of probabilities. The latter criterion is based on the missing
information which is quantified in terms of the entropy

S =—kTr(Dlog D) (2.55)

where & is the Boltzmann constant. For a system about which nothing is known,
the least biased choice (maximum entropy) is obviously the most democratic one,
in which the probability associated with any of the N |¥ ,)'sis simply given by
gr» = 1/N (A = 1, N). One then recoversthe well-known relation S = klog N.
Thisvariational principle of least biased choice is extended to the general case of
a system characterized by a set of ‘natural’ variables and constraints (including
the constitutive relation Tr(D) = 1)

Qi) =Tr(Q;:D)=Q;°, i=1,p (2.56)

by seeking for a maximum of the entropy .S(D) under the set of constraints given
by equation (2.56). The constraintsareincluded by meansof Lagrangemultipliers
{Ai,i = 1, p} and one thus obtains the general equilibrium solution in the form
of the so-called Boltzmann—-Gibbs distribution

p
D=D, = %exp ( = )\iQi> (2.57)
i=1

where the partition function Z ensures the normaization of D (Tr D = 1). The
partition function thus reads

Z=27Z({N}) =Tr (exp ( - Zp;)\iQi>> (2.58)
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so that 5-log Z({\;}) = —(Qi) = —QY. The Lagrange parameters {\;,i =
1, p} arefinally determined by imposing the condition that the Boltzmann—Gibbs
distribution does indeed fulfil the initial constraints (equation (2.56)). Note also
that the Lagrange parameters {\;,7 = 1,p} are the natural variables of the
partition function Z, and the average values (Q;), the ones of the statistical
entropy S. Thepairs {(Q;), Ai;i = 1, p} form pairs of conjugate variables.

2.3.1.3 Thermodynamical potentials and statistical ensembles

In the following we shall use three standard stetistical descriptions. the
microcanonical ensemble, the canonical one and the grand canonical one. We
briefly discuss here the physical situations they correspond to and define the
corresponding thermodynamical potentials.

A thermodynamical potential is a function of the variables characterizing a
system which is extremal at equilibrium. The partial derivatives furthermore have
simple physical interpretations. The thermodynamical potentials thus provide the
most transparent links between statistical and thermodynamical descriptions. In
this respect, the entropy, as a function of the interna energy U, the number
of particles A and possibly other variables z,’s (volume, external field, etc),
constitutes a good example of athermodynamical potential. It is associated with
the microcanonical ensemble. Its differential reads:

1 I 1
dS = ZdU — 5 dA - T%:Xa dza (2.59)

which enlightensthe pairs of conjugatevariables: z , <+ —X, /T, internal energy
U < inversetemperature 1/7", number of constituents A <> —u /T (u chemical
potential).

In the standard microcanonical ensemble, the system is described by its
number of constituents A, its volume V' and internal energy U. The associated
thermodynamical potential is the entropy S = S(U,V, A). The microcanonical
description is typical of isolated systems. Temperature is therefore not fixed
exactly, but may fluctuate. For mainly historical reasons, thermodynamicsfocuses
on the internal energy U (S, V, A), which is the inverse function of the entropy
S(U,V, A), and also athermodynamical potential.

For describing closed systemsin contact with athermostat, one, in turn, takes
the temperature as a variable and one obtains a new thermodynamical potential,
the free energy

F=FT,V,A)=U-TS (2.60)

the natural variables of which are the ones of the canonical ensemble: the
temperature 7', the number of particles A and the volume V.

Finally, one can choose as variable the chemical potential . and not the
number of particles A. One then introduces the grand potential (or Gibbs
potential)

Q=QT,V,u)=U-TS — uA (2.61)
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Table 2.2. Elementary properties of the three usua statistical ensembles. The ‘natural’
variables are given in column 2. In column 3 is given the associated thermodynamical
potential and conjugate variables can be found from the differentia of the potential
(column 4). The pairs of conjugate variables (z, X) are linked: X = +0F/0x, where
the x’s are the natural variables and F the thermodynamical potential. From [28].

Statistical ‘Natural’ Differential

ensemble variables Potential of the potential

Microcanonical S,V, A U dU=TdS - PdV +pudA
Canonical T, V,A F=U-TS dF = -SdT — PdV +pdA
Grand T.V.p Q=U-TS—puN dQ=-SdT — PdV — Ndu
canonical

the variables of which are the ones of the grand canonical ensemble, temperature
T, volume V' and chemica potential . A typica situation in which the grand
canonical description is used is the case of an open system in contact with
a thermostat. For the sake of completeness, the characteristics of these three
statistical ensembles are gathered together in table 2.2.

As is clear from this rapid discussion, the statistical ensembles, and the
corresponding thermodynamical potentials, are defined in terms of the variables
chosen to describe the physical system under consideration. This is exactly
the line that we have followed since the introduction of the concept of density
matrices. There is obviously a strong link between the two, statistical and
thermodynamical, pictures. Actualy both the canonical and grand canonical
thermodynamical potentials can be directly calculated from the corresponding
partition functions:

F=-TIn(Z) ad Q=-TIn(Z) (2.62)

with obvious notation. These relations thus point to the intrinsic connection
between the statistical and thermodynamical descriptions of a given system.
Note finally that in the microcanonical case the relation is even more direct as
the interna energy is by construction a variable of the corresponding statistical
description.

Thermodynamical potentials involve variables in pars of conjugate
variables, such as pressure, volume, etc. Experience furthermore shows that,
for large systems, such as the ones considered in thermodynamics, one of the
variables of a couple of conjugate variables is intensive and the other one is
extensive. An extensive variable (energy, entropy, etc) is proportiona to the
volume V' when V' goes to infinity, while intensive variables such as temperature
or chemical potential are independent of the volume and become equal to each
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other at equilibrium, when two systems are set in contact. In genera the
constraints of type (Q ;) are extensive and the corresponding Lagrange multiplier
(T, ,...) intensive.

2.3.1.4 Fermionsand bosonsin nuclear physics

Indistinguishability of quantal particles leads to the introduction of two types of
statistics, one for fermions (with haf-integer spins) and one for bosons (with
integer spins) [28, 277]. In nuclear physics, hucleons are spi n—% fermions, while
w's, p’s, etc (vectors of the nucleon—nucleon interaction) are bosons, and may
play an important role in dense nuclear matter. 1n the nucleonic regime we shall
mainly deal with fermions.

The fermionic nature of particles is revealed in the way they occupy
levels. Thus A fermions occupy the first A lowest energy levels of a single-
particle energy spectrum, up to the Fermi level (energy e, see, for example,
section 2.1.2.2). If one denotesby {|¢;),i = 1, A} the corresponding eigenstate
kets, the A-body state can then be written as an antisymmetrized product |¥) =
Ai. a([T=y 4 16:)) (Slater determinant). This corresponds to a ground-state
zero-temperature nucleus. In terms of the occupation numbers of levels, one sees
that zero temperature fermions have occupation numbersn ; = 1 for levels below
Fermi level (¢; < ep) and n; = 0 otherwise. At finite temperature 7' occupation
numbers may be calculated, for example, in the grand canonical ensemble. This
leads to the well-known result:

1
"M T Fexp((e; —er)/T)

Note that at finite temperature al levels {¢;,i = 1,...} of the single-particle
spectrum are occupied with anon-zero probability. A complete description of the
system hence requires knowledge of all eigenstates {|¢; >,i = 1,...}. This, in
turn, allows us to evaluate the one-body density matrix p as

(2.63)

p = nildi)(¢il (2.64)
i=1

which displays a form typical of density matrices (2.52) with probabilities ¢ s
given by the occupation numbersn ;.

In heavy-ion collisions in the nucleonic regime one may attain a wide
range of temperatures. Typical values of the temperatures reached provide an
estimate of the more or less degenerate nature of the system. For example, at
T =4 MeV ~ er/10 one obtains n(0.8¢r) ~ 0.88 and n(1.2¢r) ~ 0.12 and for
T =8MeV ~ er/5, n(0.8¢er) ~ 0.73 and n(1.2er) ~ 0.27. These occupation
numbers show that statistics is extremely robust. Hence, one cannot, a priori,
overlook it in the case of heavy-ion collisionsin the nucleonic regime.

It is also interesting to consider the zero temperature limit of Fermi
occupation numbers as we shall aso often be interested in physical situations for



a4 Some basic properties of nuclei: static and statistical concepts

which the temperatureis not so large (T'/er ~ 0.1-0.2). In the zero temperature
limit, one can expand Fermi occupation numbersin powers of temperature as

1 2
T ey = e —er (1) - T e —en(T) +-- (265)
where ¢’ is the derivative of the Dirac distribution and 6 is the Heaviside step
distribution. Note that the Fermi energy ey = ep(T') is a priori a temperature-
dependent object. Expression (2.65) turns out to be very useful for deriving
approximate expressions at moderate temperatures. The strictly zero-temperature
term is also quite interesting by itself, asit directly provides the standard Fermi
gas model (section 2.1.2.2). Indeed, let us rewrite the integral relation (2.4) in
terms of energiese = h?k?/2m rather than momenta k; it then reads:

kr 2\ —3/2 rep
g 2 g (W
= drk dk = — | — d
p (271')3/0 d 472 <2m> /0 Vede

= [Me@te= [ (266)

where w(e) = dN(e)/de (equation (2.94)) is the single-particle level density
(expressed here in the particular case of the Fermi gas, but see also section 2.4.2)
and where nr—o(¢) = 0(er — €). Conversely, by replacing nr—o(¢) by n(e)
(equation (2.63)) one directly obtains the expression of the density in a Fermi gas
at finite temperature.

2.3.2 Nuclear systemsat finite temperature
2.3.2.1 The nuclear equation of state at finite temperature

The equation of state of a system reflects the underlying elementary interactions
between its congtituents. The nucleon—nucleon interaction contains a dominant
repulsive/attractive central term (section 2.2.1), which has a form analogous to
the one of an intermolecular Lennard-Jonestype potential. In spite of the different
natures of the system, this suggests that the equation of state of infinite nuclear
matter has aform similar to a Van der Waal s equation of state [255]. This analogy
isonly formal: nucleons are fermions (not classical particles) and hence subject
to the Pauli principle; it is furthermore extremely difficult, in contrast with many
rea fluids, to establish a proper link between the elementary interaction and the
equation of state (section 2.2.2.2). Still, this analogy allows us to understand the
general form of the isotherms of the nuclear equation of state (figure 2.8).
Thisanalogy between equations of state furthermore suggests the possibility
of liquid—gas phase coexistence. Such a coexistence presumably takes place
during the latest stages of the collapse of type Il supernovae cores, during which
an equilibrium between nuclear clusters and a nucleon gas occurs. In heavy-
ion collisions some dynamical behaviours, such as the fragmentation of a hot
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Figure 2.8. Isotherms, in the pressure (in MeV - fm™?) versus density (in fm™2) plane,
of a phenomenological nuclear matter equation of state, obtained by means of a Skyrme
interaction (section 2.2.1.3). The saturation point corresponds to the zero pressure point at
finite density. The full line is the liquid—gas coexistence line. Temperatures are given
in MeV. The critical point corresponds to 7. = 17.9 MeV. Findly, the broken lines
correspond to the mechanically unstable spinodale region (section 8.2.1.3). From [410].

and compressed nucleus into a set of several lighter nuclei, also suggest a link
with phase transitions (this is the subject of chapter 8). The liquid phase could
then correspond to the nuclei, while the gaseous phase would represent the free
nucleons produced in the collision (section 8.1.2). This ‘phase coexistence’
has been, and till is, actively sought in many experiments and calculations
(section 8.4.3). Finite-size effects, nevertheless, make delicate the signature of
such a phenomenon (section 8.4.3.5). The critical temperature for the ‘liquid—
gas transition in nuclear matter should be of order T, ~ 16-18 MeV and the
corresponding critical density p. ~ 0.05-0.06 fm~3. It should also be noted
that there exists alow-density region, which is mechanically unstable (spinodale
region), namely in which fluctuations are amplified, instead of being damped asin
nuclear matter close to saturation density [43,363]. The spinodal region typically
correspondsto densities below two-thirds of the saturation density.

As an example we show in figure 2.8 the equation of state for symmetric
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nuclear matter, as obtained from a Skyrme interaction (section 2.2.1.3).
The various trends qualitatively discussed earlier are obtained in this
phenomenological calculation. It is interesting to complement this figure by
simple analytical estimates from atypical simple (and widely used) ¢, t3 Skyrme
interaction (equation (2.30) and section 2.2.2.3). The equation of state of nuclear
matter at finite temperatureis then simply obtained from the zero temperature case
(equation (2.37)) by omitting the ¢4, ¢» term and replacing the zero-temperature
kinetic term, corresponding to a zero-temperature Fermi gas equation (2.7), by its
temperature-dependent counterpart.

While at zero temperature (section 2.2.2.3) the natural potential is the
energy from which the pressure is deduced by derivation (equation (2.37)), the
finite temperature case requires us to consider the canonical or grand canonical
ensemble and the associated thermodynamical potential (section 2.3.1.3). In the
simple case of a Fermi gas, the grand canonical ensemble provides a simple
frame in which to work out general expressions. Starting from the well-known
thermodynamical expression @ = —PV = —2/3FE (energy E reduces to kinetic
energy EL in the non-interacting Fermi gas) [186] leads directly to the general
expression (spin—isospin degenerate Fermi gas)

T [e%e]
Pl = %E—‘}( = /0 n(e)ew(e) de

2 h2 —3/2 o0 1
= — R —d
372 <2m> /0 Ve o ()

2 (2N ..,
=33 <%> T2 J3 5 (er /T) (2.67)
which defines the .J3/, Fermi integral. At finite temperature the kinetic energy
EL, aswell asthe pressure P, are, nevertheless, not smple analytical functions
of the density p and one usualy resorts to numerical calculations. Still, the
moderate and high temperature cases can be worked out analytically. At low
temperature (T' < er) the kinetic pressure can thus be expressed as (the spin-
isospin degenerate case)

2 5m2 T2 . B2 (3n2p\*?
PL(p) o3P {ep + ——} withep = — ( p) (2.68)

12 ep 2m 2

while a correction to the oversimplified perfect gas pressure provides a reasonable
ansatz at high temperature:

1 orh2\*/? p>

Thetotal finite temperature equation of state thus finally reads
P(p,T) = P{(p) + Stop” + 15tsp™™> (2.70)
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with the appropriate expression for P, (p).
The critical point is then characterized by the two equations

2
<2—P > —0 and (g—lj > —0 (271
P T |p=pc, T=T. P T |p=pc,T=T.

which define the critical density p. and temperature 7. (and hence the critical
pressure P. = P(pc,Tc)). The isotherma spinodale line corresponds to
O0P/9dp;r < 0. The largest root of the latter inequality will be, in the following,
labelled as the spinodale density ps. As an example, taking the numerical values
of tg, t3 and -y of section 2.2.2.2, one obtainsa ' reasonable’ critical point and zero
temperature spinodale density: p. ~ 0.056 fm™2 ~ 0.33p, 7. ~ 16.5 MeV and
ps(T =0) ~0.11 fm™% ~ 0.65p,.

2.3.2.2 Thenuclear equation of state in the astrophysical context

To form nuclear matter at finite temperatureis not only the privilege of heavy-ion
collisions. Finite temperature nuclear matter is actually formed ‘ naturally’ during
some specific phases of stellar evolution. While most phases of nucleosynthesis
only require vanishingly small temperatures (at the nuclear level), the late phases
of the evolution of massive stars allow access to huge temperatures of the order of
several MeV, together with densities of the order of the saturation density. Thisis
atypical situation encountered in pre-supernovacores, during the phase of stellar
collapse preceding the supernova explosion. This collapse phase is extremely
short in terms of stellar timescales (some milliseconds at most) but is crucial
for the future evolution of the system, particularly for the fate of the explosion
and the possible ensuing formation of a neutron star. This question has thus
been the focus of a lot of attention, in particular during the 1980s, both from
the astrophysical and the nuclear point of view. It should be remembered that the
nuclear system under consideration is, nevertheless, quite different from the ones
formed in the course of heavy-ion collisions. First, the system is huge and the
whole processis quasi-static at the nuclear timescale. The concept of temperature
is thus thermodynamically well defined. Second, the composition of the system
is admittedly somewhat unusual: besides nuclear phases, it contains electrons
(which ensure global electroneutrality) and neutrinos. Detailed calculations of
the equation of state of supernovae cores have thus acquired a high degree of
sophistication, at least from the nuclear point of view and here is not the place
to give credit to al the works performed in this direction. We shall thus only
mention a few general references and reviews [49, 99, 100, 261, 330] in which
most developments (from the nuclear side) were achieved in the 1980s. We also
finally recall one of the most exotic results obtained, i.e. the existence of phases of
various nuclear geometries during the collapse (nuclei, rods, tubes, planes, holes,
etc) [279, 384, 497].

The explosion of atype |l supernovais expected to |eave behind a compact,
neutron-rich residue: a neutron star. Neutron stars are al so fascinating objects for
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nuclear physicists because they have huge densities. While supernovae cores are
moderately dense but hot, neutron stars are cold but extremely dense (typically
two to three times the saturation density) and they are almost exclusively
composed of neutrons (unbound neutron matter!). Understanding the equation of
state of dense neutron matter is thus till the focus of much effort. A key problem
here lies in the high densities which require a relativistic treatment and a proper
account of pionic degrees of freedom. Neutron star matter is thus even more on
the margin of our topic than supernovae cores. And we shall again only giveafew
genera references[49, 261, 424], not forgetting the pedagogical seminal paper of
Walecka [423,485] which has played a key role in the development of relativistic
treatments of nuclear physics. We a so finally mention the calculation by [140] in
which adirect application of Brickner theory to neutron star matter is performed.

2.3.2.3 Hatigtical physics of finite nuclear systems

Terrestrial nuclei are relatively small (A < 250). They can be studied in a
statistical physics framework, but extrapolation to the thermodynamical limit
(‘infinite’ system) is by no means trivial. On the other hand, by its very nature,
nuclear matter can be treated at the thermodynamical limit, and quantities such
as temperature (or pressure) recover their usual thermodynamical meaning. This
is not the case in an isolated nucleus, in which the temperature, for example,
is defined only in terms of the statistical ensemble chosen for describing the
system. For example, in the microcanonical ensemble, energy is supposed
to be known exactly, and one can thus only access an ‘average’ value of the
temperature (see equation (2.82) and related discussions). Conversely, in the
canonical ensemble, energy is only fixed on average while temperature is known
exactly. The choice of a particular ensemble depends on the physical conditions,
and on the knowledge one has of these conditions. Different statistical ensembles
will thus correspond to different values of the temperature. One then speaks of
fluctuations between statistical ensembles. Fluctuations around average values
can be evaluated directly from the partition function Z, using the relation
62
(QiQ)) —(QiNQ)) = 5357 los Z. (272)
Let us take the example of energy fluctuations in the canonical ensemble.
We note H the Hamiltonian of the system and U = (H ) itsinternal energy. The
energy fluctuations are then given by ((H — U)?) = 0*(In(Zcan)/03*. One
can show that In(Zcan), as ((H — U)?) are proportional to the volume V' of the
system. The statistical fluctuations of the energy are thus proportional to V' 1/2
and small compared to the energy itself, in the limit of large volumes; conversely,
the smaller the system is, the larger the fluctuations are. The smallness of the
fluctuationsin the limit of large volumes allows us to understand the equivalence
between ensembles, in the limit of large systems: it then becomes equivalent to
inserting a constraint, such as energy or particle number, exactly or an average.
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Table 2.3. Evolution of AT/T as a function of the mass number A and temperature T
following equation (2.75).

A
T(MevV) 20 40 100 200
1 045 031 020 014
8 016 011 007 005
16 011 008 005 004

In contrast, in finite systems such as nucle, it isa priori important to distinguish
the various statistical ensembles.

In anucleus, it is energy which is well defined and conserved in time. The
microcanonical ensemble should thus a priori provide the natural framework for
description. Temperature is not a natural variable in this ensemble and is thus
bound to fluctuate. L et us take an independent particle model as an example. The
excitation energy islinked to the average temperature by the approximaterelation
E* ~ aT? (equation (2.93)). The variance of the excitation energy distribution
assuming a system in equilibrium at temperature T' then reads:

o2 = 2aT? (2.73)
S0 that
7 _ \/51 (2.74)
E*  (aT)>
which leadsto
AT 1
— = . 2.75
T T (2.75)

Table 2.3 givestypical values of the AT'/T ratio with the level density parameter
takenas a ~ A/8 (section 2.4.2) where A is the mass number of the considered
nucleus.

Hence, the use of the concept of temperature in nuclei is not simple. Only
in very heavy nuclei at very high temperature are temperature fluctuations small
enough for the canonical ensemble to provide a reasonable description. One is
then ‘close’ to the thermodynamical limit and fluctuations between statistical
ensembl es start to be washed out. It should aso be noted that, in contrast to other
situations, the notion of temperature in a nucleus does not imply the existence
of a thermostat: the nucleus congtitutes the whole system and thus provides
itself the thermostat. This is another way of revealing finite-size effects and the
difficulty in choosing a statistical ensemble. To some extent, these difficulties are,
nevertheless, overlooked in dynamical approaches.
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24 The statistical model

Experimentally speaking, it is mainly in terms of their de-excitation that the
properties of excited nuclei may be accessed (chapter 7). There are two big
classes of nuclear excitations, depending on the type of states they lead to. The
first class concerns excitations leading to specific states: thisistypically the case
of giant resonances. In turn, these states may decay either in a specific way,
following proper selection rules, or in a statistical way. In the second class of de-
excitations, a large set of states become populated in a non-specific way. Thisis
the situation typically encountered in hot nuclei, close to equilibrium (moderate
temperatures up to 7' < 4-5 MeV and little compression). In such cases, the
time evolution of the system may be followed in a statistical framework once
the accessible states, together with their relative weights, have been properly
identified [66, 175, 193, 486].

24.1 Basicsof the statistical model
24.1.1 Thekey role of the density of states

Let us consider an excited nucleus of mass A, excitation energy E * and, possibly
further characterized by its charge Z and/or angular momentum .J. The pointisto
eval uate towards which states the system will preferentially decay. The transition
probability from an initial state i to a final state f is given by the Fermi golden
rule: AN
dt
in which M;_,; is the transition matrix and p is the fina density of states
(section 2.4.2). The basic assumption of statistical theory is to consider that all
transition matrices are equal so that the probability of observing a given state is
solely governed by its density of states.

The nucleus is an isolated system which may be properly described in a
microcanonical approach (section 2.3). Let us apply the Fermi golden rulein a
case where the final state‘ f’ corresponds to the emission by a parent nucleus ‘i’
(initial) of a particle ‘b’ of spin s, emitted with a kinetic energy between ¢ and
€ + de (seefigure 2.9). The corresponding emission (evaporation) probability per
unit of time for the processi — b + f may be written as:

o | M s oz (2.76)

4mp? dpV

Py(e) de = Copy (E}) dEF (25 + 1) e

2.77)
This quantity may be expressed as the product of three terms. Cy is a
normalization constant discussed later. The term (p;(E7) dE7) is the number
of states available for the excited (£'7) daughter nucleus: thisisthe product of the
density of states p;(£7) (section 2.4.2) and of an energy interval dE£';. The last
term ((2s + 1)4np? dpV//h3) isthe number of states of the emitted particle with
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Figure 2.9. A schematic picture of the decay of an initial excited nucleus towards afinal
nucleus and a particle with a kinetic energy e. The initial excitation energy E* is shared
between various terms: E’7, the excitation energy of the final nucleus, @y (respectively e),
the binding energy (respectively kinetic energy) of the emitted particle b. It is assumed
here that this particle is not excited.

alinear momentum between p and p + dp; V' isthe volume of an imaginary box
where the decay takes place. The proportionality constant C'g may be obtained
from the detailed balance principle, which states that microscopic phenomenaare
time reversal invariant. This means that the decay probability is linked to the
reverse fusion reaction rate (equation (2.77)):

Py(e)de  Prus
nyg - n;

(2.78)

where P;,s isthe fusion rate (i.e. the number of fusions per unit of time) between
the particle b and the final nucleus f leading to the initial nucleus i, and n; the
corresponding number of available states.

The number of available states n; may again be expressed through the
density of states p; (section 2.4.2) of theinitial nucleus

ni = pi(E*) dE* (2.79)
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and the fusion rate can be expressed as

vo(€)
v

where o.(€) is the capture (fusion) cross-section of the particle b by the fina
nucleus f and v the particle velocity. When combining these expressions and
noting that (i) v = de/dp (non-relativistic case) and (ii) dE* = dE} (resulting
from energy conservation), onefinally obtains

_ ps(E7)
pi(E*)
A de-excitation channel will thus be al the more favoured if the number of

accessible states (ocpy) is large, which emphasizes the key role played by the
density of states (section 2.4.2).

Prs = (2.80)

4p?
B3

Py(e) de (2s+1) oc(e) de. (2.81)

2.4.1.2 Ingredients of the statistical model

To go beyond eguation (2.81) it is necessary to express the ingredients of this
formula, namely the densities of states and the inverse capture cross-section. The
number of states available for a nucleus with an excitation energy between E *
and E* + AE* may be connected to the corresponding entropy S of the system
(with Boltzmann constant k£ = 1)

S =In(p(E*)AE™) (2.82)
and to its temperature, defined in the microcanonical approach as

1 dS _ Alnp(E¥)
8= T=am ~ AR (2.83)
The density of states thus exhibits an exponentia evolution with the excitation
energy:

p(E*) o< /T (2.84)
which emphasizes the sensitivity of statistical modelsto this quantity.
The capture cross-section in equation (2.81) may be written:

o0

o.(€) = Z(Zl + D)aXTy(e). (2.85)
=0
If the transmission coefficients T; are set to unity, one obtains:
Coul

oe(€) = nR? (1 _B be ) fore > Bou! (2.86)

and
oc(€) =0 fore < BYeu (2.87)
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where BS°u! is the Coulomb barrier associated with the emission of particle b.
From al these equations, one finally obtains

€ — BbCoul

T2 e~ (=BT for ¢ > pOoul, (2.88)

Py(e) =
Inthisexpression Py (¢) has been normalized to unity. The energy E 7 isexpressed
asafunctionof e E7 = Ep, . — € (seefigure 2.9). The exponential term of
equation (2.88) comes from equation (2.84) used to express p(E;?) as afunction
of e. This meansthat the temperature T' is the temperature of the final nucleus. It
may be considered as independent of e only for significant excitations. In other
words, this statistical formalismis not valid for nuclel close to their ground state.
This limitation is also required to derive simple expressions for the density of
states (section 2.4.2).

The emission probability Py (¢) exhibits amaxwellian shape which istypical
of the decay of an equilibrated nucleus. We will see in chapter 4 that it may
be used to measure the temperature from the evaporated particles kinetic energy
spectra. It isworthwhileto remark that equation (2.88) has been obtai ned without
the need of any nuclear model: the only ingredients which have been used are the
microcanonical description of isolated systems, the density of states, the entropy
and the temperature. Nuclear physics begins when one wants to be more precise,
i.e. when one wants to compare the relative probabilities of two decay channelsor
to link the excitation energy with the temperature, because such steps imply the
calculation of the absolute value of the nuclear density of states.

The competition between various channels (this means the emission
probability for different particles) may be obtained from the integration of
equation (2.88) before normalization. The total emission probability of a given
particle b is essentially governed by the final density of states of the daughter
nucleus:

Py o« p(E* — Qy — By*™). (2.89)

In other words, for similar () values, particles for which the Coulomb barrier is
low, are preferentially emitted. This is why neutrons are highly favoured in the
decay of heavy nuclel.

2.4.1.3 Partial widths and lifetimes

In the statistical model, the initial (parent) nucleusis not in a stationary state so
that one can only access de-excitation probabilities. Hence, the aim here is to
evaluate the lifetime 7 of the system, through the various accessible channels. In
this respect a statistical approach provides, to some extent, a pseudo-dynamical
picture of the de-excitation process (section 2.4.4). The total lifetime 7 of the

system is defined as
1 > Ly (2.90)
T 7 h
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where the summation runs over all the possible de-excitation channels f, the de-
excitation rate, in a given channel f (or partial width of the channel) reading
1/7¢ = T'y/h. And the total de-excitation probability of the system readse ~*/7,
while the onein the specific f channel reducesto Py =T’y /(3_; T';).

Once all the partial widths I"y are known, it becomes possible to simulate
the statistical de-excitation of an excited nucleus of excitation energy E *. This
is done by sampling. The relative weight Py = Ff/(zj T';) of any channel
is known. At a given step of de-excitation, it is hence sufficient to sample the
accessible states, according to the probabilty law given by the P;’s. Provided
there is sufficiently large sampling, one will obtain a statistical ensemble in
which each channel will effectively have the weight P;. But this represents
only one step of the whole process of de-excitation. After this step nuclei are,
in general, themselves excited and can de-excite again in a statistical way. One
can thus iterate the former step, up until the final nuclel with insufficient energy
for further de-excitation are reached. To follow these events along several steps,
and while respecting the relative weights of the various de-excitation channels,
requires huge statistical samplingsof several millions of events. Asalready noted,
these de-excitation sequences simulate, to some extent, a dynamical process.
But this dynamics is not real, as it makes sense only provided the various de-
excitation channels correspond to physical processes with compatible durations
(see section 2.4.4).

One has finally to stress the fact that, in the statistical description of the
system, it isimplicitly assumed that the time 7 (equation (2.90)) is long compared
with all the other involved timescales: the time needed for the nucleus to explore
the whole phase space (thermalization time) or the time needed for a specific
process. The time needed to emit (evaporate) a particle b (once the system has
‘decided’ to emit this particle) is one of these typical timescales. The duration
time of a fission process, i.e. the time needed to deform a system beyond the
corresponding saddle-point, is another example. It turns out that neglecting such
typical times does not play any role at low excitation energy because the value
of 7 is rather large in this case. Thisis no longer the case at larger excitations
and so the pure statistical picture becomes more and more questionable. The
fission process, because it is the slowest, is the first one which is influenced
by such transient effects and an improved description has to include them in
a dynamical description of the fission barrier passing: such a description is
extensively discussed in chapter 7. In this section we limit ourselves to the pure
statistical decay mechanisms where all the previous timescal es are neglected.

2.4.2 Density of states

For a given energy E and particle number A, the density of states may formally
be defined as

p(E,A) = 5(A - A,)(E - Ei(A,)) (2.91)
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where the summation runs over all the states with A, particles and E; energy.
One usually uses an approximate expression when the nucleus can be described
in amodel of independent particles with single-particle energy levels e, and for
moderate excitation energies (E* = E — E,s)

1
E A) ~ ——2Vebr 2.92
p(E,A) N (2.92)
where ‘a’ is the so-called level density parameter. At the same level of
approximation, one can link the excitation energy to the temperature

2
E* ~aT? witha = %w(ep) (2.93)

where the zero-temperature single-particle level density w(e) reads:

wle) =Y d(e— ex). (2.94)
k

Note that the single-particle level density w(e) counts here the number of single-
particle levels per unit energy, while the density of states p(E, A) counts the
number of accessible states as a function of the total energy of the nucleus.
Finally, one should keep in mind that equations (2.92) and (2.93) only hold for
moderate temperatures (T' < 3—4 MeV). At very low temperatures these smple
expressions are also insufficient to account for the various patterns exhibited by
discrete excited states.

The Fermi energy er plays a dominant role in the caculation of a
(equation (2.93)) and thus in the expression of p(E, A) (equation (2.92)). This
reflects the fact that at low temperature the first levels to become empty are
the least bound ones, namely the ones close to the Fermi energy. Elementary
excitations which promote nucleonslying just below the Fermi level to just above
it then become dominant.

The density of states is a difficult object to evaluate. Starting from an
independent particle picture, which allows noticeable simplifications, the problem
then occurs in the evaluation of the single-particle level density, and especialy
the level density parameter ‘o’ . Realistic mean-field calculations do not allow the
recovery of the experimental value of ‘a’. One has to take into account effects
beyond the mean field, in order to reproduce the data. These calculations are,
nevertheless, quite involved in realistic cases. It is sufficient, here, to keep in
mind the average experimental valuea ~ A/8 (up to shell effects).

2.4.3 Theneutron clock

The dissipative collisions we are interested in here, lead, as we shall see in
detail later, to more or less thermalized objects, notwithstanding simultaneous
mechanical excitations. The simplest way for cooling down a ‘hot’ nucleus is
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particle emission. It is thus of importance to analyse this phenomenon and to see
on which timescale it takes place. This question was tackled long ago in the early
days of the introduction of statistical concepts in nuclear physics by Bohr [66]
and Weisskopf [486]. We shall not recount here these early analyses but rather
briefly show, which is equivalent, how to characterize nucleon emission in the
statistical model. For simplicity we restrict our discussion to neutron emission,
which is obvioudly favoured compared to proton emission because of the absence
of a Coulomb barrier.

We start from the probability for neutron emission as it may be written from
equation (2.81):

ps(E* — S, — €) 8mp?

P,(e)de = B R (€) de. (2.95)

For simplicity we again make the smplest approximation, namely to assume E *
to be large compared to both the neutron separation energy S ,, and e, which may
again make sense in a big hot nucleus. Following equation (2.92), the ratio of the
final and initial density of states then reducesto

ps(E" = Sn—€) _ E* 2(Va(B" S —0)—VaE®) 4~ S /Ty —¢/T
pz(E*) E* —Sn—e
(2.96)

which provides the usual maxwellian form of the neutron emission spectra
and which now allows a simple integration over ¢, yielding a factor quadratic
in temperature. Considering that the neutron capture cross-section o may be
approximated by the geometrical cross-section (¢ = wR?2), one finally obtains
for the neutron emission lifetime:

N 1 1 1 Sn/T
T & TR
In this expression R is the nucleus radius. For R ~ 5 fmand S,, = 8 MeV
one approximately obtains 7,, ~ (1.7/T?) exp (8/T)1072! s (with temperature
in MeV), which provides a reasonable approximation to more sophisticated
estimates [449].

All calculations of neutron lifetimes 7, point to the strong dependence
of 7, on temperature. Neutrons thus congtitute a therma clock (or a ‘time
thermometer’). This property has, for example, been used to evaluate fission
time (section 7.2.3.2). BetweenT' = 1 MeV and T" = 5 MeV the value of 7,
decreases by four orders of magnitude. Upto T' ~ 2 MeV 7, islarge compared
to any characteristic time of the system, even fission time (section 7.2.3.2). When
the temperature reaches 2-3 MeV, T, becomes comparable to fission time but
still remains large compared to other nucleonic timescales (see aso figure 3.1).
Difficulties occur for temperatures of the order 5 MeV for which 7,, becomes
comparable to the thermalization time and elementary process times, which
makes the notion of a hot nucleus itself questionable. One should, nevertheless,

(2.97)

Tn
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be cautious here, because 7,, only represents an average value and because the
present picture somewhat overlooks the underlying dynamical effects.

2.4.4 Limitations of the statistical model

The statistical model is widely used in data analysis. Starting from the fina
de-excitation residues, it allows us, in principle, access to the characteristics
of the initial excited nucleus. In spite of its successes the statistical model
suffers from some defects. A first problem lies in the evolution of the various
components entering the model (barrier heights and level density, mainly) as a
function of temperature (or excitation energy). Fission barrier heights, and thus
corresponding fission probabilities, do depend on temperature. Barrier heights
should decrease with temperature, which would significantly increase expected
fission rates. Fission barriersare, for example, known to disappear at temperatures
of the order T ~ 4 MeV. And it is likely that such a barrier collapse aso
occurs for other emission channels. This is a priori an important effect which
should be accounted for. Thelevel density parameter al so dependson temperature
because of the disappearance of correlations, an effect which becomes particularly
sensitive beyond about 7' ~ 4 MeV (section 7.2.1). Asthe level density becomes
exponential (equation (2.92)) one may expect an important effect on the density
of states.

These problems remain, to a large extent, technical in nature. But the
statistical model aso raises fundamental conceptual problems. The original idea
underlying this approach is Bohr’s picture of the compound nucleus, namely a
nucleus hit, for example, by a neutron which gradually transfers its energy to
the nucleus in the course of a series of interactions with the nucleons inside the
nucleus. The statistical description precisely stems from this ‘random’ sequence
of interactions. In this case the statistical model applies perfectly. In hot nuclei
formed in heavy-ion collisionsthe situation may be quite different. Theformation
of hot/excited nuclei in these nuclear collisionsis usually accompanied by strong
dynamical effects, which may affect, and even dominate the de-excitation process.
Itis, for instance, the case when compression occursin acentral violent nucleus—
nucleus collision. Such effects cannot be taken into account in a statistical picture
of aquasi-stationary state as a starting point for a statistical de-excitation. Violent
collisions are, nevertheless, not the only way to form hot nuclei. Collisions
with light ions, for example, presumably allow large energy deposit, with smaller
mechanical effectsthan in heavy-ion collisions. But even thiswould not solve the
‘intrinsic’ problems of timescales. The neutron emission lifetime, for example,
becomes vanishingly small with increasing temperature (section 2.4.3). In
particular, it becomes small compared to the time needed to achieve a whole
fission process or to achieve a thermalization of the available energy in the
nucleus. This competition between evaporation and fission can be accounted
for by explicitly including the fission time in statistical models: this approach
is discussed in chapter 7. The lack of thermalization of the initial nucleusis a
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major problem since it concerns a fundamental hypothesis of the model. In such
cases, the statistical approach is simply irrelevant and dynamical approaches have
to be developed. In fact, the weights P, as previously defined, correspond to
stationary regimes. These stationary regimes do not settle instantaneoudly. If the
neutron emission time 7,, becomes small compared to the time needed to establish
a stationary regime for the nuclear system, the statistical description loses its
meaning. Thisisprecisely what occursin hot nuclel when thetemperature reaches
about 3-4 MeV and this indeed fixes the limits of applicability of the statistical
model.

2.5 Conclusion of the chapter

In this chapter we have recalled some basic properties of ground-state nuclei,
basing most of our discussions on the idea that nucleons are, to a large extent,
independent from one another in such nuclei. This idea of the independence
of nucleons is the basis of many approaches. In particular, it provides a basic
justification for mean-field theories, athough these are constructed from an
originaly singular elementary interaction. The Pauli principle plays a crucial
role here in removing undesirable short range effects. We have thus discussed at
length the impact of the Pauli principle.

The physics of excited nuclei as formed in heavy-ion collisions in the
nucleonic regime has to rely on the concepts of statistical physics. Overlooking
the dynamical aspects, whichwill be addressed in chapter 3, we havefocused here
on a brief overview of the basic tools of statistical physics at equilibrium. This
also allowed us to address in some detail the physics of the equation of state of
infinite nuclear matter, both at zero and finite temperature. We have discussed, in
particular, the low-density region of the phase diagram where a liquid-gas phase
transition is conceivable and where a mechanically unstable region is expected.
Finally we have given a critical discussion of the statistical model of nuclear
decay, which providesabasic tool for investigating the de-excitation of hot nuclei
as formed in the course of heavy-ion collisions.



Chapter 3

M acr oscopic and microscopic descriptions
of heavy-ion collisions

The general approach to non-equilibrium statistical physics consists in reducing
the original many-body problem to a (restricted) set of relevant variables. This
procedure is all the easier and all the more justified if the timescales can be
decoupled. The relevant variables are then associated with slow dynamics while
(too!) rapid degrees of freedom are treated in an approximate way, buried in a
stochastic force, as in the generic example of Brownian motion. The decoupling
of timescales, which allows this elegant reduction of a complex dynamics into
a, if not simple, at least ordered picture, is only marginally true in the case of
the nuclear collisions we aim to describe. Still, this general decoupling scheme
constitutes one of the firmest bases of our understanding of nuclear dynamicsin
the nucleonic regime, viathe key role played by one-body degrees of freedom, as
already widely illustrated in chapter 2 for nuclei close to equilibrium.

In the nuclear case one-body descriptions indeed represent both well-
founded and efficient reductions of the many-body problem. The dominance of
mean field or extended mean-field effectsis now well established in the nucleonic
regime of nuclear dynamics. We shall thus spend some space on deriving the basic
kinetic equations in use in this field of physics, starting from standard methods
for reducing the many-body problem via hierarchies of density matrices. The
resulting extended mean-field theories are, neverthel ess, often attacked via phase
space, the energy scal esinvol ved washing out detailed quantal effects. Thisfinally
provides the widely used BUU-like approaches, which have constituted one of
the basic working tools for analysing experimental datain the field since the mid
1980s.

Still, BUU is by no means the end of the story, as the situations encountered
in heavy-ion callisions in the nucleonic regime cannot be fully addressed at such
agross level of reduction of the dynamics. This opens up the way to two kinds
of approach. The first class of methods again emphasizes the key role of one-
body degrees of freedom: BUU is here complemented by a stochastic component

59



60 Macroscopic and microscopic descriptions of heavy-ion collisions

in the spirit of Brownian motion. This leads to involved stochastic differential
equations in phase space, which have not yet been extensively applied to realistic
collision cases. |In the second class of approaches the problem is attacked by
molecular dynamics methods, inherited from molecular physics. Such techniques
alow a proper and cheap handling of many-body effects, at any order, but at the
price of an almost complete loss of quantal effects which raises basic problemsin
the nuclear context. Re-establishing the Pauli principle turns out to constitute a
difficult issue which, to a large extent, again points to the key role played by the
mean field in the descriptions of heavy-ion collisions in the nucleonic domain.

3.1 Collison dynamics: collective effects

3.1.1 Microscopic and macroscopic scales
3.1.11 Somebasic scales

It isuseful to remember here some orders of magnitude of distances, energies and
timescales, which will frequently enter our forthcoming discussions of collision
processes. In the energy range we consider (E1a, /4 < 200-300 MeV/A), the
relevant energies are the nuclear binding energy Eg/A ~ 8 MeV, the Fermi
energy er ~ 40 MeV and the pion production threshold £, ~ 290 MeV (the
real pion produced in a nucleon—nucleon interaction), although the latter does
not correspond to a dominant channel. The typical distance between nucleons
inside a nucleus is about 2 fm, while the range of the elementary nucleon—
nucleon interaction is again of order 1 fm. Two ‘dynamical’ length scales also
play an important role: the mean free path A\, which provides a measure of
the independence of nucleons with respect to each other; and the de Broglie
wavelength Ag, which alows us to quantify the more or less quantal nature of
the system (figure 2.3). The large values of A\ and Ag at low energy suggest
the relevance of quantal mean-field approaches. At high energies, in contrast,
the small values of A and Ap alow classical descriptions based on elementary
nucleon—nucleon processes rather than on the meanfield. Theintermediate energy
range we consider, in turn, calls for hybrid descriptions (mean field + elementary
processes), possibly in a semi-classical approximation (section 3.2).

3.1.1.2 The entrance channel

Energies and distances alow us to evaluate dynamical times, which are typical
of the dynamics of the colliding nuclei, in particular, in the entrance channel. In
a ground-state nucleus the Fermi energy defines a typical time for a nucleon to
cross the nucleus as 1, &~ 2R/vrp ~ 3040 fm/c. During a heavy-ion collision,
the most trivial timescale is the overlap duration. But it is a difficult quantity
to evaluate, as it cannot be reduced to a mere geometrical effect. One has to
take into account the interactions between nucleons of the target and projectile,
which slows down the penetration of the latter into the former. Altogether,
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one may estimate this overlap time (which of course strongly depends on beam
energy) to some tens of fm/c. Interactions between nucleons during overlap
furthermore heat up the system. It turns out that one can very roughly identify
the thermalization time with the overlap time. Finaly, the coallision, beyond
thermal effects, also leads to sizeable mechanical effects, in particular, in terms of
compression/dilatation. The characteristic timescale here is given by the period
of the corresponding giant modes (in particular the monopole mode), which leads
to atypical value of order Tmonop ~ 70 fm/c.

A comparison of the previoustimescal es shows that, in the entrance channel,
the most relevant timescales are of comparable orders of magnitude, as can also
be seen from figure 3.1. This means that during this early phase of the collision
no timescale is dominant, which implies that no observable a priori provides a
‘compact’ account of the whole process. As a consequence, a description of the
entrance channel of such collisions has to be based on microscopic descriptions
of the dynamics, in order to account for ‘any’ timescale.

It should be noted here that the impossibility of identifying a few relevant
variables a priori does not mean that such variables do not exist. In this respect,
it would not be contradictory to build (or extract) from a microscopic description
a set of more ‘global’ relevant variables, characterizing the dynamics in a more
compact way. It is actualy exactly the way experimentalists try to address this
guestion. From the huge amount of data furnished by modern 47 detectors
(chapter 4), a proper access to a few global variables is obviously a way to try
to account, in asimple fashion, for a complex situation.

3.1.1.3 Collective dynamics

This lack of a hierarchy of relevant timescales/observables is, nevertheless, not
necessarily the rule. For example, at low beam energy, close to the Coulomb
barrier, it is well known that the dynamics can, to some extent, be understood
by a few global quantities characterizing the geometry of the collision, and
complemented by the appropriate more microscopic components [487]. The
situation is similar in fission [1, 195], but this time, to a large extent, it is
independent of the entrance channel. Fission is a slow motion, taking place on
a very long timescale compared to any of the previously discussed timescales
(Tssion ~ 10721=10720 s, section 7.2.3.2). In such a case, the whole dynamical
process can be reached by means of a few characteristic global variables, such
as the elongation of the system. Such a variable ‘¢’ evolves at a slow pace and
corresponds to a heavy inertia (the nucleus mass more or less). The equation of
motion of ¢ has, nevertheless, to account for other timescales, such as the ones
characterizing the (‘lighter’) degrees of freedom, which, in turn, show up at a
rapid timescale (section 3.1.2).

More generaly speaking, when a system exhibits such a hierarchy of
timescales (or masses), it becomes possible to a priori identify a few ‘relevant’
variables on which the dynamics will be built up, even if the effect of other
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Figure 3.1. Estimation of various characteristic times (in fm/c) in nuclear reactions
in the Fermi energy range as a function of the nuclear temperature 7' (in MeV). The
dotted line corresponds to the neutron evaporation time 7, (equation (2.97)). Other
timescales are indicated on this figure: the line ‘nuclear explosion’ is associated with
the characteristic timescale for the expansion and break-up of a very excited nucleus
(see section 8.4.1.1), while timescales for giant resonances are typically between 50 and
100 fm/c (see section 7.2.2) and the timescale for fission lies in the 1000 fm/c range (see
section 7.2.3). Above T' ~ 5 MeV, neutron emission time, as well as the decay of giant
resonances, becomes comparable to the time needed for a hot nucleus to form (called here
‘Excitation’, around 6070 fm/c) and becomes comparable with the timescale for direct
(pre-equilibrium) particle emission (see chapter 6). This raises conceptual difficulties, and
suggests that dynamical effects are likely to play akey role here.

variables has to be accounted for. As these relevant variables have a global
nature, one speaks, in such cases, of macroscopic approaches. We shall briefly
discuss them in section 3.1.2, bearing in mind, in particul ar, the interesting recent
application to nuclear fission in hot nuclei (see also section 7.2.3).
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3.1.2 Macroscopic approaches
3.1.21 Ageneric case: Brownian motion

In Brownian motion, a heavy (hence slow) particle M of mass m and velocity
v (the Brownian particle) is supposed to move inside a gas of light (hence
rapid) particles, characterized by its temperature T'. Interactions between the gas
particles and the Brownian particle slow down the latter. One may characterize
this slowing down by afriction v and hence write down an equation of motion for
M of theform:

mi—: = —yv. (3.1
But this ssimple picture does not fit experimental facts. In order to describe
the ‘erratic’ aspect of Brownian trajectories [203], Langevin's [278] idea is to
complement equation (3.1) by a stochastic term, which simulates some details of
the collisions between M and the gas, beyond the average description provided
by the friction . Equation (3.1) thus becomes

md—v = —yv + F(t) (3.2
de
wherethe complementary term F' is a Gaussian stochastic force (Langevinforce),
characterized by its average value and its correlation function, respectively,

(F(t)) =0 and (F()F(t")) =a?5(t -t (3.3

where a represents the intensity of . The meaning of the average values (-)
deserves some comment. When passing from a deterministic (equation (3.1)) toa
stochastic description (equation (3.2)) one replacesthe velocity v of the Brownian
particle by an ensemble of possible velocitiesv — {v,A = 1,...}. Each
element of this ensemble evolves according to its own ‘history’, as a result of
the values taken by the force F'. The brackets (-) in equation (3.3) represent
an average over this ensemble of samplings of F', hence on the ensemble of
the velocities, at a given instant. Note also that the correlation function (3.3)
is Markovian: two successive values of F' are independent of each other.

With only assumptions equation (3.3), and the fact that the gas is supposed
to be at equilibrium at temperature T', one can show that « is not afree parameter
of the problem, but reads o> = 2+T'. This result, known as Einstein’s relation,
expresses the fluctuation dissipation theorem [122]. It establishes an important
relation between the intensity of the dissipation (y) and the intensity of the
fluctuations («): the more dissipative a processinvolving avariableq is, thelarger
the fluctuations of ¢ are around its average val ue.

3.1.2.2 Langevin equations

In a Langevin approach non-relevant degrees of freedom are assumed to produce
an average dissipative behaviour (frictiony in equation (3.1)). Onethen considers
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that the neglected part of the interactions between the Brownian particle and
the molecules of the bath varies sufficiently fast that it can be represented by
a noise, characterized by average dissipative features. Such a description is
clearly applicable to many various physical problems [203, 475], much beyond
the original Brownian motion. As soon asit is possible to identify well separated
time (or mass) scales one may hope to extract an average ‘slow’ motion and
simulate the neglected part of the dynamics by a Langevin term. Indeed, this
type of description has been used in many fields of physics and chemistry, and
this constitutes one of the major interests of the Langevin picture.

Equation (3.2) represents a simple prototype of Langevin equations, as
the deterministic (dissipative) part of the equation is linear in velocity. More
generaly, one calls ‘linear Langevin equations’ stochastic differential equations
of the form (written in one dimension for the sake of simplicity)

A@%:—W+F@ (34)
where M, is the mass associated with the ¢ degree of freedom and ~y the friction,
assumed constant, and acting on ¢ motion. The nature of the variable ¢ is not
specified here. It isarelevant variable, chosen for representing the dynamics of a
complex processinwhichthe‘slow’ motion of ¢ can be separated fromthe ‘ rapid’
motion associated with the other degrees of freedom. The ‘relevant’ variable ¢
thus interacts with a ‘bath’ (usually assumed of thermal nature) of non-relevant
degrees of freedom. The effect of this ‘bath’ is twofold : a‘slow’ average effect
represented by v, and arapidly varying effect represented by the fluctuating force
F(t). A key ingredient of the description thus turns out to be the random force F,
which is characterized by its first two moments

(Ft)) =0 and (F(t)F(t")) = a*§(t —t') (35)

where the brackets (-) label an average over the ensemble of realizations of the
stochastic process. One can then obtain Einstein’s relation linking « to friction
~ and bath temperature T'. Equation (3.5) reflects the Markovian nature of the
stochastic force. One usually calls such a force a white noise. It is a reasonable
assumption as long as little is known about the coupling between ¢ and the bath,
and it is furthermore compatible with the instantaneous effect of the friction term
(—vq) (fluctuation—dissipation theorem). It should, nevertheless, be noted that
equation (3.5) only specifies the first two moments of F', which is not enough to
fully characterize F'. Generally, one chooses a Gaussian form for F', which isthen
fully defined by its first two moments. This then provides a compl ete description
of the Langevin equation.

Among all the hypotheses leading to a Langevin equation, it is the Markov
approximation which is probably the most questionable one. It forces the
stochastic term to act instantaneously, compared to the average slowing down
due to friction—in many situations this hypothesisistoo restrictive. One can then
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consider generalizations of linear Langevin equation (3.4), as

t
Mq% - / Yt — #)g(t) dt' + F(2) 36)
0
where a non-constant, generalized friction y(¢ — ¢') isintroduced. The stochastic
force then follows the two relations

(F(1)) =0 and (F()F(t')) = ot — ) 3.7

characteristic of a so-called ‘ coloured noise’ (compared to the Markovian white
noise, equation (3.5)). Einstein’s relation is generalized according to

ot —t') =2yt —t"T (3.8)

which again expresses the fluctuation—dissipation theorem. One usually speaks
here of memory effects, to reflect the fact that the stochastic force keeps some sort
of memory of the preceding dynamics.

Even more general forms of Langevin equations can be thought of. It is, for
example, possibleto consider so-called ‘non-linear’ Langevin equationsin which
the noise term itself contains the stochastic variable ‘¢’. In an ensemble average
of such an equation the stochastic term does not trivially vanish, as before. In
this respect, one starts far away from the original (elementary) line of reasoning
leading to a basic linear Langevin equation. The separation between average
behaviour and fluctuations is no longer trivial. Correlatively, the interpretation
to be given to such an equation requires some caution. For example one faces the
well-known problem of the appearance of spurious white noise, an effect which
reflects the fact that on atime interval At between ¢ and ¢t + At¢, one does not
exactly know how (when) to define the intensity of the random force, as it itself
depends on the stochastic variable .

3.1.2.3 Langevin or Fokker—Planck descriptions?

An alternative description is provided by the Fokker—Planck equation [203, 399,
475]. We again consider the Langevin equation (3.4) with Gaussian white
noise, and we introduce the distribution W (g, t) of the redizations {q(t)} of the
stochastic process. One can then show that W(q, t) follows the Fokker—Planck
partial differential equation

ow vy 0 0*wW

in which the friction -, temperature T" of the ‘thermal bath’ and mass M ,, of the
q variable enter. The Fokker—Planck equation (3.9) is a diffusion equation in the
space of variations of the relevant variable g. The product D = ~T in front
of the second-order term (92 /0¢?) is called the diffusion coefficient, while the
coefficient of the first-order term (0/9q) is known as the drift term (herey/M ,).
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The Fokker—Planck eguation, which describes the tempora evolution of
W(q,t), is deterministic, as it neither contains any stochastic term nor is it
applicable to a stochastic variable. Still, 17 is an object of probabilistic nature,
representing the distribution of realizations of the stochastic variable q. The
Fokker—Planck equation thus allows us to evaluate average values as

(Aypp = / A, )W (g,1) dg (3.10)

while in the Langevin approach, the same average value would be evaluated as

Nev
> Algirt) (3.12)

i=1

1
Nevy

(A, =

where N, isthe number of samplings ¢; of the stochastic process (in other words
q; = q;(w) is the ith realization of the stochastic variable w characterizing the
stochastic force F).

For Gaussian white noise, the Langevin and Fokker—Planck equations are
equivalent. If the noise is coloured, when there are memory effects, one
can extend the Fokker—Planck equation by replacing the right-hand side of
equation (3.9) by a time integral as in the Langevin case (equation (3.6)). If
the noise is non-Gaussian, one can also generalize the Fokker—Planck equationin
order to explicitly account for higher moments of the stochastic force. Thisyields
an equation with high-order partial derivatives.

Although the Fokker—Planck equationis deterministic apractical difficulty is
linked to the fact that it is a partial differential equation, which may become very
complex as soon as one does not consider the simplest Gaussian Markov case
and as soon as severa variables are to be taken into account. These limitations
are significantly less important in the Langevin case. Furthermore, the Langevin
picture is more transparent, and it offers an event-by-event description of the
process, which may possibly alow us to identify ‘singular’ events. Still, the
Langevin description may also raise technical difficulties, as outlined earlier,
particularly in the non-linear case. It is aso often limited by the huge statistical
ensembles to be computed. In the following we shall use the Langevin picture
to describe the stochastic extensions of kinetic equations in the nuclear context
(section 3.2.5) and a Fokker—Planck approach to describe fission of hot nuclei
(section 7.2.3).

3.1.3 Onreduced theories

The idea of reducing a complex dynamical process to a (small) set of relevant
variables [27-29, 133, 505] is frequently used in nuclear physics, for example, at
the level of one-body reductions, but also in more ‘reduced’ cases (involving, for
example, collective variables). The ensuing basic problem of loss of information
by reduction of the dynamicsis, nevertheless, not specific to nuclear physics. It
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is, in fact, a central question of statistical physics to seek the relevant variables
which will allow a reduction of the complete description to the one provided by
the sole ‘relevant’ variables. The term ‘relevant’ deserves some comments here.
In general, the number of variables characterizing a system is huge, and it is
thus often impossible to describe this system in terms of these basic variables
from a theoretical as well as from an experimental viewpoint. Even worse, a
‘complete’ description might even hide the dominant features of the dynamics
inside a useless amount of detail. To reduce the description thus appears to be
both aformal and practical necessity. However, to reduce means to select, and to
select the variables which one estimates to be the ones most suited to describe the
process under consideration. The choice of these variables does not follow any
absolute rule. Conserved quantities, such as mass, energy, etc, are usually part of
the chosen relevant variables but the choice of complementary variablesisusually
wideopen. Itisdirectly dictated by the physical situation under consideration, and
by the degree of coarseness aimed at in the description.

In the nuclear applications we consider here, we shall mainly have to
deal with two levels of reduction of the nuclear many-body problem: one-
body reduction and collective variables. Severa theoretical arguments do
support reductions of the nuclear many-body problem to one-body approaches,
as discussed at length in many places (sections 2.2.3 and 3.2, in particular). The
simplicity and transparence of such approaches presumably also constitutes an
important argument. We shall seelater that the one-body reductionsalso providea
basis for extending of simple mean-field theories (section 3.2.1.1). More reduced
descriptions can also be constructed. In the case of collision dynamics, the
hydrodynamical models provide a typical example of a description intermediate
between microscopic and macroscopic levels. The relevant degrees of freedom
are taken here as being purely local quantities, such as the local density and
local current (section 3.1.4). At an even more macroscopic (hence reduced)
level of description, the liquid drop model (section 2.1.2), in which the nucleus
state is specified only by its mass, charge, energy, provides another example of
a successful reduced description, at least at a static level. In spite of the gross
character of such a description some properties, for example, of rotating nuclei,
can, nevertheless, be attained. Fission, in the same spirit, can be attacked by a
proper choice of one or two ‘ collective' (relevant) variables, such as an elongation
parameter or multipole moments. Together with a phenomenological potential
barrier and an adequate friction parameter, the dynamics of fission can then be
discussed in some detail [1, 195] (see section 7.2.3.1).

Reduced descriptions can hence provide excellent ansatze of a dynamics
with a large number of degrees of freedom. Still, the consequences of such a
reduction may, in some cases, turn out to be ‘dramatic’. Fluctuationsdo providea
measure of this possible degradation of the description (see also section 2.3.2.3).
To reduce the dynamics, or to project it onto a small number of degrees of
freedom, in fact means to write down a set of closed equations for these relevant
variables, without reference to the other degrees of freedom. The reduction of the
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BBGKY hierarchy (section 3.2.2) to akinetic equation providesatypical example
of such asituation for the one-body density matrix p. Indeed, the kinetic equation
contains only p, and no other reduced density matrix. As a consequence, the
reduced description is not only incomplete but also approximate, in the sense that
it contains only part of the whole dynamics, through its restriction to the relevant
variables. How to cure the possible defects of these approximations is indeed
a central question in nuclear dynamics and it will be discussed later on some
examples (sections 3.2.5, 3.2.6 and 3.3).

3.1.4 Hydrodynamical modelsat very high beam energy

Nuclear fluid dynamics (NFD) models, athough basically dedicated to a beam
energy range beyond the scope of the present discussions, have, nevertheless,
played such an influential role in the description of heavy-ion collisions that
they deserve a specia mention. By nature, they furthermore lie in between the
macroscopic modelswe have just discussed and the truly microscopic approaches
which will constitute the core of the forthcoming discussions. As such they thus
reguire a specific account, although the one given here is highly incomplete. As
we do not aim at a detailed review of the topic we shall refer the reader to a few
genera references such as [361, 444], where more extensive discussions of the
topic, in particular, in relation to the key question of access to the properties of
the nuclear matter equation of state can be found.

Examining the required criteria for the validity of NFD actualy fixes
immediately the energy regime for which it is valid. In an NFD picture
the description of the dynamics is reduced to a few local quantities such
as, in particular, (and primarily) the local density and current. For such an
approximation to be valid local equilibriumis required, which is only marginally
true in realistic cases of nuclear callisions. Still, in the case of sufficiently large
numbersof partipant nucleonsand at sufficiently large energies, the nucleon mean
free path is sufficiently small (figure 2.3) to alow for such an assumption of
(‘instantaneous’) local equilibrium to be valid. The hydrodynamical approach is
then essentially applicable. But we have to keep in mind the restrictions attached
to the model, in terms of energy, mass (heavy nuclel) and kinematics (central
collisions to provide large overlap).

The derivation of NFD equations may be achieved from various viewpoints,
either directly from the quantal world, following the pioneering path of Madelung,
[300] or from standard classical (or semi-classical) kinetic theory [249]. Whatever
way (and overlooking interpretational differences in terms of content) the basic
equations of NFD can be written as (in the non-relativistic limit and with an
implicit summation over repeated indices)

0o 0
E + 8:61

(evi) = 0 (312)
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where g, ov; and € = o(mv?/2 + W) are, respectively, the local densities
of baryon number, momentum and energy. The local velocity components
are denoted by v; and ¢; = —x0T/0x; are the components of the vector of
heat current according to Fourier's law (k here is the coefficient of thermal
conductivity). The Coulomb (and possibly finite-range Yukawa) potentials are
gathered in the field ¥. Finaly, the components of the pressure tensor are
expressed as

(3.14)
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where n and ¢ are, respectively, the coefficients of bulk and shear viscosity and
p isthelocal pressure. Note that when neglecting heat conduction (x = 0) one
recovers the well-known Navier—Stokes equations, which for a non-viscous fluid
(n = & = 0) reducesto the Euler equations.

The first NFD calculations were performed at the end of the 1970s, at the
simplest level of Euler equations[343,443]. They alowed the exploration of some
aspects of nuclear collisionsat energiesof afew hundredsof MeV/A beam energy.
They provided several resultsin relation, in particular, to the important question
of sidewardsflow (section 6.2). In the following devel opments, both viscosity and
thermal conductivity were added into the picture. Still, even at that higher level
of sophistication, NFD modelsrely on the assumption of local equilibrium, which
is hardly justified, particularly during the first phases of the collisions (basically
during the highly anisotropic and dissipative overlap phase). This led to the so-
called three-fluid pictures [136] in which the system was split into three NFD
pieces corresponding, respectively, to target, projectile and overlap zones (see
also the participant—spectator models, section 5.2), thus introducing a necessary
amount of anisotropy into the picture. Conversely, NFD pictures cannot be used
up to asymptotic times. During the late stages of the collisions the expanding
system reaches a density below which it starts to break up into free particles. The
treatment and the implementation of the freeze-out stage (see section 8.3.2) also
turns out to be an important issue in this context.

The major defect of NFD approaches, in particular, in the direction of low
beam energies, lies in the underlying assumption of instantaneous equilibrium,
associated with an assumed short mean free path. For this fundamental reason,
NFD models are not well suited to the energy domain we aim to discuss here.
Still, one should not overlook their importance, both in terms of applications at
higher energies and in terms of their influence on the theoretical developments
at lower beam energies. It should finaly be noted that NFD models have also
close relations with very simplified models based on thermodynamical concepts.
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Fireball [216, 489] and firestreak [149, 335] models or the row-on-rows [251]
models are typical of these approaches. Indeed, in these models, basically, the
NFD assumption of local equilibriumisfurther simplified to aglobal equilibrium.

3.2 Microscopic one-body descriptions of collision dynamics

As discussed in section 3.1, heavy-ion collisions in the nucleonic regime require
fully microscopic descriptions as no simple global variable can account for
the whole dynamics, at least in the entrance channel. We are thus bound
to explore microscopic approaches to describe such collisional processes, at
an even more microscopic level than the NFD models used at high beam
energies (section 3.1.4). The kinetic equations developed for describing heavy-
ion collisions in the nucleonic regime borrow some concepts and techniquesfrom
the two extreme beam energy regimes (Coulomb barrier, E,, ~ 10 MeV/u and
highenergies, E1a1, 2 500 MeV/u) between which they take place. Hencewefirst
briefly recall the dynamical conditions associated with these two energy regimes.

At low energy the mean free path A of nucleonsinside a nucleusis ‘large’,
compared to the size of the system itself, which justifies approaches of the mean-
field type (section 2.1.3.1). The de Broglie wavelength A g of the nucleonsis aso
large and the description of the system hence resorts to quantum mechanics. The
theory which is adapted to this energy range is the time-dependent Hartree—Fock
(TDHF) approach [72,341]. On the other hand, at high energy, the mean free
path and the de Broglie wavelength both become small as compared to the size of
the system, even compared to the distance between the nucleons themselves. The
dynamicsis then dominated by elementary collision processes between nucleons
rather than by the mean field and one can use a classical description of the
motion of the nucleons. We have seen that at very high beam energies (in the
relativistic domain) hydrodynamical models constitute a relevant and efficient
approach (section 3.1.4). But the most microscopic model whichisfinally adapted
to this high-energy range and to ‘lower’ energies (E 1., = 500 MeV/u) istheintra
nuclear cascade INC [137,422,501].

Between these two extreme regimes the dynamics is a mixture—mean
field and elementary processes act together and one progressively passes, when
increasing the beam energy, from a quantal to a partly classical, or rather semi-
classical, regime. The term ‘semi-classica’ reflects the fact that a minimal
quantal property has to be preserved: fermionic statistics (section 2.3.1.4). In
thisintermediate energy domain where mean-field effects coexist with elementary
processes and where the de Broglie wavel ength isindeed small but not negligible,
one hasto devise anew approach. The models devel oped so far for describing this
energy range are Boltzmann-likekinetic equations complemented by amean field,
and the statistics is explicitly taken into account in the collision term [344, 473].
L et us now see how these kinetic equations can be obtai ned—between mean-field
and collisional models.
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3.21 Two cornerstones: TDHF and INC
3.21.1 Nuclear dynamicsat low energy: TDHF

Inanatural extension of ground-state properties (sections 2.1 and 2.2) low-energy
nuclear dynamics is adequately described at the level of mean-field theories.
The time-dependent extension (TDHF, [159]) of the Hartree—Fock approach
(section 2.2.3) thus represents the basic dynamical description here. The TDHF
approximation is again based on a variational principle acting in the ansatz space
of Slater determinants. Once the A-body wavefunction has been supposed to be
of the form (2.39), the TDHF equation can thus be obtained from a variational
principle on the action I [426]

6T = 6/dt (U] <H - i%) |T) = 0. (3.16)

Note that, without the Slater form hypothesis (2.39), this variational principle
would provide exactly the time-dependent Schrodinger equation of the initial A-
body problem.

The variational principle (3.16) leads to a set of A-coupled, one-body,
Schrodinger equations for the single nucleon kets |¢;):

0] ,
i gp =h[{|¢:),i =1,..., A}]|o:) (3.17)
which can be recast into the compact form
.Op
i5; = [hlpl; ol (3.18)

where p is the one-body density matrix (2.41). In the expressions (3.17) and
(3.18) h is the mean-field Hamiltonian as defined in the static Hartree—Fock
approximation (2.44). It is afunctional of the one-body kets |¢ ;) via the density
matrix p. Itisinteresting to note that the TDHF approximation replacestheinitial
linear A-body Schrodinger equation by an ensemble of A-coupled, non-linear,
one-body equations.

It should be noted that the applications of the TDHF approximation were
highly simplified by the use of effective forces, which are themselves functionals
of thelocal density, such as Skyrme forces (section 2.2.1.3). In the latter case the
potential part of the mean-field Hamiltonian k reduces to a functional of o(r) =
p(r,r). Many results have thus been obtained in this framework, in the case
of low-energy heavy-ion reactions since the second half of the 1970s [72, 341].
However, studies of reactions at beam energies of the order of the Fermi energy
have shown that the mean field aone does not alow us to understand the fusion
phenomena between projectiles and targets which are observed experimentally
in central reactions. In such cases, TDHF calculations are unable to account
for the stopping of the projectile into the target: ‘TDHF nuclei inadequately
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cross each other in these central collisions. The missing aspect has long been
identified and lies in the absence of a dissipative mechanism in TDHF. The
question of extending TDHF to such a dissipative energy domain and thus to
complement the mean field by proper ‘two-body coallisions' effects constituted
a central and highly debated question in the early 1980s [209]. Forma and
numerical difficulties finally hindered a proper implementation of such ‘ extended
mean-field calculations' [209] apart from some rare test cases [266, 267]. As
we shall see later, semi-classical methods, in turn, took the lead in this energy
domain.

3.2.1.2 High-energy nuclear reactions. INC

In the intra nuclear cascade (INC) model [137,139,501] the ket |¥(1,..., A))
is replaced by an ensemble of stochastic samplings of A classical particles. And
the dynamics of the globa system is reduced to elementary collisions between
these particles via a collision cross-section ¢. It should be noted that INC was
originaly formulated in a relativistic framework, unavoidable at the high beam
energies, for which it was suited. For the sake of simplicity, and in order to have
amore direct link to the non-relativistic Boltzmann equation we are interested in,
we shall restrict ourselves here to an ‘academic’ non-relativistic formulation of
INC. We shall also, in the same spirit, omit inelastic channelsin nucleon—nucleon
collisions. The dynamics of the system then reduces to A coupled classical
equations for each sampling of the positions and momenta {r ;, p; }:

dri:&

—_— 3.19

dt m ( )
dp;  dp;

= 3.20

dt dt |coll ( )

where the index ‘coll’ refers to a collision algorithm between the particles. At
instant ¢, two particles ‘1’ and ‘2’ of velocities v, and vo will collide with
each other during the forthcoming time step At, if two criteria are fulfiled: a
kinematical condition and a dynamical one. The kinematical criterion requires
that the two particles pass through each other during At (‘1 travels |v,|At along
vy, and ‘2’ |va|At aong v2), namely go through the points corresponding to
their distance of closest approach d..;,. If this first condition is fulfiled, one
compares d,;, to a distance dax = /o /7 representing the ‘range’ of the
nuclear interaction, via the elementary nucleon—nucleon cross-section . If these
two conditions are fulfiled, then the two particles do collide during At following
t. And one samples the new momenta of the two particles ‘after’ the collision,
while preserving total momentum and kinetic energy.

The (relativistic) INC algorithm has been widely used, and with success, for
describing nuclear reactions at high beam energy [139]. From aformal point of
view the non-relativistic model turns out to provide simulations of the Boltzmann
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equation for the classical phase space distribution f(r, p, t):

of(r,p,t) ' p O _
at + m arf(T7p) — 4dcoll (3'21)

with
Leonlf] = /d3p2 d®ps A®py Wine (12, 34)

X [f(’l",pg,t)f('f',p4,t) - f(T,p2,t)f(’l“,p,t)] (322)

where Wine (12, 34) isthe collision rate

do p? p? p3® ps
——0 o —P3 —Pa)d | — + 7 — = — — .
m? dQ (P +p2=ps =P <2m * 2m  2m  2m

Wine(12,34) =
Note that the Boltzmann equation (3.21) is indeed the standard equation used for
classical dilute gases [249]: thereis no mean field and Pauli blocking is not taken
into account in the collision term. In practice, however, some INC simulations
include a pseudo Pauli blocking, by forbiding collisions between particles with
too small relative momentum (typically two-thirds of the Fermi momentum).

By construction, the two-body collisions included in a cascade model
provide a dissipative mechanism which was missing in mean-field approaches.
Still, in the nucleonic regime, even if INC provides a reasonable stopping of
the projectile into the target it is not sufficient to account properly for typical
fusion (or incompl ete fusion) reactions as observed in the Fermi energy domain.
Indeed, thefusionresidueisbasically unstable as no attractiveinteraction between
nucleons allows the system to be bound in a satisfactory way. Hence one should
include the attractive (at low energy) mean field in INC in order to account for
such bound exit channels objects. It turns out that it was finally this option (and
not the one that consisted of extending TDHF to a dissipative energy domain,
section 3.2.1.1) which was favoured from the mid 1980s on, and which has led
to the overwhel ming successes of the so-called BUU model. The BUU is a semi-
classical kinetic equation and, rather than introducing it heuristically, we shall
spend sometime in section 3.2.2 justifying it and showing how it is related to the
vast domain of kinetic theory.

3.2.2 TheBBGKY hierarchy for kinetic equations

In this section we introduce an approach to kinetic equations in the framework of
the BBGKY hierarchy of reduced density matrices. First we present the quantal
formalism before passing, at the last step of the derivation, to the semi-classical
approximation.

3.2.2.1 BBGKY anditstruncation

The idea of the BBGKY (Born, Bogoliubov, Green, Kirkwood, Yvon) hierarchy
[25] consists of replacing the original Liouville-von Neumann A-body dynamical
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equation (2.54) by an ensemble (hierarchy) of A — 1, A — 2,...,2, one-body
coupled equations, to figure out schemes of successive approximations to the
original global A-body problem. In addition to the A-body density matrix D =
p1. 4 (section 2.3.1.1) we introduce, more generally, k-body density matrices
(k < A) defined as

Al 1
Pk = A—n) Triq1,..,AP1 A= 1% Tres1 Py ktt (3.24)
where Try4,... 4 denotes the trace on the degrees of freedom associated with
k+1,..., Abodies. In particular, the one-body density matrix may be written as
Al 1
pl = (A . 1)! Tr2,...,A plA = A _ 1 Tr2 p12- (325)

These definitions beg some comments.  First, the notation p,
(equation (3.24)), athough compact, is dangerous. It would probably be more
accurate to write p(*)(1...k), in order to identify the order % of the reduced
matrix and the variables 1. .. k properly. For the sake of compactness, we admit
that the number of indices fixes the order, so that we denote by p, = p(!)(2) the
density matrix of order 1 for particle‘2’. Inaddition, it is obviousthat the notation
‘4’ isacompact one for characterizing the quantum state of the particle—without
specifying the quantum numbers or the variables under consideration.

As aready discussed, one-body effects play a central role in nuclear physics
(section 2.1). But it is crucia to note here that the one-body density matrix
p (equation (2.41)) of the TDHF theory, i.e. the one built from the one-body
kets constituting the Slater determinant (2.39), in general differs from the density
matrix p, whichisbuiltasatraceon p, 4. While p (equation (2.41)) followsthe
TDHF equation (3.18), the density matrix p, (equation (3.25)) follows a different
evolution eguation (3.28), which is the reduction of the exact equation (2.54)
to the one-body level. In this respect, the dynamics of p, (without any
approximation) is reduced but exact, while the TDHF oneis approximate [27].

Once we have defined the reduced density matrices, it is easy to obtain
equations for their time evolution while applying partial traces Tr 1.4 to the
Liouville-von Neumann equation (2.54) followed by the A-body density matrix
P1._4- Onethen obtains a hierarchy of equations of the form

9 k k k
1% = Z [Kz + Z ‘/;'japl...k:| + ZTrk+1([‘/§k+1aP1...k+1])~ (3.26)

i=1 j<i i=1

The kth-order eguation for the reduced density matrix p, . is coupled to the
(k+1)st-order equationviap; .. Thiscoupling between two successive orders
results from the two-body nature of the interaction V;; and would become more
complex if three, four, ... -body interactions were taken into account in the total

Hamiltonian H (equation (2.40)). The whole hierarchy of coupled equationsis
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equivalent to the origina Liouville-von Neumann equation (2.54). Its interest,
however, lies in the possibility of truncation it offers, namely in the fact that one
may keep only part of the hierarchy, provided one makes an approximation of the
form

Pl ko1 = Prko+11P1> P12 PL ko] (3.27)

for a well chosen kq-order. Let us now see more explicitly how this truncation
mechanism works and what kind of (kinetic) equationsit allows us to obtain.

For illustration, we first consider the simplest truncation of the hierarchy,
which focuses on the first-order equation

921

ot
Inorder to ‘close’ this equation (and thus truncate the hierarchy) one has to make
a hypothesis about the form of the two-body density matrix p,, as a function
of the one-body density matrices p, and p,. The simplest hypothesis consists
in assuming that 1 and 2 are not correlated, namely that p,, = p,p, (the
Hartree approximation), or, if one takes into account the Pauli principle, that
P> = Ai2(p, p,) (theHartree—Fock approximation)®. For transparency, we shall
restrict ourselves to the Hartree approximation in the formal discussions, and we
shall eventually restorethe antisymmetrization, at the end of the cal culation, when
necessary. Truncating the hierarchy with the hypothesisp,, = p, p, immediately
leads to an equation for the one-body density matrix alone, which reads:

= [K1, p1] + Tr2([Vi2, p12))- (3.28)

0
9P

ot = [K1, pi] + Tr2[Viz, popy] = [Ki + Tr2(Viaps), p1] = [h1, py]-

(3.29)
Thisis the TDHF equation (equation (3.18)), up to antisymmetrization.

3.2.2.2 A quantum Boltzmann equation

How to go beyond the time-dependent mean field? In the framework of the
BBGKY hierarchy, it is natural to look for a truncation scheme at second-order,
namely an approximation of the form p,3 ~ pya3[P12, p3]. We shall then
solve the second equation of the hierarchy to obtain p,, asafunction of p, and
P, which will allow us to rewrite the first equation of the hierarchy in terms
of the one-body density matrix alone, thus providing what one usualy calls a
kinetic equation. We thus have to consider the first two equations of the BBGKY
hierarchy, equation (3.28) and

iapm
ot

Note that keeping a dynamical equation for the two-body density matrix p ,
(equation (3.30)) precisely alows us to treat in a consistent way, at least

= [Kl + K> + V12,p12] + TTB([VIB + V23,p123]). (3.30)

1 Inthe |r) representation one explicitly obtains:
(rir2|Arz(p1pa)[r175) = (r1lpy[ri)(r2lpa|ry) — (Pilpy[ro)(ra|pa|r)))-
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approximately, correlations via p,,. This possibility did not truly exist when
imposing an explicit form of p,, in the mean-field truncation scheme.

We first discuss the ‘simple’ case of a dilute system, while overlooking the
fermionic statistics, which will lead us to a quantal Boltzmann-like equation
[432]. Next we shall adapt the derivation to the case of a dense system of
fermions, such as the atomic nucleus [84]. In order to ‘derive’ the quantum
Boltzmann equation we make two hypotheses. (i) we admit that the system is
dilute (which amounts to taking p,,; ~ 0) and that the two-body potential V75
has a short range; and (ii) we make the hypothesis of molecular chaos, which
will allow us to break time correlations between particles. Before proceeding,
it is, nevertheless, necessary to note the lack of consistency in making the
approximation p,,; = 0. Rigorously speaking, such a hypothesis leads to
p1» = p; = 0 by successive traces (equation (3.24))—which is not welcome;
but the hypothesis p,,; ~ 0 is a standard assumption in order to obtain the
Boltzmann eguation phenomenologically. A ‘clean’ truncation of the hierarchy
should, in principle, allow us to preserve the relation (3.24) [413], asit is, for
example, the case of the scheme leading to TDHF. For the sake of simplicity we
shall, nevertheless, keep, as afirst step, the ‘brutal’ truncation p 55 = 0.

Let us consider a pair of particles 1, 2 which interact at instant ¢t. As
the system is dilute we can neglect the effect of the other particles ‘3’ on
this elementary process. However, the interaction itself does correspond to a
strong correlation between 1 and 2, which means that p,, # p;p,, a least
during a certain time interval. In fact, according to (i) this strong correlation
remains localized in time, because of the short range of Vi,. There is hence
an instant ¢y before ¢, at which the correlation between 1 and 2 is weak so that
p12(to) = py(to)po(to): thisis precisely the molecular chaos assumption (ii).
This means that the elementary collisions between particles are independent of
one another. Before a given collision, memory of the correlations (p 15, # p;P2),
due to preceding collisions, is thus cancelled, which introduces a distinction
between before and after the given collision: it is the origin of the irreversibility
of the Boltzmann equation. Note that although the decorrelation condition
P15 (to) = py(to)ps(to) bears some similarity with the TDHF truncation scheme
(section 3.2.1), its meaning is very different. In TDHF p,, = p,p, at each
instant and, as aconsequence, TDHF ismicroscopically reversible; here, itisonly
at instant ¢y that the factorization is possible and the resulting equation becomes
irreversible.

Once decorrelation has been assumed at to < ¢, one can simply treat the
interaction between 1 and 2 in terms of standard scattering theory using a T'
matrix approach [420]. This alows us to write p,,(t) in terms of p,(t) and
P2 () @ Py (t) = Qiap, (1) po (1), where 215 = Vi5' - Tio. Thusonefinally
obtains an equation for the one-body density matrix:

0
9P

a9 (K1, py] + Tra([Viz, Quapy po 12 1]) = (K1, py] + Leon (331)
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which is a non-developed form of a quantum Boltzmann equation. The first
commutator corresponds to the free propagation (with kinetic operator K only)
and the second one represents the collision term, which is quadratic in the
one-body density matrix. The reduction to the usual form of the Boltzmann
equation (3.21) would require some more calculations, which are not crucial for
our purpose and can thus be skipped. We would rather like to see to what extent
this derivation may be adapted to the nuclear case.

3.2.2.3 Thenuclear case

In the nuclear case we have to modify the original hypotheses (i) and (ii). The
hypothesis of a dilute system is hardly justified and the elementary interaction
V1, cannot really be considered to be short range, as the rel ative distance between
two nucleonsis, in fact, comparable to the range of the nuclear interaction. The
hypothesis (i) of the former derivation has henceto be revisited. Furthermore, the
Pauli principle has to be properly taken into account! Still, once these difficulties
have been identified, it turns out that the strategy of the former derivation may, to
alarge extent, be adapted, provided a‘good’ truncation schemeis used [84]. Too
‘simplistic’ truncation schemes lead to serious formal difficulties[413].

The key point here is to realize that the interaction between particles 1 and
2 can be treated in terms of Briickner theory (section 2.2.1.2). This amounts to
replacing T » by G, inthe elementary scattering processand to take care of Pauli
blocking in accessing exit channel states. In order to ‘recover’ the hypothesis of
short range of the elementary interaction, one furthermore splits the action of
G5 into two contributions: the long range part of the interaction shows up as a
mean field U, deduced by an average from the real part of G 1-; and the short
range part of the interaction (associated with the imaginary part of G 1) leadsto
the appearance of a Boltzmann-like collision term. One finally obtains a quantal
Boltzmann equation, adapted to the nuclear context, which reads [84]:

.0 '
1% — [Ky + Uy, py|=ILeon=271Tra{[G12.A12(p, ) G5 (1 — p,)(1 — p,)
— GHA((1 = p1)(1 = ps))Gr2pi po]6(Ers — HY)}. (3.32)

Comparing this with equation (3.31), one can notice the appearance of (i) amean
fieldU ~ Tro R(G12.A412p2) and (ii) acollision term modified by Pauli blocking
factors (1 — p). The mean-field part is computed here from the real (R) part
of the averaged (p-) effective interaction G 12, up to antisymmetrization (A415).
The imaginary part of G|, entersthe collision integral (see also section 2.1.3.2).
Note that the bare interaction is now replaced by an effectiveinteraction (entering
U) which accounts for medium effects (T2 — G12). As in the case of the
elementary Boltzmann equation, it would, nevertheless, be necessary to continue
the derivation, in order to obtain a more ‘usual’ form of this kinetic eguation.
We shall again skip that part of the derivation and focus on the semi-classical
counterpart of equation (3.32).
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3.2.3 Semi-classical kinetic equations
3231 Semi-classics

The intermediate energy domain we are considering in this book is admittedly a
dynamical regime in which semi-classical aproximations are likely to be useful
[91,92,97]. Fully classical pictures, such as the ones provided, for example,
by INC models, are obvioudy unsuitable as basic quantum effects such as
the Pauli principle are till fully active in the nucleonic regime. But the de
Broglie wavelength is already small enough so that a fully quantal picture is
not necessary (figure 2.3). Semi-classical approximations, in the sense that
they retain basic quantum properties such as the Pauli principle, have thus been
extensively used over the years in the nucleonic energy domain. They have
been particularly used for understanding dynamical features in terms of kinetic
equations, which represent the semi-classical counterparts of the equations just
derived (section 3.2.2).

The BBGKY hierachy was originally derived for classical systems. We
shall, nevertheless, not repeat the formal derivation of section 3.2.2. It is more
satisfying, in many respects, particularly in terms of a proper account of the Pauli
principle, to perform the semi-classical approximation onto the quantum kinetic
equation, once derived, rather than to try to deriveit from scratch, withininserting
ad hoc Pauli principle effects. Still, we recall afew definitions for completeness.

The classicad BBGKY hierarchy [234] is built starting from the A-body
phase space distribution f(r1,p1,...,74,P4) = f1..4. Thelatter isafunction
of the positions and momenta of the A particles, and the corresponding reduced
distributions are then simply defined as

!
fiw(ripr,.Te,Pr) = ﬁ /drk+1 dprt1 ... dradpa fi..a

(3.33)
where traces reduce here to simple integrals as particles are represented only by
their position and momentum. Integrating over all the particles, but one, leads, as
in the quantum case, to the one-body density distribution in phase space, better
known as the phase space distribution f; (r,p,t) = f(r,p,t). Theinterpretation
of f(r,p,t) is simple in the purely classical case: f(r,p,t)d3rd3p > 0
represents the number of particlesin a phase space volume d 3r d®p around point
(r,p). A proper reduction of the classical BBGKY at lowest order, making
the simplest assumption fi1, = fi f2 (with the same notational convention as in
section 3.2.2), again leads to amean-field equation, the so-called Vlasov equation
(see later), which, if derived that way, is a purely classical object, particularly
without reference to any quantum statistics.

3.2.3.2 The Vlasov and BUU equations

The Vlasov equation may be obtained as the (semi)-classical limit of
equation (3.29) or of equation (3.18) [289,398]. The ‘simplistic’ classical limitis
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obtained by replacing the one-body density matrix p; by a one-body phase space
distribution f; and commutators by Poisson brackets

[,]—={,}=+00p  —-p 00 (3.39)

where the location of the index explains in which direction (to the left or to the
right) the derivation acts. One thus obtains the VVlasov equation [482]:

Ofi(ry,p1,t) _Ohc.0f1 p1Ofi

={h = — = 3.35
ot {h, f1} Or, 0py  m Or, (3.35)
where the classical one-body Hamiltonian reads:
2
hi(r1,p1) = he(r1,p1) = % + /de dps Vi f1(r2, P2). (3.36)

Note that, although derived from the quantum world, nothing at the level of this
Vlasov equation (3.35) seems to distinguish a classical from a semi-classical
approximation. In fact this point is very subtle and deeply hidden in what the
one-body distribution is assumed to represent. When coming from the quatum
world, the one-body distribution usually represents the Wigner transform [398]
of the one-body density matrix and, as such, may take negative values, which
renders a truly classical picture invalid. This difficulty may be overcome by
using other representations of the one-body distribution such as the well-known
(smooth and positive) Husimi distribution [252, 289, 456]. We shall, neverthel ess,
not enter this interesting but complex discussion and only remember that the
simple semi-classical approximation (3.34), in fact, overlooks subtle, athough
understood, difficulties. For practical purposes we shall content ourselves with
the fact that, once ‘solved’ formal questions, the interest of the semi-classica
approximation over a direct classical approach lies in the fact that one can allow
the Pauli principle into the semi-classical world, as a remnant of the quantum
Pauli principle contained in the one-body density matrix. As an example, a
nucleus in its ground state will thus be described by a one-body density matrix
fes = B(er — he), the semi-classical counterpart of the ground-state one-body
distribution p,s = 6(er — h) (rather than by a purely classical ground-state
distribution o< §(7)d(p)). With thisword of caution at hand, let us now consider
the semi-classical kinetic equations used in the nucleonic regime.

In heavy-ion physics, only the semi-classical version of equation (3.32) is
used. The nuclear Boltzmann equation then reduces (approximation of weak
gradients[84]) to the familar form:

of

ot
where the collision term, similar to the phenomenological one of Uehling and
Uhlenbeck [344, 473], reads

I = %/dp?,p:s dps W(12,34)[(1—= f1) (1= fo) fafa— (1= f3) (1 = fa) f1 f2]
(3.39)

+{fi,he} =I5 (337)
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(v isthe degeneracy) as a function of the collision rate

Wj—gd(lh + P2 —P3 —Psa)i(er + €2 — €3 —€4). (3.39)
In these latter equations we have used the usual notation: f; = f(r,p;,t) and
€i = p?/2m + U; = he(r;, p;) (equation (3.36)). In addition, the differential
cross-section do/d§2 may be evaluated from G2 (do/dQ ~ |Gi2|?), which
reflects the fact that there is only one nucleon—nucleon interaction, the effects
of which are arbitrarily split between mean-field and residual interactions. This
holds at the quantal (equation (3.32)) as well as at the semi-classical level
(equation (3.37)). Thisimplies that a priori one should not choose independently
the mean field and cross-section entering the collision term. Let us finally note
that equation (3.37) does indeed lead to a mean-field-type equation at low beam
energy. In this case, most of the collisions are Pauli blocked and I} ~ 0.
Equation (3.37) then reduces to the Vlasov equation (3.35), which is nothing but
the semi-classical analogue of TDHF.

Equation (3.37) together with the collision term (equation (3.38)) isthe basis
of al BUU, VUU, LV, BNV, ... simulations, which have been developed over
the last 15 years. These calculations have been applied to many situations in
heavy-ion collisions (see, for example, [45,396]), and with some successes; some
exampleswill be presented in the following.

W(12,34) =

3.2.3.3 On the numerical method of resolution of kinetic equations: Vlasov,
BUU

The basic idea of the numerical methods, called test-particle methods, used
to solve Boltzmann-like kinetic equations is to replace (project) the one-body
distribution f(r, p,t) by an ensemble of N numerical (hence classical) particles
[45, 70,390, 454, 488]

flrpt) = Z G(r —ri,p— i) (3.40)

where G is a normalized function representing the numerical particle (Dirac, B-
spline, Gaussian, etc). In the case of the Vlasov eguation the time evolution
of f(r,p,t) is then found by solving Hamilton equations of motion for the test
particles:

d’l"i _ ahc

T =9t (3.41)
dpi N (‘)hc

& - o x @ (342

where h, is the classical one-body Hamiltonian (equation (3.36)). In the case
of BUU one has to complement the second equation (equation (3.42)) by a
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term of the form dp;/dt|.,; representing a collision agorithm. BUU collision
algorithms are directly based on the INC a gorithm (section 3.2.1.2). The Paulli
principle is taken into account here in the exit channel: the collision takes place
with a probability equal to the product of the phase space occupation humbers
around the points towards which particles are scattered. Note that the Pauli
principle also enters (indirectly) into the evaluation of the effective interaction
(see section 2.2.1.2) and of the cross-section in the collision term.

Test-particle algorithms call for some comments. First, one has to note that
one switches from a physical one-body problem for f(r, p,t) to anumerical N-
body problem for the test particles. And the latter classical N-body problem is
treated in amolecular dynamics way [390]. Noticethat NV isusually much larger
than A, at least in nuclear physics applications [396]. But the important point
here is that these IV numerical particles are classical by nature and hence obey
Boltzmann, and not Fermi—Dirac, statistics [390]. One thus expects that in the
course of the evolution the system relaxes towards a Boltzmann equilibrium for
the NV particles. Thisis effectively what cal culations show [256, 391].

Systematic calculations of this relaxation effect have been performed [390,
391] and have alowed us to clarify the difficulties linked to the use of test
particles to simulate kinetic equations describing fermions. Relaxation towards
Boltzmann is the rule, even if this relaxation can be delayed by an appropriate
choice of the numerical parameters and/or in the BUU case. In addition, aformal
analysis of the test-particle algorithms shows that these methods do not lead to
an explicit resolution of the Vlasov eguation, in particular, when G is extended
[289,390]. One has hence to remain cautious in the interpretation of Vlasov
or BUU simulations, with respect to the equations they are supposed to solve.
It should finally be noted that a possible solution to this problem of fermionic
stability in BUU/VIasov simulations has recently been proposed [392]. The
idea is to complement the standard test-particle dynamics by a sort of collision
term, which enforces the Pauli condition. The first test-case results are extremely
encouraging.

3.24 Kinetic equationsand beyond
3.24.1 Some hidden difficulties

The BBGKY hierarchy provides a coherent theoretical framework, which allows
us to obtain, more or less systematically, approximations of the A-body problem
in terms of kinetic equations. The nuclear Boltzmann equation (section 3.2.2.3)
thus takes into account in a coherent way mean-field and elementary processes.
The mean field U and the elementary cross-section do/d? can both be
deduced from the same Bruckner matrix G 1>, which describes interactions
between nucleons in a nuclear medium. Hence we have at hand a tool which
should alow us to describe an intermediate regime between mean-field and
elementary collision dynamics. A word of caution is, nevertheless, necessary
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here, concerning the content of the G 1, interaction. Strictly speaking G1» isa
time-dependent object. Indeed, for a given elementary interaction V1, (which is
timeindependent) the construction of G 1> depends on the structure of phase space
(in particular on the accessible ‘empty’ states). Remember the key role played by
Pauli blocking and the Fermi energy in the determination of G 1» in the simple
static case (section 2.2.1.2). In the course of a heavy-ion collision the structure
of the phase space, and hence of accessible states, depends on time, evolving
from two occupied Fermi spheres at the beginning (separated by the beam relative
momentum, figure 6.1), to a diffuse Fermi sphere asymptotically, once relative
motion has been fully relaxed. A proper account of this dynamical content of G ;-
represents a huge effort, which has hardly been attacked practically [268,421]. In
the vast majority of cases this question is thus simply overlooked. However, even
with such a problem set aside, the obtaining of the Boltzmann equation is not
straightforward in the nuclear context.

In order to obtain this nuclear Boltzmann equation we have overlooked some
difficulties. The major problem lies in the timescales. In the nucleonic regime,
we have essentialy to consider three microscopic times: (i) the duration of an
elementary collision 7., ~ 3-5 fm/c; (i) the average time interval between two
callisions Atcon < 10 fm/c; and (iii) and the characteristic evolution time of
mean field 7, ~ 10 fm/c. It turns out that the decoupling of these microscopic
timescales is extremely questionable:

Teoll K Ateon 5 Tmf- (343)

Thisweak decoupling has crucial formal conseguences. First, it becomes difficult
to ‘decouple’ the two-body density matrix p,, a ‘some’ instant ¢y before the
collision. In fact this decoupling (o (to) ~ p;(to)p-(to)) has only a meaning
in comparison to the duration of an elementary collision 7.y, which is supposed
to beinfinitively short compared to any other timescale. It then becomes possible
to break the correlation between particles 1 and 2 at ¢, and dso to do it in terms
of the global density matrix p,,, a this instant. In other words one overlooks
the physics at a timescale of order 7.,1. The molecular chaos assumption is
thus in trouble in the case of a weak decoupling of timescales. In turn, the
Markovian nature of the collisions, namely the fact that succcessive collisions
are independent from each other, also becomes questionable. One should thus
a priori treat elementary collisions while accounting for the whole preceding
‘history’ of the nucleons. These memory effects can indeed be introduced into
a Boltzmann-type kinetic equation, but it leads to an equation with a much more
complex structure than the ones we have been considering here [219].

Another class of difficulties lies in the semi-classical approximation
performed at the end of the derivation, in order to obtain the fina form
equation (3.37). This last approximation hides subtle difficulties. First, passing
to the semi-classical (or classical) regime puts all nucleons on their mass shell.
In other words, the classical description alows us to define, at any instant, the
energy of each particle, provided one knows its position and momentum. This



Microscopic one-body descriptions of collision dynamics 83

property is not necessarily welcome in the context of heavy-ion collisions, where
off-shell effects may a priori show up [146, 304]. In addition, the ‘elementary’
classical limit (equation (3.34)) correspondingto # — 0 is, in fact, not trivial and
should be treated with some caution [289].

Finally, a last class of difficulties concerns the numerical simulations of
the nuclear Boltzmann equation. Numerous algorithms have been developed for
simulating this equation and we shall not discuss their relevance here, but we
have to keep in mind the fact that the numerical resolution of such equations
raises many difficulties (section 3.2.3.3). Werefer the interested reader to relevant
references on thistopic [45, 396] and [256, 390, 391, 462, 438].

3.2.4.2 Beyond the Boltzmann equation

We have previously seen how to obtain a Boltzmann-like kinetic equation which
is adapted to the nuclear case. Let us now take the nuclear Boltzmann equation
for granted and wonder whether this approach does provide a satisfactory theory
for heavy-ion collisions.

In order to bring together some pieces of the answer to this question, let
us briefly consider the results obtained in the analysis of heavy-ion collisions
in the Fermi energy domain. Many phenomena have been observed in detail,
and some successes have been obtained in the theoretical interpretation of the
measurements, in particular, concerning the formation of hot nuclei [45,449] (see
also chapter 7). But the nuclear Boltzmann equation has also reached its limits,
for example, in the study of rare particle production (mesons below threshold,
etc) [118] (section 6.3) or for understanding the formation of intermediate mass
fragments, which, notably represents an important de-excitation channel of hot
nuclei (see chapter 8). In addition, the dynamics of nuclear collisionsis strongly
dissipative, in particular, in the entrance channel. Standard arguments of out-of-
equilibrium statistical physics hence suggest the occurrence of large fluctuations
during the early phases of the collisions, which are definitely not accounted for
at the level of an ‘average’ description such as that provided by the Boltzmann
equation [28].

Hence it seems crucia to go ‘beyond’ the nuclear Boltzmann equation,
in order to account for the variety of the phenomena observed in the course
of the nuclear collisions in which we are interested. In this respect, two
types of approach have been developed so far—beyond the nuclear Boltzmann
equation. In the first category, one remains in the spirit of kinetic equations
while introducing stochastic extensions of these equations. These models are
known under the generic name of Boltzmann-Langevin. They have mainly been
formulated as Langevin extensions of BUU [1, 17, 18], and, to a lesser extent, at
Fokker—Planck level [382]. In the second class of approach one tries to return
directly to the origina A-body problem, but while accounting for the quantum
nature of the nucleons in an approximate way. These methods are molecular
dynamics methods and nowadays constitute an active direction of research, as
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an alternative to one of the kinetic equations. In the following section we focus
on Boltzmann—-Langevin approaches, molecular dynamics calculations will be
discussed in section 3.3.

3.25 Stochastic extensions of kinetic equations
3.25.1 Aneéementary derivation

The possible application of a Langevin approach to kinetic equations relies on
the following idea. We consider a system, the global evolution of which (through
the Boltzmann collision term) is slow compared to the timescale associated with
elementary processes (which is a priori a typical case of application of the
Boltzmann equation). One may then consider the collision term asthe mean effect
of collisions on the one-body distribution f (7, p, t), which hence can (has to) be
complemented by a fluctuation term, analogous to a Langevin force. One thus
switches from a description of the system in terms of one distribution function
f(r,p,t) to an ensemble:

f(r,p,t) —){f)\(r,pyt),)‘:]-,---;Nens} (344)
such that
1 Nens
flrpt) = > alr.p.t) (3.45)
ens \ T

and one thus considers a type of diffusion process in the abstract space of one-
body distributions.

The simplest case of a linearized Boltzmann eguation provides a tutorial
derivation [52], in the spirit of simple Brownian mation (sections 3.1.2.1 and
3.1.2.2) and shows how to complement a Boltzmann-like collision term with a
fluctuation term. We consider asimple Boltzmann equation for classical particles,
in the relaxation time approximation (7)

of /Y o f—feo
ot + m Vrf= T
where f., represents the Maxwell-Boltzmann equilibrium distribution. By
analogy with Brownian motion, we write a stochastic extension of equation (3.46)
as
of | p f— [
4+ 2.V, f=—
ot + m f T
where §1.on(r,p,t) represents a ‘fluctuating’ collision term of zero mean
(61con) = 0 and correlation function

(3.46)

+ 5-[(‘,011 (Iry D, t) (347)

(Lo (7, p, )0 Toon (', ' #)) o 26(t — #)5(r — r')fi. (3.48)
TJoo

The correlation function (3.48) islocal in r space (6(r — r')) and the processis
Markovian (§(t — t')), as the elementary collisions enter in a Boltzmann collision
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term. Note finally that the correlation function equation (3.48) is proportional
to the ‘intensity’ of the collision term (1/7), which reflects the strong links
(fluctuation-dissipation theorem) which exist between the average dissipation
(Boltzmann collision term) and fluctuations (fluctuating collision term). The
resulting Boltzmann—Langevin equation (3.47) hence constitutes a stochastic
extension, ‘alaLangevin’, of the Boltzmann eguation.

3.2.5.2 The Boltzmann—Langevin equation in the nuclear context

Isit possible to establish a connection between the previous heuristic arguments
and the general BBGKY scheme? In other words, is it possible to identify, in the
framework of the truncation scheme of the BBGKY hierarchy, a term, which
could be interpreted as a stochastic term? The extension of these arguments
(section 3.2.5.1) to the nuclear case in fact requires some complementary
derivations. First, one should notice that equation (3.46) is linear, as is the case
of the elementary Brownian motion (equation (3.1)). The first difficulty hence
lies in the extension of the simple Langevin picture to non-linear situations. We
are interested in strongly out-of-equilibrium processes, for which relaxation time
approximations (equation (3.46)) hardly make sense. We shall hence gratify
ourselves with a further approximation, to which we shall come back later. We
assume that there exists a timescale gy, during which fluctuations are small,
so that a linear approach, around a (not necessarily linear) Boltzmann equation
remains conceivable. This hypothesis amounts to assuming that

Teoll K TBL < TT, Tmf (3.49)

where 7 represents the characteristic time associated with the (global) effect of
the Boltzmann collision term I, (equation (3.21) or equation (3.37)), and 7 ¢ @
characteristic mean-field time.

We now come back to our truncation scheme for the BBGKY hierarchy
(section 3.2.2) starting with the simple case of section 3.2.2.2 and we consider
the propagation of density matrices during 7gy,, but without the hypothesis of
molecular chaos (which would lead to the Boltzmann equation), namely while
writing [17,18] that at time ¢,

p12(to) = p1(to)p2(to) + p12(to) (3.50)

together with the condition (dp, (o)) s, = 0. The molecular chaos hypothesis
dp12(to) = 0 isthus replaced by a weaker condition on the average (-) -, . This
restores some correlations in the two-body density matrices, while discarding
them on average, which allows us to recover, on the average, the Boltzmann
evolution. The nature of this average, nevertheless, deserves some comment. It
is not an average over the ensemble of al the one-body density matrices. One
restricts oneself here to an average over the time interval gy, which amounts to
considering only asub-ensembl e of the ensemble of one-body density matrices, in
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the vicinity of an average density matrix which follows the Boltzmann eguation.
Thissubtledistinctionis, in fact, crucial becauseit allows usto adapt the previous
derivation (section 3.2.5.1) to the non-linear regime [1, 17, 387]. For the rest of
the derivation, however, one only needs to keep in mind the importance of 7 gy,
which alows us to transpose the linear formalism to more general cases.

The time propagation of the two-body density matrix (equation (3.50)) leads
to a new equation for the one-body density matrix, which can be written in a
schematic form as

0
1% ~ [K1, pi] + Tra([Viz, Q1201 poQ2121))

+ Try([Vi2, propagation of dp,, from ¢y to t]) (3.51)

in the simple case of the quantum Boltzmann equation (3.31). The last step of the
derivation consists in making the further approximation of treating the last term
of equation (3.51) as a stochastic collision term §1.,n1, which we characterize by
its zero average value (61..11);, = 0, and its correlation function during 7gy,,
which may be expressed in terms of the gain and loss terms of the Boltzmann
callision term: (8Icon(r, p,t)0Lecon(r', 0, t'))rsr, ~ (gaN + loss) terms. The
(crucia) hypothesis of treating thelast term of equation (3.51) as astochastic term
may look somewhat artificial. However, if the condition (3.49) is indeed fulfiled
it is likely that this term does represent a fluctuation compared to the collision
term Try ([Viz, 2120, 0,212 7]). In the nuclear case (section 3.2.2.3), as for the
derivation of the simple Boltzmann equation (section 3.2.2.2), the bare interaction
is replaced by a Briickner matrix (2,2 — €},) and one has to properly account
for the effects of the Pauli principle, but the strategy of the derivation remains
similar.

The last step consists of finally taking the semi-classical limit, and one
obtains a stochastic extension of the nuclear Boltzmann equation:

O (o = I + 6155 1) (352)
where one recovers a Uehling—Uhlenbeck type collision term I U5 (equar
tion (3.38), acting on fluctuating single-particle distributions f ) and afluctuating
collision term 6% which is characterized by a zero average and a correlation
function C'(r, p,p’, t) during 7gy,. The latter islocal in real space and Marko-
vian, asthe collision term itself.

This formulation of the Boltzmann—Langevin equation is directly copied
from the Langevin description of Brownian motion. A formulation in terms
of a Fokker—Planck picture is also possible and was proposed in [382] and
further tested, in particular, in [104] (see also [124] for a genera presentation).
Each fluctuating single-particle distribution f then becomes a ‘coordinate’ of
a generalized distribution function T [{fx}] for which one writes a diffusion

(Fokker—Planck type) equation, the associated transport coefficients being
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themselves expressed in terms of the f). The resulting diffusion equation is
quite involved and has only been solved in schematic (low dimensional) systems
[104,124]. Approximate calculationsin realistic cases of nuclear collisions were,

inturn, performed in the moreflexible Langevin approach [451-453]. Altogether,

the Boltzmann—-Langevin equation (3.52) has focused alot of principle studiesfor
severa years. The interested reader may refer to [1] and to the referencestherein
for some examples of application.

3.2.5.3 Someremarks on the Boltzmann—Langevin equation

The Boltzmann—Langevin equation a priori represents a noticeable improvement
over the Boltzmann equation (section 3.2.2), as it allows us to estimate widths
around average values of observables. Let us note, on this occasion, that
Boltzmann—Langevin average values do not necessarily reduce to Boltzmann
ones, because of the non-linearity of the equations. The Boltzmann-Langevin
equation does reduce to the Boltzmann equation only locally in time (over 7gr,).
But large fluctuations and/or differencesin the global average values may appear
over long times. In turn, Boltzmann—Langevin events may explore large domains
of the abstract space of one-body distributions f(r,p,t). Thisis precisely the
interest of this approach, which a priori allows us to explore physical situations
in which fluctuations may play an important role[1,40, 502].

One should, however, note that the Boltzmann-Langevin equation does
not solve al the problems raised by the Boltzmann equation; it actually even
raises new ones. For example, in the nuclear case, the difficulties linked to the
justification of the Markovian approximation are obvioudy transferred from the
Boltzmann to the Boltzmann-Langevin equation. In fact the problem is even
more crucial in the latter case. We have indeed seen the crucia role played by
the characteristic time rgr,. Asin nuclear physics 7., € e, the existence of a
timescale g, which would take place in between the duration of acollision 7,
and the mean-field evolution ¢, is only marginaly justified. Furthermore, 71,
has to be long enough to alow a large number of elementary collisions to take
place, although this difficulty is not specific to the nuclear case.

Another mgjor difficulty lies in the finite nature of the system (the nucleus)
to which one would like to apply a stochastic description. We have only
characterized the fluctuating collision term 6I0Y by its average value and its
correlation function. In the general case for which the ‘bath’ in contact with
the Brownian degree of freedom is not thermal, the functional form of the
Langevin forceis not a priori uniquely determined by its first two moments only
(section 3.1.2.2). Inthe case we areinterested in, it is clear that the bath cannot be
thermal because the system is finite and isolated, hence microcanonical. Weraise
here afundamental difficulty related to preservation of the conservation lawsin a
finite system in which one wishes to apply a stochastic model. To our knowledge
this problem remains practically open.

A last difficulty concerns the numerical simulations of the Boltzmann—
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Langevin equation. We have aready noted the problems encountered in the
simulations of the Boltzmann eguation (section 3.2.3.3). To these difficulties are
added those specific to the Boltzmann—Langevin equation, due to the complexity
of the fluctuating collisionterm [1]. As aconsequence the calculations performed
up to now have been restricted either to schematic cases [104, 105, 123, 124] or to
approximate methodsin realistic cases [451, 452].

3.2.6 An alternative approach: Stochastic TDHF

An alternative approach, both to kinetic equations and to the molecular dynamics
methods (section 3.3), but still in the realm of one-body theories, has been
proposed recently [1, 388]. The goal is to provide a theoretical framework for
stochastic extensions of TDHF, without referring to the kinetic equation stage.
Two ideas underlie this approach: (i) a perturbative treatment of the residual
interaction V12 onawell chosentimeinterval 7stpur, around a TDHF trgjectory;
and (ii) a projection of the correlated states built in (i) onto an ensemble of Slater
determinants. To some extent this amounts to reconsidering the derivation of
the Boltzmann—Langevin equation but, this time, starting from the mean-field
evolution and not from a Boltzmann-like kinetic equation. This also amounts to
treating all the elementary collisions on an equal footing, without trying to share
their effectsin a collision term and/or a fluctuating collision term.

The hypothesis of a perturbative treatment on a time interval rstpur
imposes, asfor thetimeinterval 7y, of Boltzmann—Langevin (equation (3.49)), a
condition of loss of coherence of the TDHF trgjectories:

Teoll K TSTDHF K Tmf- (3.53)

Indeed, the dynamics has to remain dominated by the mean field but,
simultaneously, the residual interaction should be sufficient to allow transitions
between the states of the system, and even a sufficient number of transitions,
in order to justify a statistical hypothesis. The use of the notation 7,11 can be
misleading here. In the framework of STDHF, the duration of a collision does
not exist directly as such (section 3.2.2). But the condition of development
of transitions, that one has to impose to TsTpur, in fact reduces to comparing
TsTpHF 10 the 7o) introduced earlier (section 3.2.4.1).

Under the assumption (3.53) the propagation of aninitially uncorrel ated state
of density matrix Dy (Slater determinant) between an instant 0 and TsTpur,
while accounting for the residual interaction, leads to expressing the density
matrix of this state Dy (correlated after rsrpyr) as a statistical superposition
of uncorrelated states D »; (Slater determinants):

Dy(rstonr) = > Wun Du(rstonr) (3.54)
[ —— ; —_————
correlated ~———uncorrelated

transition rate
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where the weights 1), can be expressed by the Fermi golden rule [388].
Once the elementary propagation (3.54) has been defined, one can build an
ensembl e of stochastic trajectories according to the scheme:

Dy 8% Dy, Wu}
Dy, TSTRHE {Dp, Wa,} . (355

N=1,...

Starting from a Slater state D 5 one chooses, after the first STDHF time step (by
sampling according to the 17, weights) a new Slater determinant D ,s,. And
one iterates the process starting with D,,. One thus obtains one trajectory.
An ensemble of trajectories built this way constitutes the STDHF ensemble
representation of the dynamical process under study.

What does STDHF bring that is new compared to the approaches we have
introduced earlier? It may seem, at least superficialy, that STDHF does not
look similar to the previously discussed stochastic processes (section 3.2.5).
In particular, the timescale TsTpur plays a crucia role in the derivation and
leads to a coarse grained description of the dynamics. One should, however,
remember that the Boltzmann—Langevin equation exhibits the same difficulty
through 751, even if g1, does not explicitly appear in the time derivatives. One
could actually rewrite STDHF as a differential equation—yprovided the restriction
that the time derivatives would be considered modulo Tsrpur. The apparent
difference between STDHF and Boltzmann—Langevin hence only appearsin the
presentation and not to the nature of the theories (recal, for example, that in the
Boltzmann equation 7, is ‘set to 0’ (section 3.2.4.1)). But STDHF does have
an advantage over Boltzmann—Langevin: first, STDHF relies on a transparent
hypothesis and, second, it does not require an explicit separation of the effect
of the residual interaction between a collision term and a fluctuating collision
term. This has two consequences: (i) mean-field fluctuations appear directly in
the dynamics, while in Boltzmann—Langevin they are ‘filtered’ by the collision
term; and (ii) one can hope to remove some of the numerical difficultieslinked to
aproper treatment of the collision term.

Very few practical applications of the STDHF formalism have been
performed so far. The first attempts to direct ssimulations were reported in
[455]. One should also mention the molecular dynamics-like cal culations of [350]
which, although not explicitly connected to STDHF, have been heavily inspired
by this theory.

3.3 Molecular dynamics approaches

Kinetic theory is a ‘traditional’ approach to the many-body problem. It alows
us, as we have seen, to write down the eguations for the one-body distribution
f(r,p,t) in phase space. The quantal nature of the nucleus leads to the
reformulation of kinetic theory on aquantal basis but the idea of the dominance of
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one-body effects does continue and seems well justified for heavy-ion collisions
in the nucleonic regime. In the classical case the capability of today’s computers
allows us to consider on a serious basis an dternative approach: molecular
dynamics (MD) [248]. In MD we study the motion of al the particles of a
system under their mutual interactions. In principle, at least in the classical
case, an MD calculation leads to a complete solution of the problem for an
isolated system (microcanonical). Extensions to canonical [247,345] or grand
canonical [107] ensembles are actually also available. The applicability of MD
methodsto systems of quantal interacting particles, nevertheless, remainsan open
problem.

In aquanta context the idea of an MD method amounts to replacing the A-
body ket representing the state of the system under study by a set of A classical
particles characterized only by their positions and momenta

|‘I’1___A> — {’I'i,pi,i: 1,,A} (356)

the evolution of which are followed in time. This time evolution is performed
according to Hamilton's equations of motion:

d’f‘i 8HC

dpi _ BHC
dt - 87“,» (358)

where H. denotes the classical A-body Hamiltonian corresponding to H
(egquation (2.40)). Themodel is hencefully specified as soon as oneknows H . and
these Hamiltonian equations do correspond to an ‘exact’ solution of the classical

problem. In contrast to kinetic equations such an MD approach hence contains
all the correlations between particles. But these correlations are strictly classical.
It is hence a priori unnatural to apply an MD method to describe a strongly
correlated system such as the nucleus. Still, we have seen that the dynamics may
be a hit forgiving in this respect, but only to some extent. Let us see what types
of MD methods have been proposed for describing heavy-ion collisions.

3.3.1 Classical molecular dynamics

The model proposed by Pandharipande during the second half of the 1980s is
based on a Hamiltonian of the form

A o

_ D;

H, = Z o+ Z V;; + Coulomb (3.59)
i=1 i<j

where the two-body potential V;; = V;;(r = |r; — r;|) is built from a Lennard-

Jones potential [411]

LIf(—12 _ ..—6\ _ ((nLI\—12 _ ( LJ\—6 LJ
v@:{g (72 =)= ()R =GP O <t gy
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or from two truncated Yukawa potentials [ 288]

[ Vi(ermr —emmrd) _Vy(emker —emhere ) p <Y
Vij = { 0, r>rt. (361)
Thismodel was proposed to study dynamical processesin the course of collisions,
initially in argon gas, without necessarily pretending to be realistic from the
nuclear point of view. As the authors themselves say:

We stress that the classical argon balls used in this study are not
intended to be mock nuclei, but instead to provide simple systems
whose time evolution can be studied exactly (...) Direct comparisons
with nuclear data are difficult (...) It is possible to define a classical
system such that its density, binding energy and compressibility are
similar to nuclear matter. [411]

The methodology is hence clear in these calculations. The systems under
study exhibit some energetic similarities with nuclei but the goal is mainly
to study the dynamics of these systems, without aiming at a realistic nuclear
description. Systematic comparisons have, neverthel ess, been performed between
these calculations and a Boltzmann-like description, for collisions of pseudo
‘nuclei’ (A = 50) + (A = 50) at beam energies of order 450 MeV/u. Ingredients
entering in the Boltzmann equation are then carefully deduced from the original
Hamiltonian. These comparisons exhibit a good agreement between Boltzmann
and MD calculations [288]. This is, however, not surprising, in view of the
algorithm used for simulating the Boltzmann equation (section 3.2.3.3). Note
also that the questions related to the Pauli principle are explicitly overlooked in
these calculations, as only strictly classical particles are considered here, even at
the Boltzmann level.

3.3.2 Molecular dynamicswith the Pauli potential

The obvious defect of MD methods in nuclear physics lies in the fact that
they provide a completely classical description of nucleons. This fundamental
question was attacked at the end of the 1970s in a series of papers by Wilets
[108, 493, 494], who was aiming at developing classical but realistic models of
heavy-ion collisions. This method was also studied later by the Berkeley group
[163, 164, 166]. The idea of these works is to restore the Pauli principle in a
minimal way by means of arepulsive potential in phase space. One thus hopesto
be able to enforce a maximal occupation (2 or 4) of elementary phase space cells
of size (ArAp)® ~ h? through a specific interaction between the particles. And
this interaction has, of course, to act globally in phase space, namely in both r
and p spaces.



92 Macroscopic and microscopic descriptions of heavy-ion collisions

The Hamiltonian of the system can then be written as
H. = Z 2p_m + X:[VTN(’I"Z — ’l"j) + Vp(’l"i —Tj,Pi— pj)] + Coulomb (362)

where one can identify a nuclear Vy and a Pauli Vp interaction term. In the
original calculations[493] V is built from three Yukawaterms:

3
e HnTii
VN(ri - 7']) = VN(|7‘Z - r]| VN Tz] Z Vn (363)
and the Pauli potential takes the form
Vo (ri —7j,p; — pj) = Ve ((remm)(pemp))”, (3.64)

In the more recent model of the Berkeley group [163] the nuclear part has the
form of amodified Lennard-Jones potential :

L r P1 (2 P2 1
VN(Tij - |TZ ' |) VN <<7"zj> (Wj) > 1+ eXp(Oé(rij o d))
(3.65

and the Pauli potential is Gaussian:

Ve(ri —rj,pi — pj) = V3 exp < M) exp (—M) . (3.66)

20?2 20

The parameters of Vv are adjusted on the binding energy per nucleon and the
saturation density of nuclear matter, as well as on the incompressibility modulus
of nuclear matter and the nucleon—nucleon cross-section. The parametersentering
Vp are adjusted so that one recovers a reasonable Fermi energy. Note finaly
that some attempts to include the Heisenberg uncertainty principle have also been
proposed on the basis of a phase space potential, by Wilets's group [262].

Numerous calculations have been performed with these formalisms, for
nuclear collisions[108,493,494] and for the thermodynamical propertiesof nuclei
[163-166]. These calculations have also served as a basis for a method of early
recognition of intermediate mass fragments formed during heavy-ion collisions
leading to multifragmentation [166]. However, these MD methods with a Pauli
potential raise many difficulties. One can first wonder whether it makes sense,
at al, to introduce a Pauli potential? Would that suggest the existence of a fifth
interaction? In addition, one knows that, quantally, the Pauli principle acts on all
particles together (remember the antisymmetrization operator A .. 4), and not on
apair of nucleons, and with a ‘fi nite range’ . The latter criticism might, however,
be attenuated in view of recent results obtained in plasma physics[263]. Another
difficulty in this method lies in the structure of the ground states it produces.
Nuclei appear as ‘crystals'.
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3.3.3 ‘Quantum’ molecular dynamics

The quantum molecular dynamics (QMD) model was introduced in the second
half of the 1980s as a substitute to BUU and aims (as the acronyms indicates) at
providing arealistic description of heavy-ion collisionswhile accounting for some
quantal effects [3-5]. Two major aspects make it different from standard MD
methods: (i) particles have asize; the usua Dirac distribution §(r — r;)d(p — p;)
is replaced by a classica Gaussian ‘wavepacket’; and (ii) some properties of
guantum scattering are restored through a stochastic component of BUU type
(section 3.2.3.3).
The origina Hamiltonian used in these calculations has the form [5]

A 9
D;
H. = i:E 1 —2m + i<§ j [Viocal(ri — rj) + VYuk("'i — rj) + Vvel] + Coulomb. (367)

It containsa‘local’ term of Skyrmetype (section 2.2.1.3), expressed as afunction
of the local density p(r)

Viocal = t10(1; — 1) + t26(r; —75)p7 ((r1 +72)/2) (3.68)

a Yukawaterm Vv, (See equation (3.61)) providing a description of surface and
avelocity-dependent term

Veel(Ti — 75,05 — ;) = taIn®(t5(p; — p;j)? + 1)8(r; — 7). (3.69)

Thelocal potential is adjusted on saturation, the Yukawaone on surface properties
and the velocity-dependent potential on the real part of the optical potential
(section 2.1.3.2).

A collision agorithm, inspired from BUU (section 3.2.3.3), is furthermore
added to the effect of these potential terms. One should note here the somewhat
paradoxical character of this latter ingredient. As MD in principle represents
a complete description of A-body classical dynamics, it is hard to justify the
existence of ‘residua’ interactions, asin the case of kinetic descriptions. One can
at best invoke the restoration of quantal properties[5]. One would thus obtain an
MD in which a stochastic component is expected to restore some quantal effects.

The QMD model has been used in numerous cal culations; these calculations
have led to someresults. Severa studies have been devoted to multifragmentation
[4,5]. Relativistic extensions (RQMD, [436]) and versions incorporating isospin
(IQMD, [235]) are d so avail able. For arecent review of these various (numerous)
versions of QMD, we refer the reader to [236] and references therein. Some
guestions, nevertheless, remain open. First, one has to admit that QMD does
contain alot of phenomenology. More annoying, however, is the lack of alink to
a clear theoretical framework, connected to well known methods of the quantal
A-body problem. In particular, the reader familiar with BUU will surely have
recognized the strong relationship between QMD and BUU: the Skyrme mean
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field, two-body collisions, etc. Thislink becomeseven clearer when one considers
more precisely the BUU algorithm (section 3.2.3.3). At lagt, it turns out that
in QMD (as in BUU, actually) the Pauli principle is taken into account only at
the level of two-body collisions, which might be questionable to fully justify the
‘quantum’ label of QMD.

3.3.4 Fermionic molecular dynamics
3.3.4.1 Limitations of standard MD methods

In nuclear physics, the key problem in MD methods lies in the treatment of the
Pauli principle. Nucleonsare fermionsand it is difficult to speak of nuclei without
the Pauli principle. This question is ssimply overlooked in strictly classical MD
calculations (section 3.3.1). MD methods with a Pauli potential directly address
this question (section 3.3.2), but with disputable success. The QMD model
(section 3.3.3) takes into account some aspects of the Pauli principle, but through
two-body collisions, which is somewhat contradictory with an MD picture.

In view of the difficulties encountered with taking the Pauli principle in
classicad MD methods properly into account, a new class of approaches was
developed at the beginning of the 1990s, the so-called fermionic molecular
dynamics. FMD for fermionic molecular dynamics [181] and AMD [351, 352]
for antisymmetrized molecular dynamics.

3.34.2 Original FMD and AMD models

The originator of the idea of the FMD method was H Feldmeier [181-183], who
suggested representing the A-body ket of the system by a Slater determinant built
out of peculiar one-body kets, namely Gaussian wavepackets:

A
|T(1,...,A)) :Al...A<H|gi>> (3.70)
i=1
where the kets |G;) arelocalized wavepackets of |r) representation
6 = N exp (- i) @

and which are characterized by the phase space parameters ({r;), (p;)) and by
the width o; (V; is the normalization and ¢; the phase). Each nucleon is thus
represented by one Gaussian wavefunction. Spins may also be taken into account.
The equation of motion is obtained from the same variational principle as TDHF
(section 3.2.1.1), namely

5/dt fo|< —1—> ¥) = 0.



Molecular dynamics approaches 95

Thisvariationa principleleadsto equationsof motion for the (r;), (p;), o;, which
are the dynamical variables of the model. Note that because of the hypothesis of
antisymmetrization (equation (3.70)) the (r;), (p;) cannot be directly interpreted
asthe classical coordinates of nucleons.

Two versions of this model have been developed. In the origina FMD
model [181] the potential part of the Hamiltonian H has a simple form built out
of two Gaussians:

oo = p? (ri —7;)° (ri —r;)?
o =3+ 2 (e ()~ () )
’ (3.72)
In the AMD version [351], the FMD Hamiltonian is complemented by a three-
body zero-rangeterm V.3, asin QMD (equation (3.68)). In addition, a standard
two-body collision algorithm of BUU type (section 3.2.3.3) is added to the
dynamics. This classical algorithm raises some practical problems in this case.
Indeed, as aready mentioned, ‘classical’ positions and momenta of the nucleons
are not directly accessible from the AMD or FMD wavefunctions. The authors
of [351] are thus led to reconstruct classical coordinates R ;, P; from the (r;),
(p;). The BUU algorithm is then used on the R;, P; and its effect is, in a
last step, tranferred back to the (r;), (p;). Extensions of AMD including a
stochastic component to simulate wavepacket diffusion effects have also been
proposed [355].

Over the yearsthe FMD and AMD methods have been devel oped further and
have served as a basis either for direct applications to nuclear collisions [356] or
the devel opment of extensions of the theory (see section 3.3.4.4). They have aso
been investigated in terms of their statistical properties [349, 353, 354, 414]. We
refer the reader to [356] and [183] for further references on these works.

3.3.4.3 Discussion

What do FMD models bring? By construction the Pauli principle is preserved,
which is clearly a positive point. However, if one examines the hypotheses used
for building these model s more closely, one soon realizes that the two constitutive
hypotheses (form of the wavefunction and variational principle) are nothing but a
degraded version of TDHF (section 3.2.1.1). In TDHF the form of the A-body ket
is also a Slater determinant of one-body kets, but without any restriction on the
form of the one-body kets. The FMD hypothesisis thus a TDHF hypothesis but
in a sub-space of kets which isrestricted compared to the totally accessible space.
Correlatively, the introduction of the BUU algorithm into AMD makes it a type
of extended TDHF. Finally, one should note that FMD, as AMD, are extremely
complex models at the numerical level. One can thus wonder what is the gain
offered by these models compared to, say, TDHF or an extended TDHF.

To close this section, it isinteresting to make afew final remarks concerning
the links between these FMD methods and other ‘similar’ approaches. First, one
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can note that if one releases the antisymmetrization condition (3.70) the FMD
dynamics of the Gaussians simply reduces to the dynamics of the test particles
used for simulating kinetic equations (section 3.2.3.3). FMD methods should also
be compared to another simulation method, used in molecular physics, the so-
called Car—Parinello method, in which antisymmetrization is enforced on model
electronic wavefunctions (plane waves) [115]. Finaly, it is instructive to see how
FMD methods might berelated to STDHF. We have seen that these MD methods,
in fact, represent degraded versions of TDHF. One can thus imagine extending
them with STDHF—in other words, to produce degraded STDHF models. This
idea was recently explored in the AMD framework [350]. But here again one
may wonder whether it is necessary to resort to AMD, while TDHF is a well
established theory, on the formal aswell as onthe numerical levels[341]. STDHF
hence seems to constitute an interesting aternative to the previously introduced
methodsin the energy range we consider here. Inthisrespect, it also complements
earlier (non-stochastic) extensions of TDHF [19, 26].

3.3.4.4 Thecorrelator operator

As previously discussed most FMD calculations have been done up to now at
the pure ‘mean field’ [183] or ‘extended mean field' [356] level. But a recent
extension of the theory has been proposed which should allow the devel opment of
atrue, beyond the mean field, approach. As for any mean-field theory, the further
step in FMD consists in accounting for correlations not included in the mean
field. The idea hereis to focus on short range correlations and to enforce them
by modifying the relative wavefunction at short distance by means of a unitary
correlator operator C' = exp(—iG), involving a two-body operator G which is
expressed in terms of the relative distance between the two interacting nucleons.
Alternatively, the effect of the correlator operator is to renormalize the interaction
at short distance, which alows us to use a standard FMD Slater determinant as
a many-body wavefunction, but with a modified Hamiltonian. The first results
obtained with this approach seem encouraging. The basic ground-state properties
of nuclei are properly recovered and dynamical calculations can now go truly
beyond the mean field. It would be an interesting and useful task to link this
new approach with more standard theories of the nuclear many-body problem,
in particular, the methods used in dynamical problems, in connection with the
BBGKY hierachy.

3.4 Conclusion of the chapter

We have devoted this chapter to basic theoretical toolsfor describing the dynamics
of heavy-ion collisions in the nucleonic regime. These approaches can be
viewed, to some extent, in the general framework provided by out-of-equilibrium
statistical physics, in terms of the reduction of a complex dynamics to a few
relevant degrees of freedom. In the present case, one-body descriptionstypically
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constitute such aset of relevant variables, as discussed at length in this chapter. In
particular, we have seen how to derive kinetic equations, and to what extent such
approaches can be justified in a nuclear context. Kinetic equations, in terms of
the celebrated BUU model, have thus constituted a key working tool in thisfield
of physics since the mid 1980s.

Due to their inadequacy to depict al the various situations encountered
in heavy-ion collisons, BUU-like approaches have been progressively
complemented by more involved theories, or replaced by MD-like approaches.
Still, BUU remains abasic tool of investigation in thefield. Stochastic extensions
of BUU, athough formally appealing, have not yet reached a ‘fl exibility’ and
‘robustness’ threshold which would alow them to be routinely used in realistic
cases. In turn, the various MD methods, in particular, QM D-based models, have
found awide range of applications because of their simplicity and in spite of their
defects. Altogether, there is no theory at hand which fulfils both the formal and
practical requirementsto become abasic tool, beyond BUU, in spite of appealing
attempts, as provided by stochastic TDHF and the correlator extension of FMD.



Chapter 4

Basic experimental and analysistools

This chapter aims to describe the basic tools used in the experimental
investigations of nuclear reactions in the Fermi energy range. In the first part
we consider the experimental tools (namely the beam facilities and the detectors)
that have been designed to achieve a good detection of all the various reaction
products. A major breakthroughin the investigation of nuclear collisions has been
the large development of 47 devices which are nowadays used almost exclusively.
These detectors, which cover amost the whole space around a reaction, allow
the recording of kinematically quasi-complete events. They are described in
section 4.1.2 after a brief description of the accelerators used in the energy range
discussed in this book (section 4.1.1).

Asaconsequence of the use of complex devices, alarge body of information
is obtained on an event-by-event basis. Therefore, specific ‘reduction’ techniques
have been developed for the metrology of nuclear reactions. First, collisions
must be ‘visualized’ (section 4.2.1) in order to have afirst idea of the topology
of the reaction, as discussed in section 4.2.3.4. Then, they must be sorted
according to the impact parameter (section 4.2.3), which is a key parameter in
disentangling reaction mechanisms at a given beam energy (chapter 5). The
characterization of excited sources produced in the course of the collision
is discussed in section 4.3. Basic techniques to estimate excitation energies
(nuclear calorimetry), rotational energies, temperatures (nuclear thermometry)
and timescales (nuclear chronometry) are described. Finally, the simulation tools
which are needed to disentangle detection biases as well as autocorrelations in
the data analysis are briefly described (section 4.4) before concluding the chapter
(section 4.5).

4.1 Experimental tools

Basically, heavy-ion-induced reactions are processes during which an initia
relative kinetic energy is shared among various degrees of freedom leading to
outgoing products reminiscent of the underlying energy-sharing mechanisms.

98



Experimental tools 99

Theinitia kinetic energy is obtained from accelerator facilities which are briefly
described in section 4.1.1. The outgoing products are analysed in dedicated
devices which are presented in section 4.1.2

4.1.1 Beam facilities

Heavy-ion facilities can be sorted into four classes depending on the velocity of
the projectiles (or the energy, expressed in MeV/u) they deliver:

low-energy domain: [5-15 MeV/u];

intermediate or Fermi energy domain: [15-200 MeV/u];
relativistic energy domain: [200 MeV/u—10 GeV/u];
ultrarelativistic energy domain: [>10 GeV/u].

Each energy range provides access to a specific class of physical properties. The
low-energy domain mainly addresses collisions dominated by mean-field effects.
The Fermi energy domain is the realm of nucleonic dynamics. The collisions
described in this book correspond mainly to this second domain. It isatransition
region between the low and relativistic energy regions as will be detailed in
chapter 5. It thusinvolves several competing mechanisms. Relativistic collisions
essentially access sub-nucleonic degrees of freedom, and lead to consideration of,
for instance, the physics of 7'sand A’s in the nuclear medium. Finadly, the ultra-
relativistic energy domain is devoted to the search for the QGP (section 1.3.2).
Sorting according to beam energy not only corresponds to the physical
properties but also to the technical limitations. Technical limitations lie in
the increasing size of the facilities needed to attain large energies and/or in
the increasing relativistic effects which have to be taken into account above
100 MeV/u. Most of the existing machines are based on cyclotrons [114] even
if linear accelerators (LINACS) have been built for limited energy ranges (10—
20 MeV/u). Synchrotrons have to be used in the GeV/u range or above. For
energies exceeding a few tens of MeV/u, several successive accelerators are
often used with a stripping foil between two machines in order to improve the
accel eration efficiency by increasing the charge state of the accelerated ions. The
first machine can be a tandem (Catania) or a cyclotron (GANIL). The second
machine is generally a cyclotron (or a synchrotron). Such a complication can
partly be avoided by using ECR (electron cyclotron radiation) sources delivering
high-charge-stateions [13] but large intensity beams are better achieved by using
the stripping method. Figure 4.1 is a non-exhaustive compilation of the existing
facilities in the intermediate energy domain of interest in this book. In figure 4.1
the various thresholds are indicated. The broken horizontal arrow corresponds to
the pion production threshold in a nucleon—nucleon collision. The physics of
interest in this book lies mainly below this line since it concerns non-excited
hadronic matter. The full horizontal arrow in figure 4.1 corresponds to an
available centre-of-mass energy equal to the total binding energy for symmetrical
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Figure 4.1. Compilation of the existing facilities in the nucleonic regime. The maximum
acceleration energy (ordinate) is indicated as a function of the atomic element number
(abscissa) for each facility. Also indicated are the Coulomb barrier (full line) for each
element, the so-called pion threshold (broken horizontal arrow) (see section 2.2.1.1)
and the incident energy per nucleon corresponding, in symmetric collisions, to available
centre-of-mass energies equal to the mean binding energy in nuclei (full horizontal arrow).

projectile-target systems. In this book, we shall mainly focus on the energy range
below 200 MeV/u.

As an example of the possibilities offered by a typical facility in the
nucleonic domain, we show in figure 4.2 alist of the available beams at GANIL
after the first cyclotron (SME, Sortie Moyenne Energie beam) and for the whole
machine. The accelerated charge statesand typical intensitiesareaso indicated in
electrical intensity (nA or A) or in particle per second. Note that GANIL beams
aredelivered by a set of two major cyclotronswith primary injection from an ECR
source into a third primary small cyclotron. For a given facility larger energies
arereached for lighter projectiles. The reason for thislies in the maximum energy
obtained from a cyclotron:

Emax = KZ? /A (4.2)

where Z is the charge state of a projectile of mass number 4 and K is a
characteristic parameter of the cyclotron. The decreasing tendency of the curves
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Figure 4.2. Compilation of the available beams at GANIL after thefirst cyclotron (bottom
points) and after the whole machine (upper points). Beam energy (in MeV/u) is plotted
as afunction of mass humber. Also indicated are the corresponding currents (in A or pps
(particles per second)).

in figure 4.1 reflects the increasing difficulty in strongly stripping heavy atoms.
Typical values of K are 115 (Louvain La Neuve), 380 (GANIL), 450 (Lanzhou),
520 (College Station), 800 (Catania) and 1200 (East Lansing). For about ten
years, cryogenic cyclotrons have also been built, which ensure a smaller machine
size and reduced power consumption.

4.1.2 Detectors
4.1.2.1 |Introduction

In an experiment, there is a need to characterize the outgoing productsin order to
identify the relevant physical mechanisms governing the response of the system
to the collision. Two quite different situations are observed in heavy-ion-induced
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reactions depending on the number of outgoing massive products. If one or two
massive outgoing products are produced, the corresponding kinematics is very
simple and may be analysed by using small solid angle detectors. For instance, if
only two massive fragments are emitted as in fission, one fragment is emitted in
the plane defined by the beam and the partner fragment. Both massive products
can thus be detected and identified by using limited area detectors located at
selected angles. The situation is far more complicated if more than two heavy
products are produced, because the corresponding angular correlations are not
simply defined. In this case, it is necessary to cover a sizeable fraction of the
whole solid angle around the reaction chamber, in order to detect with a large
efficiency the emitted products. Heavy-ion-induced reactionsin the Fermi energy
domain correspond to this second situation because many nuclear species are
often produced during the reaction. This is the main reason why it has been
necessary to build dedicated multidetectors covering most of the solid angle
surrounding the target. These detectors are known as 4 devices.

In addition to the problem due to the number of produced species, two further
difficulties have to be considered. The first one is that many kinds of particles
are emitted: heavy fragments or residues (typical charge number Z exceeding
10), intermediate mass fragments (IMF: 3 < Z < 10), light-charged particles
(LCP: Z =1, 2), neutrons, gamma-rays and mesons such as pions or even kaons.
The second difficulty lies in the wide energy range to be covered for each kind
of particle. For instance, a proton evaporated by the target may be rather slow
(typically afew MeV) whereas it can acquire a very large kinetic energy when
emitted by the projectile. It isthus not possibleto build an ideal detector covering
a4r solid angle in which any fast or low particle would be identified in nature
(charge, mass), geometrically (emission angle) and energetically (Kinetic energy).
Instead, it turns out that the large solid angle detectors which have been built are
dedicated to some specific kinds of particles: charged particles or gamma-rays or
neutrons.

4.1.2.2 Detection of charged products

The criteria used to define the technical choices are essentially the total
geometrical efficiency, the charge and/or mass identification, the energy
measurement, the granularity and the energy range.

The first generation of 47 detectors was built in the 1970s and in the 1980s.
Let uscite asexamplesthe Plastic Ball [22], the Streamer Chamber [441] installed
at Berkeley, the NAUTILUS ensemble[53,87,360,406] at GANIL, DIOGENE[8]
at SATURNE, AMPHORA [168] at Grenoble, the DWARF BALL and WALL
from Washington University [445], and the array called MEDEA in Catania[315],
whichis, however, mostly devoted to gamma-rays. Variousidentification methods
were used in these devices: AE — E for the plastic ball, or AE — T'oF' (time of
flight) in NAUTILUS, trgjectory reconstruction with momentum measurement in
amagnetic field (Streamer Chamber or DIOGENE), etc. The quantity AE ishere



Experimental tools 103

the energy left in the detector by a particle during its passage, while E is the total
energy deposited when the particle is stopped in the detector. By virtue of the
Bethe formula [264], the correlation between E and AE allows us to measure
the charge of the detected product. The ToF is the time interval between the
emission of the particle and its detection, which alows a determination of the
velocity of the particle. The AE — E method requires a full stopping of the
detected productsin solid state detectors constituting detection telescopes. Such
instruments consist of a stack of at least two detectors. The study of the signals
(and their correlations) delivered in each module of the telescope alows us to
discriminate and identify products according to their atomic number and, to some
extent, to their mass number. In contrast to the AE — T'oF method for which
identification is properly achieved, this method is useful only above a sizeable
threshold corresponding to the thickness of the detector. In both cases (AE — E,
AFE — ToF), only charge (Z) identification is achieved on alarge Z range; mass
identification is also possible but only for light species (Z < 5). This drawback
can, nevertheless, be overcome if magnetic methods are used, for which both a
AFE and acurvature radius, providing a charge-to-massratio, can be measured.

The second generation of detectors, which are now in operation at GANIL,
SIS and MSU, rely on the same detection techniques (AE — E, AE — ToF) but
with large improvementsin geometrical efficiency, thresholds, identification and
energy resolutions.

In FOPI [208], both NAUTILUS and DIOGENE techniques are used: a
AFE—ToF measurement is performedin the forward gas—plasticwall. Itsangular
aperture (1.2°-30°) is sufficient to allow a large coverage of the centre-of-mass
forward hemisphere for symmetrical collisions, and its granularity (764 moduli)
reduces the pile-up to a 10% probability in agiven cell. Theterm ‘pile-up’ refers
hereto asituation in which two products emitted in the same event are detected in
the same detector, thusleading to a pile-up of the corresponding el ectronic signals
and to abad characterization (energy and nature) of the products. In FOPI, charge
identification isachieved upto Z = 20 and thresholdsare 15 MeV and 50 MeV/u
for protons and Z = 15, respectively. At larger angles particle tragjectoriesin a
magnetic field are analysed by using drift chambers. A combined measurement
of their curvature radius, energy loss in the gas counter and ToF in a scintillator
barrel alows usto identify detected products both in mass and charge.

Reconstruction of the trajectories is aso the key point of the ALADIN
set-up [250]. This small angular acceptance system (+4.7° and +4.5° in
horizontal and vertical planes respectively) covers most of the kinematical region
associated with the decay of projectile-like nuclei in peripheral relativistic inverse
kinematics reactions (section 5.2). Any Z > 2 product is identified with a
90% efficiency from a AE (in the time projection chamber (TPC) + plastic
wall) — T'oF (in the wall) measurement. The corresponding energy is obtained
from trajectory reconstruction. ALADIN is hence well suited for projectile-like
multifragmentation (see chapter 8), but one has to keep in mind that protons are
undetected and that the information on the remaining parts of the system (target-
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Table4.1. Comparisons of performances of various multidetectorsinvolved in experiments
below 100 MeV/u bombarding energy.

Detector Indra MINIBALL CHIMERA Amphora Isis
Number of cells 336 215 (188) 1192 140 162
Nature of detectors Gas Si Phoswich S Csl GasSi

Csl (plast-Csl) Csl Phoswich (<15°) Csl
Angular range 2-176° 9(14)-160° 1-176° 2-164° 14-86.5°  93.5-166°
Geometrica efficiency 90% 89% 94% 82% 80%
Charge identification range 1-50 1-18 Yes 1-9 1-15
Massidentification H-He-Li-Be H-He Yes H-He H-He-Li
Energy thresholds 1MeV/u Z = 3(10) Verylow  Z = 2(10) Very low

al Z >1.5(2.5) MeV/u >4.0(8.0) MeV/u

like and participant zone in the intermediate rapidity region) is thus poor, even
if an ensemble of plastic scintillators has been added close to the target. FOPI
and ALADIN are well suited to SIS experiments for which the kinetic energies
of the detected products are often high. Similarly, the TPC of the EOS [206]
collaboration is well suited for this energy range because it has a large efficiency
and a correct charge resolution for light nuclei. Below E,, = 200 MeV/u,
charged-particlekinetic energy ranges are lower and AE — E methods give very
good results. It isthe main reason why this latter method is widely used in many
devices suited to this energy range: INDRA [375] (GANIL), MINIBALL [157]
(MSU), CHIMERA [6] (Catania), MULTICS [254], or ISIS [276] (Indiana).
These various equipments have large geometrical efficiencies (from 80 to 94%,
see table 4.1). They differ by the choice of AE or E detectors (hence, by the
corresponding thresholds), by the associated electronics (in particular the energy
range covered) and by the methods used to calibrate detectors. A A E gas counter
is, for example, a good choice to achieve low detection thresholds; however, it
is necessary to take care of the corresponding dead areas. The choice of silicon
detectors ensures optimal Z identification (above Z = 50 for INDRA) and energy
resolution. A granularity of several hundreds of cells alows small pile-up effects
(5% double hits for 320 detectors and 40 particles in INDRA [375]). Table 4.1
gives a summary of the main characteristics of charged-particle multidetectors
used below 100 MeV/u beam energy. Figure 4.3 shows the geometry and the
detectors constituting the INDRA multidetector which has been used in various
campaigns of measurement at GANIL and GSl. To conclude this part about the
detection of charged particles, let us mention the possibility of using nuclear
emulsions to ‘visualize' (by means of tracks) complex events [417]. However,
this technique does not allow us to accumulate large statistics.
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Figure 4.3. Schematic views of the multidetector INDRA. In the lower part of the figure,
the geometry of the detector is shown. It consists of 17 rings |abelled from 1 to 17 covering
2-176°. The solid angles of each ring have been optimized in order to limit the multi-hits
and to obtain a good granularity without exhorbitant cost (i.e. of the associated detectors
and dedicated electronics). A small dead zone around 90° allows the target to be placed in
the centre of the detector. The deviceisvery compact except in the very forward direction.
The upper part of the figure displays the combination of detectors (NE102/NE115, Csl
scintillators, silicon detectors and ionization chambers) which constitute each individual
cell. The total energy and the identification of each detected particle is achieved by
measuring the energy left in the various stages of a given cell. From [375].

4.1.2.3 Detection of neutral products

Besides charged-particle detectors, other dedicated large solid angle devices have
been constructed to detect neutrons or gamma-rays. Neutrons are difficult to
detect and characterize because they can be scattered from one detector to another.
Hence, it has been necessary to consider two extreme situations. In neutron balls
consisting of alarge vessel filled with aliquid scintillator doped with Gd [200],
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the total efficiency is quite large (the geometrical efficiency can be very close to
unity) but it is only possible to count the total number of emitted neutrons. In
discrete neutron detectors, it is possible to measure the neutron kinetic energy by
using the ToF technique but it is difficult to cover a sizeable fraction of space
because of the cross-talk problem between neighbouring neutron cells. Indeed,
this process corresponds to the situation in which a particle leaves a signa in
more than one detection cell because it has been scattered from one detector
to another. For instance, in DEMON, the geometrical efficiency is only about
1% [54,460]. An intermediate situation between discrete counters and a single
vessel can be achieved by using paddles of scintillators as developed by the LAND
collaboration [56]. However, it is difficult to attain a general description of a
collision only from neutron detection. Nevertheless, neutron balls may be used to
sort the collisions according to the measured neutron multiplicity, which provides
a measure of the dissipated energy in the reaction (see section 4.3.1.2). On the
other hand, discrete neutron detectors may be used to obtain precise information
on neutrons emitted in collisions which have been sorted by using information
obtained from other (charged-particle) detectors.

The detection of gammarays has also been investigated in large solid angle
devices [315]. Of specia interest are large energy gamma rays, because they
retain a memory of the early stage of a nucleus—nucleus collision (section 6.4).
The TAPS multidetector [346], which has a large efficiency for such high-energy
(>30 MeV) gamma-rays, has been used to obtain interesting results in this field,
both at GANIL and GSI. For such high-energy gamma-rays, the interaction in a
given cell of the multidetector produces many particles (a shower) which can fire
not only this cell but aso neighbouring cells. Such a shower may be correctly
analysed only by adding the signals obtained in neighbouring counters. Thisis
the reason why such devices are organized in groups of large-size and high atomic
number scintillators (BaF, in TAPS). Again, as for discrete neutron counters, a
proper sorting of the events may be achieved only by using additional (charged-
particle) counters.

It turns out from this brief detector survey that the experimental situation
for nucleus—rucleus collisionsis not ideal. Proper 47 charged-particle detection
is more or less achieved today but this is not the case for al other particles. In
fact, it isindeed nearly impossible to reach this goal in a satisfying way for both
charged and neutral particles.

4.2 Analysistools

We now come to a discussion of the analysis tools that have been designed to
handle the large body of information obtained from experiments.
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4.2.1 ‘Visualizing' nuclear collisions

Various reaction mechanisms are observed in nucleus—nucleus collisions (see
chapter 5). To obtain an idea of the genera ‘topology’ of the collisions, a
good solution consists of examining bi-dimensional velocity plots of the emitted
products. As a simple example, let us consider the case of a collision leading
to one excited product with no angular momentum. Since the subsequent
decay is isotropic, the centre-of-mass velocity spectrum of the corresponding
emitted particles is similar in any direction. This property may be evidenced
in a bi-dimensional plot where the absissa and ordinate are, respectively, the
‘pardlel’ to the beam (v or wv,,r) and ‘perpendicular’ to the beam (v, or
Uperp) VElOCity components. The variable in the third axis is the corresponding
cross-section.  Figure 4.4 is a schematic picture of the expected invariant
cross-section isocontours in the case of three well-defined (and well-separated)
isotropic sources. Circles are observed because the cross-sections have been
normalized according to the elementary differential volume 27v | dvj dv. An

interesting featureis that such a cross-section -1 40 jsinvariant in aGalilean

vy dvjdvg

transformation since the elementary differential volume is conservative (see the
appendix for more details). This means that, if the emitting source is not at rest
in the reference frame, the isocontours will appear as circles centred at the source
velocity. Such invariant cross-section plots may thus be used to characterize
sources (isotropic emission in the present case), but also to measure their recoil
velocitiesin the reference frame.

Notefinally that when considering relativistic kinematics, one hasto replace
)| and vperp Dy the quantitiesy and Bperp: v is called the rapidity and is defined

by
11 |:E'+p:|
=—1In
4 2 E—pH

(4.2)

where E and p| arethetotal particleenergy (including mass energy) and the linear
momentum parallel to the beam. The rapidity y may also be written as

_1n1+ﬂ]
Y= 21 L—ﬂ (4.3)

where 3, is the velocity parallel to the beam, normalized to the velocity of light,
and 31 (Bperp) IS the corresponding quantity perpendicularly to the beam. It is
easy to check that y reduces to 3 for small 3 values as is the case in the non-
relativistic regime.

4.2.2 Someremarkson the concept of ‘sources

The discussion of the previous section is based on the fact that an equilibrated,
zero spin, excited nucleus is a particle source decaying isotropically. The
underlying physical idea here is that the system has forgotten the way it was
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Figure 4.4. A schematic view of an isocontour plot for the invariant cross-section

i dv‘f & n in the case of three well separated sources with velocities Vsource-; -

formed, in particular, the direction of the beam. Thisis the case if the lifetime
of the source is long enough compared to the time needed to form it. However,
the situation may be more complicated in some cases. For instance, if some
angular momentum is brought into the system in the entrance channel, the
source decay can exhibit some anisotropy reflecting its finite angular momentum.
However, even in this case, the decay will be isotropic in the plane perpendicular
to the spin vector. Similarly, we will see that nucleus—nucleus collisions can
induce some compression of the released source(s), which can then expand. In
this case, the isotropy will also be preserved, provided that the compression is
purely radial. This means that a source behaviour (i.e. some isotropy in the
decay step) holds when the stored energy has three origins: thermal (complete
equilibrium or uniform phase-space occupation), radial compression—expansion
and rotation. Note also that the source pattern will be distorted if some particles
areemitted early, i.e. before acomplete memory loss of the beam direction. These
particles are called pre-equilibrium particles. Their behaviour will be discussed
in chapter 6.
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Figure 4.5. Isocontour plots of vpar—uperp (in €M ns™t) for selected events observed in
Xe+Sn collisions at 45 MeV/u for various emitted species from protons up to Z = 20.
Events have been selected with the techniques described in section 4.2.3: they correspond
to mid-central collisions. Two sources of emission associated with circular contours are
seen, especialy for protons, aphas and heavy fragments (Z = 20). However, deviations
(too large abundance) from this simple scenario are also observed at v close to zero (see
section 5.3.2.2). From [63].

Figure 4.5 is a typical example of invariant cross-section plots. It
corresponds to semi-peripheral events sel ected according to the impact parameter
of thereaction. Thislatter quantity has been estimated with the help of the method
described in section 4.2.3. The system is Xe+Sn at 45 MeV/u. Relativistic effects
may be neglected in this case. Two sources are clearly recognized, whatever the
considered particle, even if a closer ook at some plots reveals an enhancement
of emitted particles at mid-velocity (i.e. close to v = 0). This effect will be
discussed in section 5.3.2.2. When the kinematics is favourable, as in the present
case, the concept of an emitting source is very useful to analyse the data. Still,
it is impossible to build such bi-dimensional spectra (as shown in figure 4.5) on
an event-by-event basis, i.e. by using the particles of a single collision. Indeed,
too few particles are emitted in a single event and, thus, no clear pattern would
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emergein such a case. Hence it is necessary to add the contributions of as many,
and as similar as possible, events which necessitates an efficient and reliable
sorting procedure. As the amount of information obtained in a given event is
quite large, the reduction of the information is thus a prerequisite for a suitable
study of complex experimental events. This dedicated procedure can be achieved
by using global variables built on an event-by-event basis, and by considering the
characteristics of all detected particles.

4.2.3 Event sorting and reduction of the information
4.2.3.1 Impact parameter estimation

An important issue is to achieve event sorting according to the impact parameter
b, which is a key parameter to understanding the reaction mechanism at a given
beam energy (chapter 5). As a matter of fact, and in contrast to other physical
systems, the initial conditions of heavy-ion collisions cannot be prepared and/or
controlled in that respect. This is due to the obvious impossibility of directly
measuring or controlling b (there is no instrument to measure distance or focus
particles at the femtometrelevel!). Therefore, one hasto rely onindirect methods,
based on quantities which are expected to vary with the impact parameter. One
has, nevertheless, to keep in mind that this will never be perfect, for two reasons:
(i) because it will always be model dependent; and (ii) because the number of
detected particlesis afinite number so that fluctuation effects will play arole.

Basic impact parameter estimates are based on a guess about a possible
monotonic relationship between a physical observable X and 5. One can then
define the reduced impact parameter by the relation [365]:

bX) _ / TAPY) 4y (4.4)

where P is an observable proportional to the cross-section and b,y iS the
maximum impact parameter of the considered reaction. Examples of such a
procedure for four different observables are shown in figure 4.6. The chosen
variables involve either particle multiplicities (al particles (N.) or limited to
Z =1 (NNy) infigure 4.6) or kinematical variables such as the transverse energy
E; (see equation (4.5)). In the first case, it is assumed that the most violent
collisions correspond to the largest energy deposit and thus to the largest particle
multiplicities. In the second case, the basic idea resides in the fact that energy
dissipation induces a transfer of kinetic energy from the initial beam direction to
the other directions, in particular, the transverse direction, perpendicular to beam
direction.

The total transverse energy (E.), taking into account the N-detected
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Figure 4.6. Reduced impact parameter (equation (4.4)) extracted from four quantities: the
detected particle multiplicity V., the total transverse kinetic energy E., the mid-rapidity
charge Z, (see [365] for details) and the hydrogen multiplicity Ni. The different curves
correspond to the three incident energies indicated in the first panel. From [365].

particles, is then defined as

N
E, = E;sin®(6;) (4.5)
i=1

in which E; and 6; are, respectively, the kinetic energy and the laboratory
detection angle of particle i. Of course, such a variable is meaningful only
if the inefficiency of the experimental set-up does not introduce strong biases.
Such defects can be reduced by restricting the summation to those particles for
which threshold effects are less disturbing, such as light-charged particles (LCPs,
Z 1,2). The corresponding transverse energy Firansi2 has been used in
figure4.5 asasorting parameter. The energy transferred to the transversedirection
E, is sometimes normalized to its parallel component E,,. One may then use
E,.: defined as

Et B Zi\il .EZ sin2 92
Epar Ei\il El cos? 92
which is here calculated in the non-relativistic approximation, and evolvesin the

Erat = (46)
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range [0-2]. This quantity is close to zero for gentle (peripheral) collisions and
reaches its maximum value for central head-on collisions.

Another impact-parameter sorting has been used recently in FOPI
experiments [9, 10]. It is estimated from the azimuthal angular distribution of
emitted particles through the so-called directivity

T
D= 4.7
> I .7

where the sum runs over al detected particles. This quantity is close to zero for
an isotropic azimuthal emission.

An important remark at this point concerns finite number effects which can
induce strong fluctuations. They will be larger if the multiplicity of involved
particles is smaller. For instance, fluctuation effects are larger on the transverse
energy of LCP's (Eansi2) than on the total transverse energy E;. Generaly
speaking, it is better to insert as much information as possible to define a sorting
variable. This can be achieved by using several crossed sorting parameters. As
an example, figure 4.7 shows correlations between various sorting variables for
the reaction Ar+Au at 50 MeV/u. But the width of the correlation between
two parameters gives a good indication of their ability to achieve an accurate
sorting only if the variables of interest are not obviously correlated. This
condition is not easily fulfiled; for instance, in figure 4.7, the total multiplicity
N, is obvioudly correlated with the hydrogen isotope multiplicity IV, (including
protons, deuterons and tritons) since the second one is included in the first one,
and the measured correlations are then optimistic indications of the ‘sorting
power’ of the selected variables.

4.2.3.2 Tensor analysis

Powerful methods consist of defining a single variable preserving the major part
of the information collected by the experimental set-up. Variables measuring the
shape of an event are good candidates here. They are obtained from a tensor
constructed on the momenta[291]:

N
Fyj =Y i} (4.8)
v=1

where F;; are the tensor components. The sumation is usually performed by
considering only fragments but can also be done with al detected particles.
The p; ; are the momentum coordinates of each particle in the centre-of-mass
(the indices i and j refer to Cartesian coordinates); v is a weighting factor

characterizing the tensor: momentum tensor if v = Ilp; energy tensor if y = ;-

2
(m being the particle mass); velocity tensor if v = =

m

The energy tensor is most often used to analyse tﬁe experimental data. It can
be diagonalized to reduce the event shape to an ellipsoid, the main axis of which
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Figure 4.7. Experimental correlations between various sorting parameters for the Ar+Au
system at 50 MeV/u: charged-particle multiplicity V., total transverse energy E:,
hydrogen isotope multiplicity Vi, mid-rapidity charge Z, (see [365] for a definition of
this variable). From [365].

is the eigenvectors of the tensor. The corresponding eigenvalues A 1,2, A3 are
then used to define the event shape. The \’'s are generally normalized to unity:

M+ +A3=1 (4.9
and ordered according to
AL < Az < As. (4.10)
Several quantities may then be defined from this tensor anaysis:
e the sphericity
S=3(1-2x3) (4.112)

e the coplanarity

V3

C=5(a=X\) (4.12)
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Figure4.8. Correlation between Eirans12 and Oa.y, for Xe+Sn collisionsat 50 MeV/u. For
small values of faow, Etransi2 evolves rapidly until a soft saturation around 600-700 MeV.
Then, in this range of energy dissipation, the flow angle populates a large angular domain
and can be used as a sorting variable as discussed in section 5.3.3. From [342].

e the flow angle g,y between the beam axis and the A3 axis, namely the
largest eigenvalue of the reconstructed ellipsoid.

An illustration of the use of such variables is discussed in section 5.3.3. Let
us, nevertheless, take an example of the correlation between E,ans12 and Ogow,
as shown in figure 4.8 for the Xe+Sn system at 50 MeV/u. In this case, the
energy tensor has been calculated using only ‘massive’ fragments (Z > 3).
It is worthwhile to note that there are no other correlations than physical ones
between Ei ans12 and Og0vw, Since the former is built with the characteristics of
light particles while the latter is calculated with those of the fragments. For
moderate values of Fy..ns12 corresponding to the less dissipative collisions, the
flow angle g, remains close to the grazing angle. In this region, the impact
parameter is directly related to the value of E ;512 and may be sorted according
to different E ans12 CUtS [296]. For the most central collisions, fq.y turns out
to be a more discriminating variable. Hence, central collisions are better sorted
according to fg,y cuts (see section 5.3.3). We see on this example that a given
indicator can be better suited for a given impact parameter range.

Other global variables have been proposed which are al so correlated with the
global shape of the event. For instance, the Fox momenta[190] are defined by the
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relation:
>_ij [pillpj| Pe(cos bi;)
N

where P, isthe Legendre polynominal of order e, §;; istherelative angle between
particles¢ and j, p;,; their centre-of-mass linear momenta. In equation (4.13) N
is a normalization factor such that Hy, = 1. Such a sorting method has been
used in[306]. A unique source decaying isotropically (spherical shape) leads, for
example, to Hy = 1 and H, = 0 for £ # 0.

H, =

(4.13)

4.2.3.3 Multi-dimensional analysis

Up to now, we have only considered the correlation between a few (generaly
two) global variables. Recently, a very genera procedure has been proposed
to sort the events as a function of as many variables as possible [156]. Such
a technique, based on multi-dimensional reduction techniques, alows us to
search systematically for the best combination of variables that help to classify
the events according to some prescription. A typical problem is to find the
best combination of variables that can isolate, on an event-by-event basis and
unambigously, those collisions which lead to a single isolated source in nuclear
collisions [308]. Such methods are widely used in other fields of science and
constitute a general framework for the statistical analyis of complex data. This
very powerful technique, however, needs to be systematically calibrated and
checked with the help of simulations. These are briefly discussed in section 4.4.

To summarize this rapid description of sorting variables, one may recall that
none of them is perfect because of finite particle number effects. Some of them
are better suited for peripheral reactions, othersfor moreviolent collisions. Inany
case, the impact parameter cannot be extracted from data with a precision better
than about 10—-20%. Some variablesare better suited for a given experimental set-
up if they are relatively insensitive to the experimental deficiencies, uncertainties
or thresholds. However, generally speaking, the most powerful variables arethose
using the full information extracted from the events, namely multiplicities and
kinematical quantities.

4.2.3.4 Separation and reconstruction of sources

Theresult of event sorting may be that invariant cross-section plotsreveal circular
contours which are signatures of sources. The next step then consists of a
separation of these sources on an event-by-event basis. This means that for each
event one aims at attributing each detected product to a given source. Several
methods have been developed for this purpose. They al use the fact that particles
or fragments emitted from a given moving source have velocities focused along
the source velocity. In that sense, particles or fragments emitted from a recoiling
source look like a ‘jet’ in the direction of the velocity of the source. This
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description is fully correct if the source velocity is large compared with the
velocities of particles and fragmentsin the source frame.

In the thrust method, for example, the attribution of each product of an event
to a given source is obtained by maximizing the quantity:

_ ISl + [Spl

T
k|pw

(4.14)

in which p; ;... x, are the linear momenta of the various products in the centre-
of-mass frame. Each sum of the numerator corresponds to a given source and
the algorithm consists of searching the ‘best’ repartition between various sources,
i.e. the repartition which maximizes the numerator. The denominator is simply a
normalization factor such that T' evolvesin the range [0, 1].

Inthe MST minimum spanning tree (MST) method, one seeks for the ‘ best’
way of connecting N productsin momentum space, i.e. the way which minimizes
the total path. This path includes N — 1 bonds. It is possible to distinguish two
different sources by cutting the longest bond. The application of this method
needs to define the ‘length’ of a bond. In our case, it may be defined in the
velocity space and the square of the relative velocity between two products is
generally used.

As dready stressed, al these methods are relevant only if the involved
sourcesare clearly disconnected in vel ocity space. We will seethat, unfortunately,
the event topology is often not so simple and that products may be emitted at mid-
rapidity between two main sources. The attribution of such products to one given
source can therefore be misleading.

4.3 Reéevant variables and source char acterization

We have seeninfigure4.5 how v —v, plotsmay be useful inidentifying emission
from underlying sources. These sources correspond to excited nuclei. An
important aspect of the study of nuclear collisionsisthe proper characterization of
such excited species and the measurement of their excitation energy, temperature
and lifetime. Indeed, excitation energy and temperature are the key quantitiesin
studying nuclear thermodynamics, which is one of the main goals of the study of
hot nuclear species. Finally, timescales are obvious crucial quantities for detailed
discussions of nuclear dynamics and the time development of nuclear collisions
towards thermalization.

In this section we describe the experimental methods used to obtain these
physical quantities (excitation energy, temperature, etc) putting more emphasis
on the techniques than on the results. The latter will be extensively discussed
in chapters 5 and 8. We therefore assume in the following discussions that the
sources to be characterized have been properly separated and reconstructed with
the methods described in the previous section. The question of the formation of
such sources in nuclear collisions will be addressed in chapter 5.
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4.3.1 Nuclear calorimetry

The methods of nuclear calorimetry aim to estimate the total excitation energy
or the excitation energy per nucleon ¢* deposited in sources in the course of
the reaction. Let us recall (see section 4.2.2) that ¢* is the sum of the thermal,
compression and rotational energies. It is the part of the incident energy which
has been dissipated during the collision, the remaining part being observed as pre-
equilibrium particles or asthekinetic energies of the released sources. Aswe shall
see later €* can be measured in two ways, either by considering the energy of all
emitted particles from the sources or by a subtraction method. Thislatter consists
of measuring the part of the energy that has not been dissipated and subtracting
it from the total available energy in the collision. Before discussing these two
methods, it is, neverthel ess, necessary to estimate, on an experimental basis, the
degree of equilibrium attained by the sources, the energy of which one aims at
evaluating.

4.3.1.1 Experimental signaturesof equilibrium

As previously explained, we focus here on sources which have decayed after
a formation step during which they have lost the memory of the incoming
beam direction. This means that the corresponding fraction of the incident
kinetic energy has been shared among various degrees of freedom: thermal,
compressional and rotational degrees of freedom. The experimental criterion
which may be used to test such a memory loss of the entrance channel beam
direction is the isotropy of the angular distributions of emitted particles, in the
reference frame of the studied object. Examples of such (partialy) equilibrated
systems are displayed in figures 4.9 and 4.10. In figure 4.9, the charge
distributions of the IMFs emitted in central Xet+Sn collisions at 50 MeV/u
are shown for various centre-of-mass angular ranges. All distributions can be
superimposed except for very forward—backward angles for which a (small) non-
equilibrated component is apparent. Such an anisotropic component can be
associated with remnants of the projectile and target which did not fuse in the
course of thereaction. A very similar behaviour is observed for the same system
when focusing on a-particles, as shownin figure 4.10, in which the kinetic energy
distributions have been compared at various centre-of-mass angles. Here again,
al distributions are superimposed (without any arbitrary normalization) except for
very forward and backward anglesfor which the spectraexhibit ahigh-energy part
associated with fast pre-equilibrium emission. Once an experimental signature
of equilibrium or an experimental selection of particles reflecting the excitation
energy stored in the source has been attained, the next step consists of measuring
the excitation energy deposited in the system.
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Figure 4.9. Charge distributions of the IMFs (Z > 2) emitted in central Xe+Sn at
50 MeV/u collisions for various centre-of-mass angular bins. These collisions correspond
mainly to the formation of a single source decaying isotropically. The lines correspond
to the distribution at a mean angle of 83° (same as open triangles). For clarity, each
distribution has been shifted by an order of magnitude but no normalization has been
applied from one angle to another. From [305].

4.3.1.2 Calorimetry with the balance equation and/or the neutron multiplicity

The balance equation method takes into account the kinematical characteristics of
the particles emitted by a source by considering an energy balance. The deposited
excitation energy per nucleon e* is thus defined as

Mo .
o — 2 iz Biin + Q'

Ameas

(4.15)

where Ej; is the kinetic energy of product i in the source frame, M the
multiplicity of particles emitted from the source, Q¢ the binding energy of
product i and Aeas the reconstructed mass of the source. This latter quantity
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Figure 4.10. Centre-of-mass kinetic energy distributions of the o particles emitted in
central Xe+Sn 50 MeV/u collisions for various centre-of-mass mean emission angles. The
full linein each panel is the distribution for amean angle of 83°. From [305].

is not easily accessed since, most of the time, neither the neutrons nor the
masses of the emitted products are measured. When neutrons are not measured,
their multiplicity is estimated from mass balance or from proton multiplicity
by assuming a given value for the isospin ratio R = N/Z of the source. The
same procedure is used for the mass numbers which are estimated by assuming
the most probable isotope associated with each measured atomic number. The
average kinetic energy of the neutrons can be obtai ned from the proton spectra by
subtracting an effective Coulomb barrier usually of the order of a couple of MéeV.

A very similar method can be used with the help of the neutron multiplicity
measured on an event-by-event basis by neutron detectors such as ORION [200].
The main drawback of this method is that it relies, to a large extent, on the
capability of the experimental apparatus to detect correctly all particles emitted
by the source. Therefore, it is very sensitive to the thresholds and dead zones of
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the detector and the estimated quantity must very often be corrected or at least
checked with help of simulations.

4.3.1.3 Calorimetry with the ‘subtraction’ method

This method is somehow complementary to the previous one. It consists of
obtaining the excitation energy per nucleon ¢* by subtracting from the total
available energy non-thermal components of the motion of both light particles
and massive fragments. This is achieved by considering the kinematics of the
reaction.

Collective non-thermal motion is easy to identify in some well-defined
situations. In fusion-like reactions in which only one massive excited nuclear
object (the so called ‘compound’) is produced, the excitation energy is obtained
directly by subtracting the ‘recoil’ energy?® of the compound from the available
energy. However, there may be some problems with the fast emission of light
particles (the so-called pre-equilibrium stage of the reaction (see chapter 6)).
In this case, the relation between the linear momentum transferred to the
recoiling compound nucleus and the corresponding energy deposit is no more
straightforward.

As will be discussed in chapter 5, collisions may end up with two massive
outgoing products reminiscent of the entrance channel characteristics of the
reaction. In this case, simple two-body kinematics allows us to obtain the
total kinetic energy Erkr (also denoted TKE in the literature) by the following
expression:

Erxe = $uV3. (4.16)

In this equation, V. is the relative velocity between the two massive outgoing
products and y is the reduced mass of the system. The excitation energy per
nucleon then reads: B
% TKE

€ = ecm A+ A (4.17)
in which ey is the available centre-of-mass energy per nucleon and A, and A,
are, respectively, the mass number of the projectile and target. As before, pre-
equilibrium processes may affect this estimation of €*.

Measurements of the excitation energy from the relative velocity of the
reconstructed partners of the reaction have been used mainly for heavy systemsin
whichthe Wilczynski plots (see section 5.3.2.1) have been built [88,280,313,314].
The main drawback of this method is that it only gives an average value of the
total energy dissipated in both partners. Thus, no information is available on the
sharing of the dissipated energy among the two partners of the reactions and one
has to rely on some specific assumptions (equal temperature or equal excitation-
energy sharing between the two partners) to assign a given value of the excitation
energy to each source.

L Thisis the term used to denote the kinetic energy of the excited nucleus in the laboratory frame.
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4.3.2 Nuclear thermometry

We have seen in section 2.3.2.3 that the description of an excited nucleus in
terms of temperature is somewhat ambiguous because the correlation between
temperature and excitation energy is not clear for a small system. In other
words, microcanonical and canonical approachesare not fully equivalent for small
systems.

From an experimental point of view, this conceptua difficulty is, however,
not so serious because the observations are not performed on a single nucleus
but on a collection of nuclel which have been sorted as explained in section 4.2.
Because of this cumulative effect, it is meaningful to describe an excited nucleus
in terms of a mean temperature: the successive observations of N similar nuclei
is equivalent to the observation of a unique larger system for which the small size
limitations are softened.

Another conceptual but more serious problem is related to the fact that the
systemisopen. When aparticleis emitted (evaporated) as described, for example,
by the statistical model (see section 2.4), it is taken away from the system, in
contrast to the situation of an equilibrated system in which the evaporated particles
are kept in the vapour phase surrounding the liquid phase. In the nuclear case, the
system can thus exchange matter and energy with the outside: in other wordsit is
metastable. This question of the theoretical description of a hot and open system
isdiscussed in section 7.1.2. Here, we handle the problem from the experimental
point of view of extracting a temperature from the characteristics of the detected
light particles and fragments.

In section 2.4.1 the statistical model was used to calculate the emission
probability of a given particle with a defined kinetic energy. In this framework
the temperature may be introduced and is correlated to the density of states of the
nuclei which remain after particle emission (equation (2.83)). The measurement
of temperatures in nuclear collisions is thus basically a matter of measuring the
density of state p(E*). In the microcanonical description, this is equivalent to
a measurement of the probability of occurrence of the selected channel. This
general method may be applied in three specific cases which are described here
[41]:

e by studying the slopes of maxwellian kinetic energy spectra which leads to
the so-called ‘kinetic’ temperatures (upper part of figure 4.11);

e by studying discrete state population ratios of selected clusters which leads
to a determination of the ‘internal excitation’ temperature (middle part of
figure4.11);

e by studying double isotopic yield ratios: the so-caled ‘double ratio’ or
‘chemical’ temperatures (lower part of figure 4.11).
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Figure 4.11. A schematic description of the three methods discussed in the text that are
used to measure temperature 7' in nuclear collisions. All the methods are based on an
experimental determination of the density of states p of the decaying hot nucleus as a
function of the excitation energy (see eguation (2.83)). However, they differ by using
the properties of different decay products. The first method (upper part, developed in
section 4.3.2.1) is based on the light-particle-evaporation process and thus assumes a direct
connection between the kinetic energy ‘density of states' of the evaporated particlesand p.
The second method (middle part, discussed in section 4.3.2.2) is based on cluster emission
and assumes that the relative probability to excite different states of a given cluster is
directly linked to the density of states p of the parent nucleus by means of a Boltzmann
factor. The last one (bottom part, section 4.3.2.3) is similar to the previous one but uses
the yields of four different emitted particles whose difference in their binding energies is
denoted by Bij.

4.3.2.1 Determination of ‘kinetic’ temperatures

In section 2.4.1, the relative probability of emitting a particle ¢ with a kinetic
energy e has been calculated as:

€ — BCoul
TQZ

€ — BlCOul

Pi(e) = exp [—T} e > BPou (4.18)
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where B{°ul js the Coulomb barrier for emitting particle 4 from the excited
nucleus. This relation means that the kinetic energy spectrum dNV;/de exhibits
amaxwellian shape with a high-energy exponential fall-off reflecting the nucleus
temperature. This method of measurement of temperatures has been widely and
successfully used in the literature.

One should, however, note that this method only gives an average estimate of
the temperature along the decay chain. Indeed, since it isimpossible to attribute
an emission time to each observed particle, the quantity dV; /de istime-averaged
and can only provide a so-called apparent temperature. Furthermore, since the
emission of the various species is governed by phase space constraints, thereisa
hierarchy in the various emission probabilities so that different particles are not
emitted with the same timescales and thus reflect different temperatures. The
averaging effect along the decay chain may in turn be unfolded by comparing
measurements for various excitation energies [231].

A common procedureto obtain the initial temperatureis to confront the data
with the predictions of statistical models (see section 2.4). In such models, the
sequential effects as well as the competition between the emission of various
particles are taken into account. The comparison with experimental data of the
spectra generated by such models using different input parameters allows us to
‘trace back’ theinitial temperature[142, 324].

A general drawback of this method is related to kinematical effects.
Kinematical problems arise from the fact that the observed kinetic energy of the
emitted particle is a convolution of the velocity of the emitted particle, relative
to the emitting source, with the source velocity itself. This latter quantity can be
poorly known for several reasons. In particular, successive recoils of the decaying
nucleus after each emission induces uncertainties which become increasingly
important with the mass number of the emitted particle.

One has a'so to be cautious when the excitation is sufficient to lead to the
multifragmentation of the system (a process which is extensively discussed in
chapter 8). In this case, equation (4.18) has to be revisited to take into account
the fact that all the particles are emitted in a single step from the bulk of the
nuclear system. Their kinetic energy distribution is then the internal kinetic
energy distribution of particles belonging to a gas admixture. In the Boltzmann
approximation (which may be valid when the density of the nuclear system
becomes low), one then obtains

\/e — BCoul — BCoul
P;(€) ~ 61172’ exp {—ET’] e > BYoul (4.19)

which looks like equation (4.18) except for the square root of e — B &°ul in
the forefactor. One speaks of surface emission when equation (4.18) is valid,
i.e. when particles are sequentially emitted as was considered in section 2.4.
This is the case at limited excitation energies. Conversely, volume emission
(equation (4.19)) correspondsto a one-step emission from a disintegrating system
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Figure 4.12. Kinetic energy distribution for Z = 2 particles emitted in Kr+Au collisions
at 32 MeV/u. Particles have been detected at backward angles in which evaporation is
the dominant process. Each curve corresponds to a given neutron multiplicity M, bin
(increasing from curve labelled A to curve labelled E). M,, is a measure of the total
excitation energy deposited in the system. Data have been fitted with maxwellian-like
distributions expected in athermal process. From [135].

and applies at larger excitations. A further modification hasto be consideredif the
measured kinetic energy does not reflect only athermal decay but also a collective
expansion energy. This point is quantitatively discussed in section 8.4.2. Finally,
one has to pay attention to pre-equilibrium emissions (see section 6.1.1) which
can strongly affect the high-energy tails of spectra. This drawback may, however,
be eiminated by analysing energy spectra in directions where pre-equilibrium
emission is minimized (see section 6.1.1). Thisis usually the case at backward
angles for asymmetrical systems involving a light projectile and a heavier
target (see figure 4.12). In this angular range, particle kinetic energy spectra
show monotonic maxwellian-like behaviours. An analysis of the slopes of the
distributions provides a measure of the temperature of the emitters.
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4.3.2.2 Ratios of populations of excited states

In order to avoid the drawbacks of the kinetic energy spectramethod, several years
ago the use of amethod based on the study of excited states of composite particles
was proposed. In this method, instead of measuring a continuum of states by the
kinetic energy spectra as in the previous section, the population of a few excited
states of a given emitted product (cluster) is analysed.

L et us consider acomposite particle with two discrete excited states [abelled,
respectively, 1 and 2. The excitation energy of the states, measured from the
ground state, are, respectively, £, and E, with spin s; and s,. It is possible to
use the formalism of the statistical model (section 2.4.1) to calculate the ratio of
the probabilities of observing the two selected states. The probability of observing
agiven product with akinetic energy e is given by equation (2.81). Thisequation,
for the emission of the considered composite particle in a given state i = 1,2,
o (By6) | amp?

_ PlEs ™
Pi(e)de = (B (2s; +1) 3
in which Eg and E%} (7) are the energy of the emitter before and after emitting
the considered cluster in a state . The value of £'%(i) depends on the respective
energies of the two excited states according to the following balance equation:

oc(€) de (4.20)

Ei(i)=E;—E;—Q—¢ (4.21)

where — () isthe ) value of the process when considering particlesin their ground
state and e is the kinetic energy of the cluster in the emitter frame. Over an
ensemble of measurement, the mean value € is independent of the excited state of
the emitted cluster. Thus, the ratio of the two probabilities reads:

P _ 251 + 10a(€)p(E5(1))
Py 253+ Loea(e)p(EF(2)

(4.22)

A usual approximation consists of assuming that the cross-section for the inverse
process (i.e. capture) does not depend on the internal state of the cluster. Then,
from

Ej(1) - E}(2) = B, — By (4.23)

and from equation (2.92) for p(£}(4)), one ends up with the following relation:

= n (4.24)

i 281 +1 ox —(El — Ez)
Py 25541 '

The same result can be obtained by assuming that the emitted product is in
thermal equilibrium with a heat bath at temperature T'. The excited states are
then populated according to a Boltzmann law. The ratio of state populations of
the emitted clusters thus provide a measure of the ratio of the state population of
the emitter itself.
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Figure 4.13. Yidds for various decay channels of '°B emitted in Ar+Au reactions
at 35 MeV/u. The abcissa is the excitation energy of excited '°B reconstructed by
considering the kinematics of the two associated decay products CLi and « in the upper
case, °Be and proton in the lower case). Each peak in the distribution is associated with
one or severa discrete excited state(s) whose spin and parity is (are) indicated. The broken
line is the estimated background contribution. The left panels are for peripheral collisions
and the right panels for central collisions. From [503].

Before coming to the experimental aspects of the technique, let us mention
a few inherent conceptual problems. First, it is implicitly assumed that the
emission of the composite particlein agiven stateis solely dictated by phase space
constraints: this means that there is no ‘hidden’ dynamical effect in the emission
probabilities and (as aready mentioned) that the inverse capture cross-section
oc(€) isthe samefor both excited states. This aso meansthat neither the question
of the pre-formation of such states in the emitter nor the question of possible
final-state interactions that could affect the measured emission probabilities are
considered. From an experimental point of view, the observation of discrete states
of agiven composite particleiis achieved by measuring the relative energy spectra
of the associated coincident decay products (mainly charged particles [503,504],
but also neutrons [150]). Therefore, each discrete excited state is associated with
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apeak in the excitation energy spectrum (figure 4.13). The number of countsin
each peak gives (after subtraction of the background) the population associated
with each discrete state. In this case, the background is due to uncorrelated
particles, i.e. to particles which do not result from a single composite particle
decay.

Apart from the problem of background subtraction, the main drawback of
this method certainly lies in side-feeding effects. This effect follows from the
fact that all observed resonances are not emitted by the source of interest but
may result from the decay process of other more massive clusters which were
previously emitted. These ‘side-fed’ resonances thus do not reflect the actual
temperature of the emitter and lead to an underestimation of the temperature.
Correcting for such effects relies, to a large extent, on actual knowledge of al
discrete states up to massive clusters and is thus a delicate procedure, which
requires the use of quantum statistical models [226, 232, 269, 471]. But it
turns out that side-feeding effects are minimized when considering discrete
states with a large energy difference AE. Furthermore, the method has several
attractive advantages. It may be applied on various fragments leading to several
independent temperature measurements and it is frame-independent since only
relative energies are needed.

4.3.2.3 Doubleratio of isotopic yields

Intheframework of the statistical approach, the probability of fragment or particle
emission is mainly governed by phase space constraints, in particular, by the
separation energy associated with the emission process. This property is readily
seen in equation (2.81). It has been used in section 2.4.3 to expressthe probability

for neutron emission as afunction of the neutron binding energy (equation (2.95)).

The separation energy is nothing but the opposite of the chemical potential. In

decay processes involving evaporation from the surface of a hot nucleus at a
density closeto the saturation density, the chemical potentialsare easily estimated
from ground-state properties. However, there are situations in which decay

processes occur at low density (see chapter 8). The probabilities of formation of

agiven cluster then depend on the chemical potential (see equation (8.11)). This
latter is related to the chemical potentials for free protons i, and free neutrons
1N 8s given by equation (8.12). These two quantities are not easily accessible
experimentally. Albergo et al [11] have thus proposed a method to measure the
temperature in which the chemical potentials are not needed. Theideaisto study
ratios of populations of clusters differing either by a single neutron or by asingle
proton so that the chemical potentials cancel in the final expression. Let us define
R asthe following doubleratio of particleyieldsY;; = Y (4, Z;)

Y(Ai, Z;) Y(Aji1,Z;)

R=
Y(Aiv1,Zi) Y(44,Z5)

= R R,. (4.25)
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According to equation (8.11), the first ratio Ry in equation (4.25) reads (R- is
obtained in asimilar way):

(254, + 1) exp(pi,i/T) exp(B;,;/T)
(28i41,i + 1) exp(pit1,i/T) exp(Bit1,i/T)

in which the B’s are the binding energies of each considered cluster (i, j) with
mass number A; and charge Z; and with spin s; ;. According to equation (8.12),
the exponentia terms containing the u's give atogether a factor 1. Combining
the spin factorsinto asingle variable a;; and the binding energies according to

Ry ~

(4.26)

AB = B(A“ Zz) — B(Ai+1, Zz) — B(Aj, ZJ) + B(Aj+1,Zj) (427)

onefinally obtains

R = asexp(AB/T). (4.28)
By measuring R experimentally, the temperatureis readily obtained as
AB
T=——"-—. 4.29
In(R/as) (4.29)

This method has been applied first to >He, “He, 6Li and "Li species by the
ALADIN group [372] but other isotopes have been used by the INDRA [299]
and MSU [471] collaborations.

This technique suffers from the same defect of side-feeding effects as found
in the technique using discrete state population ratios. In [471] it is suggested
that the side-feeding corrections would be system-independent for agiven double
pair of particles. However, this result is not established for significantly large
temperatures. As amatter of fact, there is a question concerning the sensitivity of
the method for temperatures exceeding 5 MeV. In [303], it is concluded that the
double pair *He, *He, °Li, "Li may still be used in this temperature range, but
reverse conclusions are obtained in [299, 471].

A cross-comparaison of these three thermometric methods and their
consequences regarding nuclear thermodynamics will be extensively discussed
in section 8.4.3.4.

4.3.3 Nuclear rotation

As mentioned in the introduction to this section, nuclear calorimetry and
thermometry require the estimation of ordered collective motion. Rotation and
expansion of the sources are typical examples of such motions. Expansion will
be discussed and estimated in section 8.4.2. We focus here on nuclear rotation.
At non-zero impact parameters, large angular momenta (spins) can be
transferred to the partner(s) of a reaction, resulting in an intrinsic rotational
motion of the nucleus(i) and thusto anisotropic emission of particlesor fragments.
Let ustake the example of Ar+Au collisionsat 30 MeV/u for an impact parameter
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b = 2 fm. A classical estimate of the available angular momentum reads (with
the notation of section 4.3.1.3)

V}elb
L= 4.30
- (4.30)
which givesin thiscase L ~ 78h. Now, if the decay of such ‘rotating’ nuclei is
governed by statistical features the probability for emitting a particle removing a
rotational energy E.q; IS

W (Erot) ~ exp (—ET) (4.31)

in which T is the temperature of the source. The rotational energy E .,; can be

written as o

h%J? cos?(6)
2Ief-f

in which J is the value of the ‘aligned’ spin. The ‘aligned’ spin is that part of
the angular momentum which is perpendicular to the reaction plane defined by
the beam axis and the recoil velocity of the rotating source. The variable 6 isthe
angle between the direction of the angular momentum and the angle of emission
of the considered particle while I.g is the moment of inertia of the di-nuclear
system made of the fina nucleus and the emitted particle at contact which is
usually estimated with the rigid body hypothesis.

According to equation (4.32), the particle angular distributions are Gaussian-
like. Experimentally, such distributions are fitted in order to extract the angular
momentum once the temperature has been deduced by the methods described in
section 4.3.2. There again, various problems arise because of the uncertainty
about the measure of the temperature and a so the moment of inertiaof the source
which entersin the estimate of I.g. Owingto thefact that particles may be emitted
at various steps of the reaction, only an average value of the angular momentum
is accessible from the data. Therefore, statistical model calculations are often
necessary to correct for such effects and to estimate the initial angular momentum
that has been transferred to the rotating source. From a general point of view, the
angular momentum effects are an increasing function of the mass of the emitted
particles. They are of special importance when the excited nuclei decay by fission.

Erop = (4.32)

4.3.4 Nuclear chronometry

We have briefly mentioned in the introduction the role of time in the description
of hot sources and we shall discuss thisissue again in sections 7.2.3 and 8.4.1.1.
In the spirit of the present discussion, which is essentially devoted to the basic
characterization of excited and well-defined nuclear species, we now come to
the discussion of reaction time and nuclear lifetime measurements. Various
techniques can be used depending on the considered timescales. Here we focus



130 Basic experimental and analysis tools

on the methods used in the lifetime range below 10~'7 s. For such very
small values, the recoil ranges of objects with a typical velocity of 0.1¢ is only
3 x 10719 m, which makesirrelevant any method based on a direct measurement
of the flight path before decay. Various methods can be classified according to
their applicability. Long times can be measured by ‘smooth’ methods such as
Ericson fluctuations or crystal blocking techniques. The competition between
dlow and fast processes, such as fission versus evaporation (see section 7.2.3), can
be handled using the so-called neutron clock. In violent collisions other methods
must be used taking advantage of the correl ations between fragmentsand particles
induced by the long-range Coulomb force.

4.3.4.1 Ericson fluctuations and crystal blocking techniques

About 40 years ago, Ericson proposed using energy autocorrelation functions
to measure the decay width I' of a given state [176,177]. The lifetime is then
obtained from the usual relation

T=p (4.33)
At high excitation energy T" is much larger than the mean energy spacing A of
the states. Thus, the cross-section results from the various interferences between
al nearby overlapping states. By considering a given final state or a set of fina
states in a small energy interval, the decay width is measured by building the
energy correlation function. Recently, this method has been revisited [7, 116] to
be applied at much higher energies corresponding to decay widths as large as 250
keV (2.6 x 10~2% s) while the initial technique essentially covered values from
~5x 1072 to~10"1" s[39].

A direct measurement of a collective process such as nuclear fission (see
section 7.2.3) can be achieved by using the crystal blocking technique. Theideais
toinducethe fission of aheavy projectileinteracting with one of the nuclei located
at the site of acrystal [212,325]. Fission fragments are detected along a direction
corresponding to an axis of the crystal. An effect based on the propagation of the
fission fragments in the crystal is used to estimate the timescale of the process.
Indeed, in the case of a fast process in the vicinity of a crystal site, the strong
electromagnetic interaction of the fission fragments with the crystal will deflect
the latter so that very few fragments will escape the crystal. In contrast, for a
long process, the fission fragments are produced far from the crystal sites and can
thus escape the system. A quantitative estimation of the fission timescale is thus
possible: typical values obtained that way (to be discussed in section 7.2.3) range
from10~ 1% t0 1079 s.

4.3.4.2 Intensity interferometry between light particles

The second-order interferometry method (the so-called intensity interferometry)
was originaly proposed by Hanbury-Brown and Twiss to measure the angular
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size of stars [233]. It can aso be used in the nuclear context to measure source
sizes and lifetimes in nuclear collisions. Lifetimes are estimated by measuring
the average time between two successive particle emissions. The method is based
on the study of the correlation of pairs of particles (either fermions or bosons)
emitted at low relative momentum (for reviews see [15, 35, 307]).

A correlation function R(q) can be built by considering the number N2 (q)
of measured coincidences between two particles of momentap, and p, at relative
momentum ¢ = p; — p» and the normalized number of ‘singles N(p;) and
N (p2). One defines:

Ni2(g)
N(p1)N(p2)

sothat R(q) = 0 whenthetwo particlesareuncorrelated. Theinterpretation of the
experimental correlation functions takes into account the spacetime distribution
of the emitted particles as well as their mutual nuclear and electromagnetic
interactions. Another important point resides in the quantum statistical nature
of the two-particle wavefunction. The single-particle distribution function g
inside the source as a function of momentum p, position r» and time ¢ is usually
parametrized according to

1+ R(q) = (4.34)

2
g(r,t,p) ~ exp (—— - ;) Y(p) (4.35)

where Rg is the radius of the source, 7 its lifetime and Y (p) its momentum
distribution. Starting from such atheoretical spacetime distribution of the matter
insidethe source, it ispossibleto build atheoretical correlation function as defined
in equation (4.34). Thislatter is compared with the experimental results as shown
in figure 4.14 thus giving access to a determination of the size and lifetime of the
source. It appears that the quantities Rs and 7 are correlated through relation
(4.35). Thismeansthat it is possible to measure = only if one knows the value
of Rs from another observable. From this point of view, the measurement only
gives access to the ‘spacetime size' of the source. However, one has to stress
the fact that it is possible to obtain two independent measurements of r and
Rg if one uses the fact that p is a vector and if two independent measurements
are performed for g parallel (respectively perpendicular) to p 1 » (longitudinal—
respectively transverse—correlation function in the caption to figure 4.14). The
difficulty usually liesin the statistical accuracy of the measurement which requires
huge statistics.

4.3.4.3 Intensity interferometry between large fragments: Coulomb correlations

For violent collisionsleading to alarge explosion of the matter into many different
species (see chapter 5), the intensity interferometry method with light particles
exhibits limitations due to strong final-state interactions between the many
emitted particles and fragments. Other techniques such as Ericson fluctuations
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Figure 4.14. Experimental two-neutron correlation function obtained in O+Mg collisions
at 130 MeV tota incident energy (black points). Calculations for two different values
of the lifetime = have been compared with the data (full and broken lines). The source
size Rs (see equation (4.35)) in the calculation has been fixed at 4.4 fm. It has been
obtained from a detailed study of the longitudinal and transverse correlation functions
(see [131] for more details). The increase of the correlation function at low momentum
below 20 MeV/c is a consequence of the attractive S-wave interaction between the two
neutrons (the scattering length is equal to 16 fm). Data have been sampled according to the
total momentum Pcy carried out by the two neutrons (upper and lower panels). Neutron
emissions with a large Pcyr are associated with shorter emission times while low values
of Pcwm correspond to long emission times. This is interpreted as a consequence of the
cooling of the compound nucleus. the larger Pow is, the ‘hotter’ the system is, and the
shorter the lifetimeis. From [131].

or crystal blocking techniques are obviously not useful for such ‘extreme
experimental situations. There is thus a need for a specific method. About
10 years ago, Trockel et al [468] proposed to take advantage of the spacetime
correlations between fragments induced by their mutual Coulomb interaction.
For the sake of illustration, this method can be used to estimate the average
time 7 between two successive fragment emissions from an excited source. To
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this end, correlation functions [468] are built either from the reduced relative
velocity V;eq Or the relative angle O between fragments taken two by two. The
ideais that when the emission time becomes short, Coulomb repulsion between
fragments due to their proximity in spacetime will produce, in the correlation
functions, the so-called Coulomb hole at [ow V,¢q Or fpp. Itispossibleto quantify
this effect by performing simulations calculating the propagation of fragments
which are successively emitted with an adjustable lifetime 7.

In figure 4.15, 7 has been estimated for the Ar+Au system at two different
bombarding energies by considering the evolution of the quantity

Ncorr (eFF ) _ Nuncorr (aFF)
Ncorr (0FF ) + N uncorr (GFF)

n(frr) = (4.36)

inwhich N (fpr) and N"2°™" (fpp ) are, respectively, the normalized numbers
of correlated and uncorrelated pairs of fragments emitted at arelative angle 6 pr.
Events for which the system decays into three massive fragments (Z > 10) have
been selected. Results shown in figure 4.15 indicate that the decay process is
sequentia at 30 MeV/u beam energy while it is much faster (within 100 fm/c)
at 60 MeV/u. For these two bombarding energies, the excitation energies have
been estimated, respectively, at 3 and 5 MeV/u for 30 and 60 MeV/u bombarding
energies with the methods previously described (see section 4.3.1). These results
will be discussed more extensively in section 8.4.1.1.

4.4 Event generatorsand smulations

In the preceding sections, we have explored the various methods that have been
developed to sort the events, to extract the information and to estimate physical
guantities in order to characterize excited sources properly. Such procedures are
rather complex and not free from possible biases. The latter can be induced
either by the limitations of the experimental apparatus (the so-called experimental
filter) or by the analysis methods themselves which may not be free from
autocorrelations. Therefore, it is often necessary to qualify (or calibrate) the
sorting procedures by performing simulations.

The most powerful descriptions of the reaction are based on the nuclear
Boltzmann equation or on quantum molecular dynamics (see chapter 3). But the
main difficulty of such simulations lies in the fact that such codes cannot really
be used as event generators because they are very computer-time consuming and
usually are unable to follow nuclear processes on very long timescales. Hence,
highly phenomenol ogical approachesare generally used (see, for instance, [170]).
Among the various event generators that have been designed, the FREESCO
generator [178, 270] has certainly played an important role and most of the more
recent generators have been, to some extent, inspired by this precursor. Such
generators generally consider the reaction as a two-step process (see chapter 5):
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Figure 4.15. Correlation function for the relative angle Orr between three massive
fragments, taken two by two, detected in Ar+Au collisions at 30 and 60 MeV/u. The
bold points are the data; the histograms the results of a computer calculation simulating
the Coulomb trajectories of the fragments. The main parameter of the model isthetime =
between two successive emissions. For calculations with low values of = (upper case), a
strong depletion isobserved at small Orr dueto the strong Coulomb repulsion between the
fragments. Correspondingly, due to the conservation of the total momentum of the three
fragments, a similar depletion is observed at large Orr. These features are in agreement
with the data at 60 MeV/u. For large values of 7 (lower case), the correlation function is
almost flat since there is no longer a sizeable interaction between the fragments. Thisisin
agreement with the data measured at 30 MeV/u. From [295].

e an entrance channel based on simplified modelling of the encounter of the
two incoming nuclei using, for example, interaction potentials such as the
ones described in section 5.1;

e anexit channel phase in which the decay of the excited source(s) produced
in the entrance channel phase is described by means of statistical models
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(section 2.4) This phase is sometimes called the after-burner phase and
allows us to follow the propagation of emitted particles on very long
timescales.

The magjor advantage of the phenomenol ogical event generatorsistheir flexibility.
Several assumptions regarding the scenario of the collision can be easily
simulated and tested by a comparison with the data. To this end, an efficient
computerized experimental filter must be built in which the response of the
apparatus is carefully taken into account. This alows the simulated events to
be filtered and thus a direct comparison with the experimental datato be made.

45 Conclusion of the chapter

In this chapter we have successively described the facilities and the detectors that
are in use for the experimental study of nuclear collisions in the intermediate
energy range. As stressed at the beginning of the chapter, a major improvment
in the last years has been the use of sophisticated experimental devices (the so-
called 47 detectors of second generation) to obtain high quality datain terms of
completeness and accuracy. But such complex physical events require dedicated
analysis techniques. The most commonly used tools have been described. The
study of global variables allows us to reduce the large amount of available
information from the data, in order to extract physical quantitiesthat can be easily
compared with theoretical predictions. In particular, the sorting of the events
according to the impact parameter of the reaction is an important part of the work.
Another important topic concerns the identification and characterization of well-
defined sources in terms of mass, charge, shape, excitation energy, temperature,
angular momentum, etc. To this end, the techniques of nuclear calorimetry,
thermometry and chronometry have been sucessively described and applied to
some specific cases. Such techniques will be used throughout the following
chapters when discussing the various processes occurring in the course of nuclear
collisions.

Owing to the complexity of 47 data analysis, dedicated simulation tools are
necessary to check the analysis procedure and to estimate the biases induced by
the experimental filter. Such tools are based on event generators which aim at
describing nuclear collisions with the help of phenomenological models. Most
of the time, they are based on statistical assumptions coupled with a simplified
description of the entrance channel of the reaction. Their main goal is thus to
provide a very useful link between the data and the microscopic models which
can hardly describe the collision from its very beginning to its very end.



Chapter 5

Reaction mechanisms

The study of reaction mechanisms aims mainly to classify collisions according
to some global ‘topological’ features which, following the discussion in
section 4.2.2, means the identification and the characterization of source(s). The
topology of each collisionis, to alarge extent, related both to theimpact parameter
of the collision and to a partial or total transformation of the available centre-
of-mass kinetic energy of the relative motion between the two partners of the
collisions into disordered motion (heat). This dissipation process is governed
by several important ingredients. One of them is the relative velocity between
the initial partners of the reaction vas. The corresponding reduced relative
wavelength associated with a nucleon—nucleon collision then reads

A h

-z -7 51
2T 2TMUAA (5.1)

where m is the nucleon mass. According to equation (5.1), the following values
(in the case of symmetrical systems) of \/2r = 6.5,2.1,0.67,0.24 fm are
obtained for 1, 10, 100 and 1000 MeV/u beam energies, respectively. These
values have to be compared with the mean nucleon—nucleon distance in a nucleus
(typicaly 2fm). If A/27 exceedsthisdistance, a collective behaviour of nucleons
during the collision is expected. In other words, mean-field (one-body) effects
overcome nucleon—nucleon collisions (two-body) effects. The situation will be
reversed if \/2x is smaller than the mean nucleon—nucleon distance. According
to thiscriterion, it turns out that mean-field effects are expected to be dominant in
the low-energy region (below 15 MeV/u).

The same conclusions may be drawn for the role of the Pauli principle
in relation to the evolution of the mean free path as shown in figure 2.3. At
low bombarding energy, i.e. when the nucleus—nucleus relative velocity v aa is
less than the Fermi velocity vr (~0.3c¢), hucleon—nucleon collisions are strongly
inhibited by the fact that few final states are available in the exit channel. In this
case, energy dissipation occurs mainly because projectile nucleons are retained
inside the target (and vice versa) by the corresponding attractive potential thus

136
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giving rise to one-body dissipation. An increasein the incident energy induces an
opening of the available phase space for outgoing nucleons, which leads to some
decrease in Pauli blocking effects. In turn, in the limit of relativistic incident
energies, dissipation occurs mainly through nucleon-nucleon collisions (two-
body dissipation).

Another important ingredient is the available energy per nucleon, i.e. the
maximum excitation energy which can be brought into the system. An incident
energy of 30 MeV/u, for example, corresponds to an available energy close to
the total binding energy for symmetrical nucleus—nucleus collisions. In other
words, the low incident energy domain (below 15 MeV/u) will correspond to
moderate excitation of final products but much higher excitation can be reached
a intermediate or large incident energy. Finaly, as aready stated, the values
of vaa are smaler than the velocity associated with pion production threshold
in nucleon—nucleon collisions, which corresponds in vacuum to an energy of
290 MeV/u. Thisconfirmsagain that, in the intermediate energy domain, nucleon
excited states will have a negligible influence.

Reaction mechanisms at ‘intermediate’ beam energies are better understood
when viewed with the help of concepts devel oped for energy regimes (high or low
beam energies) in which reaction mechanisms are well known. We shall thusfirst
recall some basic properties of reaction mechanismsat low (section 5.1) and high
(section 5.2) incident energy before directly addressing the Fermi energy domain
(section 5.3). In the high-energy regime, a section will furthermore be devoted
to a brief description of collisions induced by light projectiles in the multi-GeV
range since such reactions provide physical conditions, in particular, in terms of
excitation energies, which are comparabl eto those encounterdin the Fermi energy
range.

5.1 Nuclear reactions closeto the Coulomb barrier

Reaction mechanisms in the Coulomb barrier region and below 15 MeV/u may
be easily classified according to the impact parameter b or the orbital angular
momentum [ (figure 5.1). Elastic scattering is observed for impact parameters
exceeding bmax = R: + R, values (or the corresponding angular momentum
Imax) Which correspondsto grazing collisions. Slightly below b a«, quasi-elastic
and transfer reactions are observed in which the projectile and target kinematical
properties are only dlightly perturbed. They mainly reflect the external orbit
properties of the interacting nuclei. Dissipative collisions, also called deep
inelastic collisions (DIC), and possibly fusion, are observed for more central
collisions (figure 5.1). They are clear signatures of mean-field effectsleading to a
collective behaviour of the involved nuclei. In the DIC case, projectile and target
nuclei are strongly slowed down due to nuclear matter friction (section 3.1.2). For
a short time they form a ‘ quasi-molecular’ state before reseparation. During this
step nuclel may exchange nucleons. The corresponding lifetime may be estimated
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Figure 5.1. A schematic diagram of the partial wave decomposition of the reaction
cross-section in low incident energy heavy-ion reactions: the abscissa refers to orbital
angular momentum or to the impact parameter; quasi-elastic collisions correspond to
Ipic < 1 < lgr (Imax = lgr) while DICs (these are collisions in which the two partners
re-separate after a contact phase during which matter and a significant amount of energy
are exchanged) are for Iy < I < Ip1c, and fusion associated with a single source in the
final state correspondstol < leri.-

from the rotation angle of the di-nuclear system before decay. As shown in the
so called Wilczynski plot (figure 5.2), the energy relaxation turns out to be an
increasing function of the rotation angle.

Fusion corresponds to the most centra collisions (figure 5.1). The angular
momentum that separates the fusion and the DIC regions is called the critica
angular momentum (I..¢). Its value is governed by the interaction potential
between the interacting nuclei which consists of several terms:

The Coulomb repulsion term evolves as the inverse of the relative distance;
The nuclear contribution does not play asignificant role at large distance, but
is attractive for relative distances exceeding slightly the sum of the nuclear
radii. This contribution becomes repulsive when the densities of the two
nuclei significantly overlap. Thisis due to the incompressibility of nuclear
matter (section 2.2.2.1) and to the fact that nuclear shapes cannot evolve
rapidly enough during the first stages of the collision;

e Finally, thereis the rotational contribution at finite impact parameter. This
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Figure5.2. Left-hand side: The ‘Wilczynski’ plot obtained for the system Ar+Th at 379 MeV total beam energy. In
energy of agiven product of the reaction (here the K nuclei, the atomic number of which is close to that of the Ar proj
of itscentre-of-mass emission angle fc . A largebump isobserved at E ~ 280 MeV and fcy ~ 40°. This correspe
(I ~ lmax Or lgr, see lower right-hand part of the figure). Kinetic energy relaxation is associated with a rotation of
lower values of fcn. These are collisions which correspond to lerit < I < Imax iN Which alarge decrease in the en
deflection angle (see right upper part of the figure). In principle, both negative and positive angles are populated b
of agiven sign (positive here by convention) are measured. The broken line (and the similar full line) correspond t
trajectory calculations with two different interaction potentials such as the one depicted in figure 5.3. From [495] anc
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Figure 5.3. Evolution of the interaction potential between two interacting nuclei as a
function of the relative distance r. The total potential including the nuclear, centrifugal
and Coulomb contributions is shown for various values of the angular momentum [. The
critical angular momentum I..is corresponds to the [ value for which the pocket of the
potential curve disappears (here around | ~ 60). From [415].

last term is determined by the combined effects of the angular momentum
and the moment of inertia of the system.

An example of such an interaction potential is plotted in figure 5.3 for various
angular momenta (or impact parameters). The interaction potential may or may
not exhibit a pocket depending on the angular momentum value. Generally
speaking, the potential pocket does not exist for angular momentum exceeding
lerit. BelOw Icri4, the system is trapped inside the pocket due to the slowing down
of the relative motion induced by nuclear friction. The (time-dependent) potential
may then evolve slowly towards the adiabatic limit corresponding to a spherical
shape of the system (fusion nucleus). In contrast, for angular momenta exceeding
lerit, the systemis never trappedin apotential pocket and the two partners separate
again after acontact phase during which energy dissipation and nucleon exchange
occur.
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A very important aspect of dissipative collisions at such moderate incident
energies is that the reaction process, particularly in the case of fusion, may be
divided into two steps which are well separated in time. The first step is the
collision itself which leads to a fully equilibrated excited nucleus on a timescale
shorter than the decay time. In other words, the formation time is much shorter
than the lifetime of the system. This is a strong justification for the use of
statistical models to describe the decay stage of the reaction (see section 2.4).
The ‘purest’ illustration of such a scenario is the fusion reaction leading to a
compound nucleus, i.e. a fusion nucleus which has forgotten al entrance channel
features apart from the excitation energy and angular momentum. In the case of
DICs, the situation is slightly more complicated because full equilibrium may not
be achieved during the first reaction step, depending on the contact time whichis
directly linked to the observed rotation angle of the two partners (see figure 5.2).
For this reason, the energy relaxation or the excitation energy balance between
outgoing partners or the angular momentum transfer may vary from one event to
the other.

Generally speaking, atime hierarchy is, nevertheless, observed between the
various degrees of freedom. Theintrinsic degrees of freedom which arerelated to
thermal excitations are rapidly equilibrated (within afew 10 ~22 s, section 5.3.1).
On the other hand, the collective degrees of freedom (shape, mass asymmetry
or relative angular momentum) relax much more slowly. Diffusion equations
of Fokker—Planck type (section 3.1.2.3) may then be used to describe the time
evolution of the shape of the system. In any case, the subsequent decay of released
fragments occurs along time after theinitial contact phase. Thisis dueto the fact
that a moderately excited nucleus has a decay time larger than the DIC reaction
time (typically 108 sfor anucleus temperature of 1 MeV to be compared with
acollisontime of 102! s, see section 2.4.3). In the following we will see that
such asituation is no longer valid at higher energies.

5.2 Nuclear collisonsin therelativistic energy range

In this section, we consider both heavy-ion collisions at relativistic energies (say
between 200 MeV/u and 1 GeV/u incident energies) and collisions induced by
light projectiles such as pions, protons, antiprotons up to alphasin the multi-GeV
range.

5.2.1 Heavy-ion collisions at a few hundreds of MeV/u

The dissipation process in relativistic heavy-ion collisions (0.2—1 GeV/u range)
is dominated by hadronic cascades because the wavelength associated with
nucleon—nucleon collisions is shorter than the nucleon size. The corresponding
relative velocity between projectile and target nucleons is also much larger than
the Fermi velocity vr. For these two reasons, collisions can be safely described
by geometrical concepts leading to the so-called participant—spectator picture:



142 Reaction mechanisms

<My

0 . ! . ! . ! .
0 20 40 60

Z

bound

Figure 5.4. Mean intermediate mass fragment (IMF) multiplicity as a function of Zyouna
(defined as the sum of all detected charges with Z > 1) for the reaction Au+Au at
Eia1/A = 400, 600, 800 and 1000 MeV/u. From [418].

nucleonswhich do not belong to the overlapping zone of the two incoming nuclei
do not suffer hard nucleon—nucleon collisions and constitute the spectators while
the other ones are the participants.

The physics of the participants has been studied for a long time with the
first generation of 47 detectors: the Plastic Ball [442], DIOGENE [8], nowadays
with FOPI [394, 395] and by the EoS collaboration [239]. The corresponding
deposited energies per nucleon are far beyond the nuclear binding energies.
They are outside the scope of this book athough some results about these
collisions will be mentioned briefly in chapter 8. The physics of the spectators
comprises the programme of the ALADIN collaboration (see, for instance, [298]
and references therein) and of the EoS collaboration ( [239] and references
therein). Using mostly inverse kinematics (a heavy projectile bombarding a
lighter target) or symmetric systems, advantageis taken of the strong focalization
of the particlesin the very forward direction to detect properly the decay products
of the excited quasi-projectile. It was thought previously that the spectators
were released amost cold after separation from the participant zone, their
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excitation energy originating from their strong ‘clean-cut’ deformation. This
statement was excessive since it turns out that sizeable excitations can, in fact, be
reached. Indeed, the ALADIN group has shown that hot spectator nuclel reaching
excitation energies comparable to their binding energies can be observed. Since
these systems are produced in semi-peripheral collisions, one might expect that
the corresponding nuclear matter would not be compressed which is in contrast
with nuclear matter involved in hot nuclei produced in central collisions at lower
bombarding energies.

Peripheral relativistic collisions may then appear as relevant tools to study
hot but uncompressed nuclear matter. They thus bring valuableinformation onthe
physicsof hot nuclei, without disturbance by compression effects. Asexplainedin
section 4.2 thereis aneed for an impact parameter selection of the collisions. This
is achieved here by using a suitable global variable Z},,.nq defined as the total
detected charge from fragments of charge >2. With such adefinition and owing to
the specificity of the ALADIN detection system, the dominance of the geometry
for such collisions leads to the following relation: the larger Zoung 1S, the larger
the impact parameter b is. This means that for peripheral reactions, the quasi-
projectile residue has characteristics close to the projectile and is moderately
excited. As b decreases, the fraction of the participants with respect to the total
system increases and consequently the number of spectatorsreflected by the value
of Zyouna decreases. However, since the collision is more violent, the spectators
are more excited.

There is thus the interesting possibility of studying, with the same system,
a variety of excited sources over a large mass number and excitation energy
domain, a situation comparable with the one encountered in the Fermi energy
range (section 5.3.3.2). Some universal properties of peripheral reactions in
the relativistic energy domain have hence been observed by the ALADIN
collaboration. In figure 5.4, the invariance of the IMF multiplicity distribution
as afunction of Zy,,unq fOr various incident energies is nicely demonstrated. If
one assumesthat Z,,unq 1S correlated with the deposited energy, thisresult means
that multifragment production mainly reflects the deposited energy rather than
the initial projectile velocity. One should aso stress that the same is true when
varying the target for a given beam energy E,1, emphasizing the key role of the
geometry in such collisions. The correlation between Z1,ounq and b furthermore
alows us to reconstruct the size Ao of the sources as shown in figure 5.5. It
is worth noting that such a correlation between Zy,,unq @nd Ag is in very good
agreement with the predictions of a geometrical participant—spectator model.

Finally, by using the standard methods of nuclear calorimetry (section 4.3.1),
it is possible to reconstruct the excitation energy per nucleon and to follow its
evolution as a function of Zy,,unq, as displayed in the bottom part of figure 5.5.
Very large values of the excitation energy, exceeding the binding energy per
nucleon, can be reached for source sizes from 50 up to 150 mass units. As aready
stressed, these values are comparable with those obtained in dissipative collisions
in the Fermi energy range making the two approaches complementary.
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Figure 5.5. Reconstructed average mass (upper part) and excitation energy (lower part)
of the decaying spectators as a function of Z,,una (abscissa) and as a function of Zpnax
(symbols) defined as the atomic humber of the heaviest detected fragment, event by event.
From [250].

5.2.2 Callisionswith light projectilesin the multi-GeV range

Another experimental approach has proven to be very instructive for the study of
nuclear matter far from stability: it consistsin studying nuclear reactions induced
by light projectiles (for instance p, p, He isotopes) in the multi-GeV range. The
main advantage of these reactions compared to collisions in the Fermi energy
range is their apparent simplicity: hadronic cascades minimize collective effects
such as rotational or compressional effects. Typical values for the transferred
angular momentum are less than 20/ and nuclear matter stays close to the normal
density. Therefore, it is often advocated that such collisions are ideal tools with
which to isolate thermal effectsin the decay of hot nuclei. However, the situation
is not as clean as expected. This is due to the strong relative velocity between
the light projectile and the nucleons of the target. Non-equilibrium effects (see



Nuclear collisions in the relativistic energy range 145

af e, *D
10 ¢ == o o T
= —O0——o— Tt
£ o e
¥ -2 ——e—
w 10 -
R E ———
a F —o—®
-3
10 e
i L
-4
10 £ —
1
= 4
ol R
~~
N
ol
| I
10 12

£ (MeV/A)

Figure 5.6. Distributions of the excitation energy per nucleon obtained by the method of
nuclear calorimetry (section 4.3.1) for 7~ (open points) and p (black points) reactions on
Au at 8 GeV/e. Thelower part of thefigureistheratio of the two distributions of the upper
panel. It showsthat p provide a better heating of the target than 7. It is also worth noting
that very large values of ¢* (comparable to the binding energy per nucleon) can be reached
but with only very small probabilities. From [284].

chapter 6) in the early instances of the process play an important role. The very
first dissipation stage is dominated by hard hadronic collisionsin which pions are
essentially produced (several pions may be produced in a single nucleon—nucleon
or hadron—nucleon interactions at such high energy). Asour aim is not to go into
too much detail, we refer the reader to the works of the various groups involved
in such studies (see for instance [211, 271, 327,348, 370, 457, 481]).

Let us, nevertheless, discuss the relative merits of the different projectiles
that have been used up to now in such studies. As an example, a comparison
between p and 7~ projectiles at the same incident linear momentum is shown
in figure 5.6. It appears that antiprotons are better suited to heating the target
than pions. Indeed, p's mainly interact through their annihilation at the surface
of the target producing many pions. Although, on the average, about half the
pions escape the system for geometrical reasons, the energy deposited remains,
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nevertheless, larger than for pions due to the huge energy gain in the annihilation
process which compensates the geometrical loss described earlier. Thisistestified
by the results shown in the lower part of figure 5.6. The main difficulty of
such studies lies in the role of pre-equilibrium particles which are not easily
distinguished from particles escaping from an equilibrated system. Nevertheless,
it can be established that excitation energies exceeding 5 MeV/u can be reached
in such collisions so that they are useful tools for nuclear matter investigations.

5.3 Reaction mechanismsin the Fermi energy range

5.3.1 General remarks
5.3.1.1 Orders of magnitude

We consider now the Fermi energy domain, typically between 15 and 200 MeV/u,
i.e. thedomainin between low (section 5.1) and relativistic (section 5.2) energies.
It is a transition region in which both one-body and two-body behaviours are
observed and strongly compete. It is interesting to evaluate the corresponding
timescales because they play an essentia role, in particular, with respect to the
degree of thermalization achieved in the course of the collision.

e Energy may be dissipated through elastic nucleon—nucleon collisions
(inelastic channels are marginally excited). This is the two-body excitation
process. The associated timescale is of the order of the mean time between
two successive nucleon—nucleon collisions which can be estimated from
simple kinetic theory as:

1

OnnpPoU

Tnn = (52)
where o, is the nucleon—nucleon cross-section in the medium and v the
mean velocity (of the order of magnitude of the Fermi velocity, vg). It
is generally admitted that thermalization occurs after a few elementary
collisions thus leading to To.p0qy = 50 fm/c. This time is comparable to
the traversal time 7, as already discussed in section 3.1.1.2.

e Energy may bedissipated through the interaction of individual nucleonswith
the nuclear mean field: this is one-body dissipation with a timescale of the
order of T1.pody ~ R/vr = 20-30fm/c in which R is of the order of the sum
of the radii of the two interacting nuclel.

Whatever the dissipation mechanisms, the thermalization time is comparable to
the interaction time since this latter is of the order of Tinter = R/vaa in which
vaA IS the relative velocity between the two partners in the entrance channel of
the reaction. A typical numerical vaue is Tinter ~ 30 fm/c for a medium mass
system at 50 MeV/u beam energy. From the fact that the thermalization time is
comparable with the reaction time, one may assert two important conclusions:
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e A sizeable fraction of the available energy may be thermalized during the
reaction processitself: it isthen possibleto create very hot nuclei in nucleus—
nucleus collisions in the Fermi energy domain.

e However, asizeable fraction of the available energy may not be thermalized
during the collision, leading to a fast emission prior to thermalization.
This emission is called pre-equilibrium emission and will be discussed in
chapter 6. Of course, from one event to the other, fluctuations will lead
to various final situations, i.e. to a varying proportion of pre-equilibrium
emission with respect to thermalization. Fluctuations will hence lead to a
large panel of outgoing products even for a definite geometry, i.e. for agiven
impact parameter. This remark has to be related to those of section 4.2: it is
highly necessary to perform detailed sorting in order to select a given event
topology. Only with such a sorting is it possible to select those hot nuclei
for which most of the available excitation energy has been dissipated and
thermalized.

As previously mentioned, in the Fermi energy range, the energy dissipated
in a nucleus cannot be used to excite intrinsic states of the nucleon. Thus, the
whole energy is available to heat the matter. However, part of the energy is
also used to excite collective degrees of freedom associated with deformation,
rotation and/or compression. The proportion of energy stored in a given mode
depends on the typical timescales for the excitation of this mode and also on the
initial conditions, i.e. the entrance channel characteristics (see next section). For
instance, the amount of rotational motion reflects both the entrance orbital angular
momentum and the shapes of the interacting nuclei. Indeed, the deformation of
outgoing partners in binary dissipative reactions is related both to the geometry
(impact parameter) and to nuclear matter viscosity asis aready the case at lower
energy (the outgoing fragmentsin a DIC are released as deformed objects).

It isinteresting to eval uate the order of magnitude of such collective energies,
and especialy the one associated with a radial compressional mode which can
be excited in centra collisions. As an example, let us consider a 50 MeV/u
symmetrical collision: then, the available centre-of-mass energy per nucleon is
ecm = 12.5 MeV/u. The amount of energy AU needed to put the system
at density p starting from normal density p, can be calculated according to
equation (2.33). Taking a standard value for K o, (~220 MeV), one obtains
AU = 10 MeV/u to reach p = 2pg. It thus turns out that AU is comparable
with ecyr. Therefore, sizeable compression may be obtained in the most violent
collisions as well as much heating of the system. It is al'so worth noting that e oy
is larger than the binding energy per nucleon B in nuclei, which is typically of
the order of 8 MeV/u. Thus, complete dissolution of the system such as nuclear
vaporization may be (and has indeed been) observed in these highly dissipative
collisions (see section 7.3.2).

From these ssmple considerations, the Fermi energy range appears to be a
very interesting energy region in which to heat and compress pieces of nuclear
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matter in a broad range of temperatures and densities. Consequently, a large
variety of physical processes are expected to play a role as we will see in
chapter 7. They are connected to the initial relative repartition of the dissipated
energy between various degrees of freedom, but also to the characteristic times
associated with the coupling of various collective motions to the ‘heat bath’
(intrinsic (nucleonic) degrees of freedom, see also section 3.1).

5.3.1.2 On the modes of storage of energy in nuclear collisions

In this section we discuss the various energy storage modes mainly with the help
of the theoretical results presented in figure 5.7. The upper reduced scale shows
the different storage modes of the available energy as a function of time in a
central Ar+Au collision at 60 MeV/u beam energy as simulated by a microscopic
transport model, namely a Landau—Vlasov calculation. The first instances, up
to 40 fmle, are characterized by a rapid transfer of the available centre-of-
mass energy (here denoted Ecy) initidly in the form of kinetic energy into
‘thermal’ excitation energy E*. In the mean time, the collective energy denoted
E.o1 (provided by the incident energy) is strongly reduced indicating the strong
stopping of theincoming nuclei. Astime goeson, alarge amount of £ * goesinto
a pre-equilibrium plus evaporation component thus cooling the system, while the
subsequent expansion towards a lower density of the heated matter induces an
increase in the potential energy (denoted here E(T' = 0, p)). The decrease of
the potential energy around 90-100 fm/c is associated with a new compression
phase (the so-called breathing mode), again with aslight increasein the excitation
energy. The three contributions of E(T' = 0, p) are detailed in the lower part of
the figure displayed with a larger energy scale. The contribution called ‘cold
kinetic energy’ is the Fermi motion of the nucleons inside the medium: its
decrease above t = 40 fm/c corresponds to a decrease of the density of the
system while simultaneously the ‘interaction’ energy V' (p) (the non-kinetic part
of the energy, equation (2.30)) increases, asit costs more and more energy to drive
the system to lower density. Finally, the Coulomb energy does not significantly
changein the course of the reaction mainly becausethislast quantity variesslowly
with the density of the system. On alonger timescale, a fused system is observed
that ultimately decays into many fragments. Simulations of collisions at larger
impact parameters would predict another separation of the two incoming partners
after aphase of pre-equilibrium emission followed by a subsequent cooling of the
two heated nuclei.

Such atheoretical work suggests that the spacetime evolution of the matter
involved in a nuclear reaction strongly depends on the transport propertiesinside
the medium in non-equilibrium situations and thus depends on the microscopic
ingredients (here the effective force and the nucleon—nucleon in-medium cross-
section) used in the calculation. Thus, the understanding of the various energy
storage modes constitutes severe tests of the modelswhen the latter are compared
with experimental data.
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Figure 5.7. Energy transfersin a head-on collision Ar+Au at 60 MeV/u as predicted by
a Landau—Vlasov calculation. See text for a detailed description of the evolution as a
function of time of the various components of the total energy. From [450].

After these two introductory sections, we now come to the core of this
chapter by discussing the experimental results about reaction mechanismsin the
Fermi energy range. To this end, collisions have been arbitrarily divided into, on
the one hand, peripheral and mid-central collisions and, on the other hand, central
collisions.

5.3.2 Peripheral and mid-central collisions

5.3.2.1 The dominance of binary collisions

Our discussion starts with a description of peripheral and mid-central collisions.
Such collisions exhaust a large amount of the total reaction cross-section and
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are thus easily recognized and characterized. The search for the most central
collisions, associated with small cross-sections because of geometry, will be
discussed in section 5.3.3.

A general overview of the collisions is accessible, for instance, through a
display of isocontours of invariant cross-sections (see section 4.2.1) of Z = 1,2
particlesas shownin figure 5.8. Events have been sorted according to the violence
of the collision by using the total transverse energy (see section 4.2.3) of light-
charged particles (Z < 2). Due to experimental selections, the elastic and quasi-
elastic events have been rejected and the data mainly concern mid-peripheral
and central events. For most of them, a binary behaviour is observed. Indeed,
Coulomb circles associated with the emission of particles by the two partners of
the reaction are clearly seen. This is a general result: in peripheral and mid-
centra collisions, a quasi-projectile (QP) and a quasi-target (QT) are produced
in the collision. If the decay chain is complicated or long, the final products are
quite different from the origina QP and QT nuclei. Conversdly, if it is ssimple
or short, the QP and QT residues still ressemble the initial projectile and target
nuclei. Inthis case, a closer look at the v,,,, projections (lower part of the figure)
shows a non-symmetric distribution of the particles with respect to the centre-
of-mass velocity of the sources, mostly visible in the first two columns of the
figure. In other words, there is an extra particle emission in between the two
sources: thisis afirst hint for the formation of intermediate structures which will
discussed in detail in section 5.3.2.2. The two large final products (as observed,
for example, in figure 5.8) will be called, respectively, projectile-like and target-
like fragments (PLF and TLF, respectively) in the following. The question of how
the dissipated energy is shared among the two partners of the reaction has been
reviewed in [463]. The PLF and TLF are easily recognized in the detectors only
if the QP and QT excitation energies are moderate.

Figure 5.9 is another illustration of the binary character of most collisions
but here it concerns all emitted products whatever their atomic number. The
two studied systems (Ar+KCl at 52 MeV/u and Xet+Sn at 50 MeV/u) show
very similar trends as a function of the impact parameter. Peripheral collisions
are associated with the decay of two moderately excited sources (the QP and
the QT) whose main products have atomic humbers close to the projectile and
target charges. Their velocities are also close to the centre-of-mass velocities
corresponding to the incident energy. They are accompanied by the emission of
light particles and IMFs over a broad range of parallel velocities. In particular,
it is worth noting that a sizeable contribution is observed at mid-rapidity (i.e.
close to zero velocity for such symmetric or nearly symmetric systems). As
the experimentally determined impact parameter decreases, the relative velocity
between the PLF and the TLF reduces as well as their respective atomic numbers.
Finally, for the most dissipative collisions, the very notion of PLF and TLF
becomes questionable because most of the emitted matter is in the form of light
particles and IMF's. Then the question arises as to what extent it is possible to
‘group’ particles according to some definite decaying sources in such collisions.
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Figure 5.8. Invariant cross-section contour plots for protons and a-particles in a vy—v.
(in units of ¢) plane for Xe+Sn collisions at 50 MeV/u. Events have been sorted on an
event-by-event basis using the method described in section 4.2.3 (equation (4.4)) with the
sorting variable Eirans12. This latter is defined as the sum of the transverse energies of
all light-charged particles. The centrality increases from left to right (regions labelled 1
to 8). Accordingly, the velocity (indicated by vertical bars) of one of the two sources (the
projectile-like source) located in the forward direction decreases as a function of centrality
showing the gradual damping of the relative motion of the two partners of the reaction.
The lower part of the figure shows the projection along the parallel velocity in the case of
a-particles. From [296].

In section 4.2.3.4 several methods were discussed for ‘reconstructing’
sources using the kinematical characteristics of all detected products. One of them
(the ‘thrust method’) has been used to reconstruct the chemical and kinematical
characteristics of the QP and QT in Xe+Sn collisions at various beam energies,
and is illustrated in figure 5.10. In this figure, the total relative kinetic energy
of the reconstructed quasi-projectile (QP) and quasi-target (QT) nuclel has been
correlated with the rotation angle of the system with respect to the beam. These
plots are thus quite similar to the Wilczynski plots observed at low bombarding
energy (figure 5.2). Again, it turns out that the dissipation is an increasing
function of the rotation angle, i.e. the collision time. Very large dissipation
(up to the maximum possible values) is observed. This result remains valid
when the bombarding energy increases. This means that there is no saturation
of the deposited energy. However, the cross-section significantly decreases with
increasing dissipation. Further, one should note that the reconstruction method
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Figure5.9. Bi-dimensional plots of v (in units of ¢) as afunction of the atomic number
for the two systems Ar+KCl at 52 MeV/u and Xe+Sn at 50 MeV/u. Determination of
the experimental impact parameter is based on the same method as that used for the data
displayed in figure 5.8. From [314].

used to obtain the results of figure 5.10 implicitly assumes a pure reaction
process in which two well-defined sources emerge from the first instances of the
collisions. We have already observed kinematical characteristics of light particles
in figure 5.8 which point out more complicated patterns. Such features (which are
discussed in the next section) suggest either the occurrence of strong deformations
or the onset of a participant—spectator scenario, as discussed in section 5.2 in the
case of relativistic heavy-ion collisions.

This dominance of binary-type collisions has, nevertheless, been observed
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Figure 5.10. Correlations in Xe+Sn collisions at several incident energies between the
relative kinetic energy (er.1) of the reconstructed primary QP and QT and the rotation
angle () of the whole system with respect to the beam axis. This angle was denoted 650w
in section 4.2.3. The arrows in each panel correspond to the relative kinetic energy for
elastic collisions (thisis just the centre-of-mass incident energy per nucleon). Such aplot
is reminiscent of the so-called Wiczynski plots obtained at low energy (see figure 5.2).
Indeed, the relative kinetic energy is a measure of the dissipation and plays the same role
as the centre-of-mass energy in figure 5.2. The same istrue for §. The quantities § and
€rel are generalizations of the variables used at lower energy for collisions in which several
massive products are emitted either by the QP or the QT. From [314].

not only in several heavy- or medium-mass systems (Pb+Au [280], Kr+Au [430],
Xet+Bi [24,294], Ar+Th[373], Xe+Sn[306] or Mo+Mo[121]), but asofor lighter
ones (Ar+Ag [258,400], Ar+Al [362], Ar+KCI [313] or Zn+Ti [440Q]).

5.3.2.2 Formation of neck-like structures

The most spectacular signature of new reaction patterns at incident energies
around the Fermi energy is certainly the formation of neck-like structures. From
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Figure 5.11. Density plots projected onto the reaction plane in semi-peripheral Pb+Au
collisionsat 29 MeV/u and an impact parameter of 6 fm, as predicted by a Landau—Vlasov
simulation based on microscopic transport theory (see section 3.2.3.2). The beam axis
is aong the abscissa in the figure. After a contact phase starting arbitrarily at 60 fm/c,
the relative motion between the two partners of the reaction is damped and the two nuclei
strongly overlap (120 fm/c). Still, the relaxation is not enough to drive the system towards a
compact configuration and the two partners tend to separate again (240 fm/c). However, in
the overlap region, apiece of nuclear matter isproduced, nearly at rest in the centre-of-mass
connecting the two main bodies of thereaction: thisisthe formation of aneck-like structure
around 300 fm/c. After 360 fm/c, neck fragmentation occurs, resulting in afinal stage with
three massive fragments. From [96].

a theoretical point of view, strong deviations from a pure DIC scenario have
been observed in the simulations of nuclear collisions at intermediate impact
parameters in the framework of semi-classical transport theories discussed in
section 3.2.3.2 (see, for instance, [129, 130, 230]). Figure 5.11 is an illustration
of this new phenomenon in the case of semi-peripheral Pb+Au collisions as
simulated by the semi-classical Landau—VIasov model (section 3.2.3.2). In the
overlap region of the two incoming nuclei, ahighly dense and hot piece of nuclear
matter is produced, which, in some circumstances, may become an independent
third source of emission.

In paralel to the theoretical results shown in figure 5.11, we discuss the
experimental data obtained with the same system (Pb+Au at 29 MeV/u). Mid-
peripheral events with three massive fragments were selected and analysed in
terms of angular correlations as shown in figure 5.12. A clear aignment of
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Figure5.12. Lower part: Bi-dimensiona plots of the cosine of the relative angle cos(6;3)
versus the atomic humber of the fragment labelled 7 in which i takes the values 1 and 2
according to the notations and the conventions given in the upper part of the figure. The
selected events correspond to semi-peripheral collisions in which three massive fragments
(labelled from 1 to 3) were emitted in coincidence with light-charged particles. The
system is Pb+Au collisions at 29 MeV/u. The cosine distribution for fragments with
atomic numbers close to about half the projectile or the target charge (associated with
the symmetric fission of one of the two partners of the reaction) isflat, which isasignature
of an isotropic emission. In contrast, those fragments which have either a high Z close
to the projectile or the target or a small charge (typically lower than 20) have an emission
angle (cos(f;3) > 0.8 or cos(f;3) < —0.8) picked along the axis connecting the velocities
of the two partners of the reaction. From [281].

the three fragments is observed when one of them has a size of the order of
the volume of the overlap zone. This suggests a dynamical process producing
a neck similar to the one observed in figure 5.11. A detailed study (not shown
here, see[281]) of the relative velocity distributions of the three fragmentsreveals
that the smallest fragment of the configuration is indeed essentially emitted along
the axis connecting the two main bodies of the reaction, with a velocity close
to the mid-rapidity (i.e. close to zero for this almost symmetric system). Such
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departures from pure binary mechanisms have already been observed in heavy-
[500] and medium- [117] mass systems at lower bombarding energies around
20 MeV/u where strong anisotropi ¢ fragment angular distributions were analysed
interms of deformations. Similar trends have al so been reported at higher incident
energy (see for instance [63, 64]). Such features concern mainly heavy IMF's
(Z > 5) and, to alesser extent, lighter ones.

Neck fragmentation is a general feature of nuclear callisions in the Fermi
energy range. Medium-mass systems as well as heavy-mass systems exhibit very
similar trends to those shown in figure 5.13. A sizeable fraction of the emitted
fragments (up to 80% for the light ones—IMF) may thus be concentrated in
the intermediate velocity region. The corresponding products are mostly light
IMF's as demonstrated by the rise and fall of the fragment yield Y, emitted in
the neck region as a function of the charge of the fragment Z 1 (figure 5.13).
It is established that neck emission is strongly connected with the projectile—
target geometrical overlap during the collision [296]. Thus, it can be tentatively
interpreted as the first manifestation of the formation of a participant zone as
observed at relativistic energies (section 5.2). Of course, one has to be cautious
on this point because the overlap zone cannot be geometrically well defined for a
given impact parameter due to the fact that, on the one hand, the Fermi and beam
velocities are comparable and, on the other hand, the nucleon mean free path
in nuclear matter is comparable with the nucleus size. It should also be noted
that the results discussed earlier do not mean that all products emitted in the
neck region have been emitted on a short timescale. Deformation mechanisms
which are governed by the geometry of the entrance channel may involve long
timescales as may be concluded from the time evolution of the matter density
shownin figure5.11. They indicate that, owing to fluctuations, the overlap region
between two colliding nuclei may either lead to a third piece of nuclear matter
(besides the QP and QT) or may be released attached to one of the partners
[63].

What is the physics behind the formation and decay of neck-like structures?
A possihility discussed in [322] is the occurrence of surface instabilities. In
particular, in the course of the reaction, the overlap zone may be strongly stretched
thus giving rise to possible mechanical ruptures. Indeed, the production of
elongated structures can lead to strong surface—surface interactions such as those
occurringin thefission process, namely theinteraction between the surfaces of the
two nascent fission fragments. The surface-surface interaction can be described
by a ‘proximity’ force with the help of a finite-range interaction [62]. It is
then possible to derive criteria for which an instability can occur in the system
(see[322] for details). The main conclusion of thiswork isthat such an instability
happens when the ‘thickness of the neck is of the order of the range of the
proximity force: a situation which may be achieved in mid-central collisions.

Another interesting point is the influence of the N/Z degree of freedom
on the chemical composition of the matter produced in the neck region. Recent
experimental results [154, 257] support the statement that the emitted matter
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and thus associated with the formation and decay of neck-like structures for medium- and
heavy-mass systems in mid-peripheral collisions. In the Xe+Bi case, only a mean value
integrated over charges ranging from 4 to 20 is indicated as a full line. Miniball data
from [319], Rochester data from [465] and INDRA data from [296]. From [171].

in the neck region is more neutron rich than one would expect from simple
considerations on the N/Z ratios of the projectile and the target. Such findings
are obtained thanks to a very promising technique which consists in studying
reactions with different projectile-target combinations differing by their neutron
numbers, such as for instance 124136 X e+112:1245n in the present case. A similar
method has been used at higher energy to study the degree of equilibration in
central collisions [380].

The neutron richness of the matter emitted in the neck region observed
experimentally has been theoretically investigated (for the same systems as
discussed earlier) in the framework of standard transport theory in [434]. Of
the two possibilities explored to explain experimental features, namely isospin
equilibration and the production of symmetric light clusters (deuterons and
alphas) leaving the remaining matter very neutron-rich, the authors of [434]
favour the second hypothesis. Due to the uncertainty in the description of light
composite particlesin the framework of transport theories (see section 6.5), such
a question deserves further investigation. Nevertheless, these first results on the
formation and decay of neck-like structures in nuclear collisions with various
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N/Z values are very promising and they will certainly constitute severe tests of
the transport models.

5.3.3 Central collisions

We now come to the selection and characterization of the most central collisions.
By ‘central’ we mean those collisions which lead ultimately to the formation of
a single fused system, in contrast to the spacetime patterns depicted earlier, in
which several sources were produced. Central collisions are the key reactions
which really probe matter in its extreme states since they correspond to the largest
dissipated energies and hopefully the largest compression. But, for obvious
geometrical reasons, the cross-section corresponding to single source events is
quite small (afew tens of millibarns). This means that efficient selection methods
have to be used.

5.3.3.1 Evolution of complete fusion with E,},

At low incident energy, fusion reactions are easily selected by searching for the
signature of a compound nucleus. Since this latter is not exceedingly excited,
its decay products (see chapter 7) will be easily recognized: these are either
an evaporation residue or two fission fragments (if the fusion nucleus is heavy
enough). Both processes are accompanied by the emission of afew light particles.
However, in the fission case, there is a possible ambiguity because fission can
also occur in binary dissipative collisions if the target is sufficiently heavy. Then
the observable used to separate both contributions is the so-called folding angle
(hereafter called A ) between the two fission fragments. Thisangleis related to
the recoil velocity of the fusion nucleus by simple kinematical considerations:
the larger the recoil velocity is, the smaller 5 is. Indeed, low vaues of
fap correspond to a focalization of the two fission fragments in the laboratory
frame and thus to a large momentum transfer. Thus, events with small 8 x5 are
associated with central collisions. The distribution of the folding angle has been
studied as afunction of theincident energy for N+U reactions as can be seen from
figure 5.14.

At low Ey;, (7.4 MeV/u), a single component is observed, peaked around
160°: it corresponds to a complete momentum transfer and thus to fusion.
Increasing Eap,, three features are observed. First, a second contribution sets
in, closeto 180°: thisisfission at small momentum transfer induced in peripheral
collisions. This is due to angular momentum transfer from the projectile to the
target, which enhances the fission probability by lowering the fission barrier.
Second, the intensity of the peak at low 6 o5 reduces progressively. This can be
due either to aspreading in the component as aresult of the successive evaporation
steps of the fission fragments or to the fact that (for such highly excited fused
systems) the fission probability decreases at the benefit of other decay modes
such as fragmentation (see section 7.3.1). Finaly, the maximum of the low 6 op
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Figure 5.14. Folding angle distributions for binary fission fragments detected at various
bombarding energiesfor N+U reactions. For each incident energy, the inner scale givesthe
amount of linear momentum transferred, with respect to the projectile momentum, to the
composite system decaying into two fission fragments. A value close to zero is associated
with very small transfer and thus presumably to peripheral collisions while avalue closeto
oneisasignature of complete momentum transfer leading to afusion nucleus. From[180].

component is shifted towards larger and larger values. This fact is interpreted
in terms of incomplete momentum transfer even for the most central collisions.
Thereason for thisliesin the so-called pre-equilibrium emission of light particles
(see chapter 6). This means that, on average, not al particles from the projectile
are trapped inside the target during the interaction: some of them may escape the
system because el astic hucleon—nucleon collisions and mean-field effects are not
strong enough to slow down the motion of the incoming nucleons. This process
is called incomplete fusion. However, the interpretation of experimental datain
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terms of incomplete fusion requires some caution. In very asymmetric systems,
the kinematical properties (mass and velocity) of aQT producedin aDIC reaction
may actually show featuresvery similar to the ones of an evaporationresidue. The
only experimental way of distinguishing between both processesisto look for the
QP which will be present only in the case of binary processes. This is not easy
because the QP is emitted along way forward (and thus difficult to detect) and it
may al so have undergonealong and complex decay chain. Conclusive results can
be obtained only if the QP may be reconstructed from its decay products, which
is possible if a 4« detection has been achieved. At the time at which most of the
data of Figures 5.15 and 5.16 were taken, this was not a usual feature.

The transition from fusion to incomplete fusion is displayed in the
compilation shown in figure 5.15 in which the percentage of linear momentum
transferred to the target in asymmetric collisions has been plotted as a function
of the incident energy corrected by the Coulomb barrier. A rather universal
behaviour is observed: fusion is complete below 10 MeV/u incident energy and
more and more incomplete above. It is worth noting that the general trend of
the data is correctly bracketed by simple calculations taking into account either
one-body or two-body dissipation. Incomplete fusion as well as the formation of
neck-like structuresthusturns out to be a specificity of the Fermi energy regimein
which the dissipation mechanisms originate from various microscopic processes.

The results shown in figure 5.15 suggest a strong evolution of complete
fusion cross-sections as a function of the incident energy. This is clearly put
in evidence in figure 5.16. A large body of data shows the fast decrease and
the disappearance of complete fusion as a function of the incident energy around
Ey., ~ 3040 MeV/u. Thistrend has been confirmed recently in a systematic
study using argon beams from 17 to 115 MeV/u [128]. Complete fusion is
therefore a very rare process above 40 MeV/u.

5.3.3.2 ldentification of fused systems in highly fragmented events

In the previous section, the characterization of compound nucleus reactions, or
at least of fused systemsin central collisions associated with incomplete fusion,
was achieved by identifying either a heavy evaporation residue or two fission
fragments. As soon as one increases the beam energy, more and more kinetic
energy is dissipated into heat, thus resulting in the production of more and more
excited species. Anticipating the results discussed in chapter 7, we can say that
new decay modes are expected as the excitation energy reaches values close to
the binding energy. In particular, fragmentation (i.e. the disassembly of hot nuclei
into at least three fragmentswith Z > 3, see section 7.3.1) becomes a competitive
process.

For such a process, the simple techniques, discussed previoudly, to isolate
fused systems become inappropriate. A solution consists of correlating the
flow angle fq,v defined in section 4.2.3.2 with the total kinetic energy (E vk,
equation (4.16)) carried away by fragments. This is somehow similar to the
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Figure 5.15. Percentage of linear momentum transfer in asymmetric nucleus—nucleus
collisonsasafunction of n = 1/(E — V¢)/A, inwhich E isthetotal incident energy, Ve
the Coulomb barrier in the entrance channel of the considered reaction and A, the mass
number of the projectile. For instance, in the N+U case, n = 1.7, 4.7, 6.4, 7.7 for 10, 30,
50, 70 MeV/u beam energies, respectively. The onset of incomplete fusion thus roughly
corresponds to 10-15 MeV/u incident energy. The full line is the result of a geometrical
calculation taking into account both the one-body and two-body dissipation, while the
chain line accounts for one-body dissipation only. Finally, the broken line corresponds to
full linear momentum transfer. From [290].

method described in section 4.2.3.2 and illustrated in figure 4.8. Figure 5.17,
which corresponds to highly fragmented events detected in Pb+Au reactions at
29 MeV /u, shows the correlation between 64w and Erkg (instead of Eansi2)-
The data display an evolution comparable with that shown in figure 5.10. A first
contribution (associated with regionslabelled 1 and 2 in the figure) is observed at
small angles close to the grazing angle: it corresponds to mid-central collisions
for which a strong memory of the entrance channel is still present. A second
contribution, associated with a minimum value of E kg, and extending towards
large values of fy,,,, correspondsto the most central collisions.

It is instructive to study the evolution of event shapes with help of the
global variables defined in section 4.2.3.2: mid-central events are associated with
elongated shapes aligned along the beam axiswhile agradual progression towards
more and more compact shapes is observed for more central collisions. Indeed,
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Figure5.16. Evolution of the complete fusion cross-section compared to the total reaction
cross-section as a function of the incident energy for a variety of systems. Compilation
from [404].

at high Erkg (zone 1), events are very elongated (rod shape) and the rotation
of the matter measured by 6y,,, is small. When decreasing Etkg (zones 2 and
3), events become more and more compact evolving towards a disc-like structure,
while rotation of the matter setsin. For the last two considered regions (labelled
4 and 5), matter has strongly rotated, while E kg reachesaminimum: events are
very compact showing structuresin-between a disc and a sphere.

It is finaly interesting to examine the physical conditions (in terms of
compression and temperatures) that could be reached in such violent central
collisions. Figure 5.18 shows the predictions of a semi-classical transport model,
namely BUU (section 3.2.3.2). The maximum density as well as the maximum
temperature and entropy attained in central Aut+Au collisions are shown as a
function of the incident energy. In the energy range we are interested in, sizeable
temperatures as well as entropies can be reached. Also interesting are the values
of the compression: hot and compressed (upto 1.5p) pieces of nuclear matter are
thus predicted to be formed. Therefore, the rather large domain of compression
and excitation energy stored in systems with very different masses makes central
collisionsin the Fermi energy range a unique tool to investigate the properties of
hot nuclei which will be extensively discussed in chapters 7 and 8.
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collisions at 29 MeV/u. Only those events in which five or more fragments with Z > 5
have been selected. The evolution of the shape of the events as a function of the impact
parameter (from the peripheral (zone 1) to the most central ones (zone 5)) are displayed
in the sphericity (S) (eguation (4.11))—coplanarity (C) (eguation (4.12)) plane. Generic
shapes (rod, disc and sphere) in this plane are indicated in the first panel. A rapid evolution
of the event shapes is observed from the rod-like structure for peripheral collisions (zone
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5.4 Conclusion of the chapter

In this chapter we have described the various reaction mechanisms occurring
in the Fermi energy range with short excursions at lower and higher incident
energies. It appearsthat, in this energy range, heavy-ion collisions are very good
tools with which to investigate the properties of hot and dense nuclear matter, as
far as the various spacetime configurations achieved in the course of the reaction
can be correctly identified and characterized with the help of the analysis tools
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Figure 5.18. Maximum density, temperature and entropy reached in central Au+Au
collisions as a function of the incident energy per nucleon as predicted by a BUU
calculation (see section 3.2.3.2). From [148].

described in chapter 4. After a brief survey of the collisions in the relativistic
regime and also close to the Coulomb barrier, we have introduced reactionsin the
Fermi energy domain by discussing general trendson the basis of simple estimates
concerning energies and timescales. Such numbers show that this energy range
is a transition region in which both low- and high-energy features coexist. We
have also analysed the various storage modes of the energy during the reaction
and emphasized the role of time in the coupling between the collective and the
intrinsic modes.

A schematic picture of the different processes and their evolution as a
function of the incident energy is shown in figure 5.19. In peripheral and
mid-central collisions, a smooth transition is observed from pure dissipative
collisions close to the Coulomb barrier towards the onset of strong deformations
culminating in the production of neck-like structures around the Fermi energy.
Thissignalsthe onset of new instabilities (Rayleigh instabilities) [322] and opens
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Figure 5.19. A schematic illustration of the various reaction mechanisms occurring in the
Fermi energy range in mid-central and central collisions. In mid-central collisions, the
transition from ‘pure’ deep inelastic binary processes at |ow energy towards a geometrical
participant—spectator mechanism is shown with an intermediate behaviour corresponding
to the formation of neck-like structures. Central collisions are characterized by the
evolution from the formation of a compound system associated with complete fusion
towards a fused system resulting from incomplete fusion and finally to the production of a
very hot and compressed piece of nuclear matter, the so-called fireball. Also indicated are
the various timescales, density and excitation energy regimes.

up the possibility of studying a highly dynamical process, nhamely thinning and
stretching of pieces of nuclear matter at velocities close to the sound velocity.
Finaly, beyond about 100 MeV/u, geometrical aspects start to play a dominant
role essentially because the mean free path becomes shorter, or at least of the order
of magnitude of nuclear sizes, and also because the relative velocity becomes
significantly larger than the Fermi velocity. In this energy region, the participant—
spectator scenario prevails.

In central collisions, as Ej,;, increases, the ideal situation consisting of
the production of a compound nucleus becomes highly improbable and is
progressively replaced by the production of a fused system whose shape and
excitation energy may not befully equilibrated. We have seen that pre-equilibrium
processes (to be discussed in more detail in chapter 6), as well as incomplete
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stopping power, were the main reasons for the observed transition from complete
fusion to the so-called incomplete fusion process. These deviations from an
idealized situation are unfortunately the price to be paid for reaching excitation
energies as large or even larger than the total binding energy of the system.



Chapter 6

Fast processes towar dsthermalization

By nature heavy-ion collisions are truly dynamical processes. In the nucleonic
regime, asizeablefraction of collisionsleadsto theformation of a, possibly short-
lived, composite which exhibits patterns of a more or less thermally equilibrated
object. The question of the degree of thermalization attained in such collisions
actually turns out to constitute one of the major open questionsin the field (see
also chapter 8). A key aspect is thusto access and possibly analyse the behaviour
of the system before equilibration. It turns out that such studies provide valuable
clues on the dynamics of the collision as awhole, and on the way to equilibrium.
Thisiswhat we discuss in this chapter.

We begin by introducing some general considerations concerning the
observation of fast processes in nuclear collisions in section 6.1.1. Next, the
path towards equilibrium is described by discussing the results of microscopic
transport models in section 6.1.2. We then proceed by discussing in more detail
the two main classes of signatures of this early phase of the collision: flow
(section 6.2) and particle production (section 6.3). In contrast to the statistical
emission from an equilibrated system, the many particles emitted during the early
phase of the collision keep a memory of the details of the conditions in which
they were produced. An analysis of their collective kinematic properties such as
flow, or the mere appearance of unexpected species, such as meson production,
thus provides an almost direct link to the dynamics. One may then access, via
comparison with transport models, a phase space localization and/or a timing of
the production mechanisms. Here, hard photon production offers a particularly
efficient tool, which has reached a high degree of accuracy with the results
obtained from devoted photon spectrometers.

Still, this optimistic view has to be moderated by the many effects which
may interfere in such processes. This requires experimental efforts to find the
best suited observables as, for example, balance energy in the flow measurements
(section 6.2). Inturn, the comparison of datawith transport models only allows us
to point to the few most relevant quantities, such as momentum dependence of the
interaction in the case of balance energy. In fact only the simplest observables,
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particularly the collective ones like flow, are easily accessible from the theory. In
addition it turns out that they are often experimentally ill defined. Rare-particle
production (section 6.3) is conversely not easily computable at energies well
below the elementary threshold, and this is probably one of the aspects where the
theory is the most deficient. The production of composite particles (section 6.5)
is even less understood (see also chapter 8).

6.1 From contact to mixing

6.1.1 General considerationsand experimental signatures

The evolution from the entrance channel configuration towards a thermalized
object consists of energy transfer from the projectile-target relative motion to
internal and collective degrees of freedom of the (possibly temporary) composite.
If the interaction time is sufficiently long, the shape of the system may reach
an equilibrium configuration, under the constraints of conservation of global
guantities such asthetotal linear momentum, thetotal energy and thetotal angular
momentum. The internal degrees of freedom are then relaxed and one may
consider that the system is thermalized. This is the situation corresponding to
the simple (at least in terms of reaction mechanism) formation of a compound
nucleus. However, deviations from this idealized picture can occur.

e First, shape equilibration is not always reached. In many cases matter and
energy exchanges lead to a final-state configuration with two excited and
deformed fragments or even with neck-like structures (see section 5.3.2).

e  Second, strong deviations, with respect to afull equilibration of the internal
degrees of freedom, can be observed. These non-equilibrium features are
related to the early emission of light particles and/or composites, which leave
the system before thermalization.

Such processes do not occur at bombarding energies less than about
15 MeV/u because nucleons are then retained by the mean field inside the system.
In this case, potentially energetic nucleons are slowed down inside the nucleus
beforeleaving it, by energy exchange with the nuclear mean field. The dissipation
mechanism is then one-body in nature. Above 15 MeV/u, mean-field effects are
no longer strong enough, because the relative velocity between the two partners
in the entrance channel is too large and other mechanisms start to play a leading
role.

Figure 6.1 schematically shows the influence of the different velocities in
the case of a central collision of a symmetric system which can lead to fusion.
The two full circles correspond to the original Fermi spheres of the two nuclei
in momentum space. They are separated by the relative velocity corresponding
to the bombarding energy. The dotted circle corresponds to the Fermi sphere
of the fusion nucleus. It is located at mid-distance between full circles if the
projectile and target are symmetric in mass. The broken circle corresponds to
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Figure6.1. A schematic representation of the Fermi spheres (full curves) for two colliding
nuclei at arelative incident energy of 100 MeV/u for a symmetric entrance channel. The
dotted curve is the Fermi sphere of the fusion nucleus and the broken one corresponds to
an extra thermal velocity. In this simple picture, nucleons located in the regions denoted
PE can escape the system before fusion.

nucleonsin the fusion nucleus with an extra average velocity associated with the
thermal motion inside the fusion nucleus. Some nucleons, initially in the target
and the projectile, belong to this domain: they are thus likely to be trapped in
the nascent fusion nucleus. But those nucleons which are located outside (those
regionsare called PE in the figure) can escape the system. However, if they suffer
efficient nucleon—nucleon collisions, their velocity can be sufficiently reduced
so that in the course of the reaction, they can aso be slowed down and trapped
in the fusion nucleus. The particles that can escape from the system are often
called pre-equilibrium particles. In the case of a reaction leading to two main
bodies in the final state, the particles that have suffered hard nucleon—nucleon
collisions can also escape the system by being emitted at a velocity in-between
that of the projectile-like and the target-like: these particles are sometimes called
mid-rapidity particles.

Experimentally, pre-equilibrium emission is a very commonly observed
processin nuclear collisions. It iswell known and has been studied for along time
now. Figure 6.2 is an illustration of this process in the case of neutron emission
in reactions close to the Fermi energy. The kinetic energy spectra displayed in
figure 6.2 clearly show two components. The low-energy part of the spectrais
associated with the evaporation from the compound nucleus produced by the
fusion of the two partners of the reaction as discussed in section 5.3.3.1. The
high-energy part is associated with the neutrons that have escaped the system
beforefull thermalization [167,407]. These particles have kept the memory of the
entrance channel through their kinematic characteristics: they are mainly emitted
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Figure 6.2. Differential neutron multiplicities in coincidence with evaporation residues
(detected at 7.5°) following C+Ho fusion-like reactions at 25 MeV/u for different neutron
detection angles. For clarity, the spectra at 10.4, 14.6, 35, 80, 119 and 160° have been
multiplied by 10™ withn being 5, 4, 3, 2, 1, O, respectively. The two broken curves are the
results of aleast-square fit with an evaporative (short broken line) and a pre-equilibrium
(long broken line) component. The full line is the sum of the two components. Note the
presence of a (weak) pre-equilibrium contribution even at very backward angles. From
[245].

in the forward direction. However, one should note that they can also be observed
at very backward angles.

Such abehaviour is observed not only for neutrons but also for light-charged
particles and for composite clusters. Around 100 MeV/u beam energy, it is
clearly observed even in more ‘elementary’ collisions such as protor—nucleus
reactions. This is illustrated in figure 6.3. Composite particles (a-particles in
the present case) can either be evaporated or be produced by coalescence of the
incoming proton with several nucleons of the target during the proton’s travel
inside the medium. As already mentioned, such a coalescent process has a
characteristic signature in terms of kinetic energies and angular distributions of
the emitted particles. In particular, a high energy component is clearly visible,
mainly at forward angles. We will come back to this question of composite
particle production in section 6.5.
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Figure 6.3. Kinetic energy distributions of «-particles emitted at several angles (indicated
in the figure) in the centre-of-mass frame in p—Ni collisions at 90 MeV. Two components
are clearly observed. The first one (the more intense) centred around 10 MeV, which is
the same for al angles, is associated with the evaporation of the compound nucleus. The
second contribution depending heavily on the detection angle is associated with a fast
pre-equilibrium process. From [499].

6.1.2 Theoretical accessto overlap and heating

In the previous section, we briefly discussed some experimental probes to trace
back the path from the first contact to the complete mixing (if any) of the two
partners of the reaction. We now address the question from the point of view of
the microscopic transport models.

What are the leading physical mechanisms dominating the behaviour of
the system in the first phase of the collision, before the formed composite
system has actually reached a more or less equilibrated state? The answer to
this question is both simple and complicated: simple because the causes of the
various phenomena observed are essentially well known; complicated because
the observed effects are numerous, sometimes hard to analyse (in particular,
to disentangle from each other) and generally result from several causes acting
together. In the beam energy domain in which we are interested, most of the
physics of the entrance channel reflects the viscous nature of nuclei: when the
two nuclei start to overlap, their relative motion is progressively slowed down
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139La+12C at 50 MeV/A and b= 0.0 Fm
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Figure 6.4. Density snapshots (in the reaction plane) for a central *3°La on **>C collision
at 50 MeV/u beam energy (BUU simulation, section 3.2.3.2). This reaction is a typica
incomplete fusion reaction for such ahighly mass asymmetric system. Each box represents
a40 fm x 40 fm surface and time runs in fm/c. It is enlightning to note how the carbon
nucleus ‘dissolves’ inside the lanthanum nucleus. This provokes a heating of the system.
Here thermalization takes about 80 fm/c. Note that thermalization is accompanied by
sizeable energetic proton emission (pre-equilibrium emission), first along the beam axis
and, later on, more isotropically. In this case the formed ‘hot’ nucleus has a temperature
of order 3.2 MeV, corresponding to an excitation energy of order 1.3 MeV per nucleon.
From [368].

and turned into internal agitation of the nucleonic degrees of freedom. This
dissipative effect has its origin in nucleon-nucleon collisions not accounted for
in the mean field (see chapter 3). It isillustrated in figure 6.4, for an incomplete
fusion collision between '*°La and '2C at 50 MeV/u beam energy and zero
impact parameter. It is interesting to see, in this figure, how the 2C nucleus
is ‘dissolved’ inside the 13°La nucleus. The actual ‘mixing’ of the two colliding
nuclei results precisely from friction forces. If nucleon—nucleon collisions had
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not been accounted for in this simulation, the carbon nucleus would have crossed
the lanthanum nucleus, without having been significantly affected. Another
interesting feature of figure 6.4 concerns the nucleon emission, primarily along
beam axis, and, later on, moreisotropically. Thisemission correspondsto the pre-
equilibrium particles which have already been discussed from an experimental
point of view in the previous section. They were emitted before the system had
actually reached athermalized state, and they carry away asizeablefraction of the
available energy. Beyond about 100 fm/e, in the particular example of figure 6.4,
it turns out that the composite system doesindeed reach athermalized state which
fixes an upper bound to the thermalization time in this case. In this example the
actual mass of the incomplete fusion residue is around 140 and the temperature
isof order T ~ 3 MeV. Note that the results of the simulations are in reasonable
agreement with experimental data for this reaction, in particular, concerning the
mass and charge of the incomplete fusion residue: A ey, ~ 146, Ay, ~ 137 and
Zexp ~ 60, Zy, ~ 56 (with obvious notation) [368].

The density snapshots of figure 6.4 show the mixing of the matter
congtituting the two nuclei but they give no quantitative information on the
degree of thermalization of the system. This is no surprise as thermalization
corresponds to a rearrangment of the momentum distribution (section 6.1.1).
This rearrangment first takes place locally (in real space), thus leaving possible
temperature gradients in the system, and, next, globally (in real space), which
corresponds to a uniform temperature all over the system. In order to follow the
thermalization process in time one should thus study the time evolution of the
momentum distribution. A first indicator of the degree of thermalization is thus
provided by the amount of anisotropy of the momentum distribution. We use here
the phase space one-body distribution f(r, p, t), which is the basic ingredient of
kinetic descriptions of heavy-ion collisions (section 3.2.3). One can then consider
the quadrupole moment of the momentum distribution (averaged out over rea
space for the sake of simplicity)

Q, = / (2p:2 — pa® — p,2)f(r,p, 1) dr dp 6.1)

which provides a simple and global indicator of thermalization. It is plotted
as a function of time for a central *°Cat+*°Ca reaction at 60 MeV per nucleon
beam energy in figure 6.5. This reaction typically leads to the formation of a
hot nucleus. Also indicated in this figure, for illustration, are the corresponding
shapes of the momentum distribution n(p) = [ f(r,p,t) dr a some instances.
The quadrupole moment () ,, is abasic observable for tracing relaxation in heavy-
ion collisions in the nucleonic regime [34]. At initia time the two nuclei are
separated in momentum space by the relative momentum associated with the
beam energy. Overlap in real space allows two-body collisions to take place
(typicaly in the ‘free’ open momentum space outside the Fermi spheres in
figure 6.1) and leads to a thermalization of the system. This shows up as a
decrease in (), towards zero. When thermalization is reached @), ~ 0, which
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Figure 6.5. Time evolution (in fm/c) of the quadrupole moment @, of the momentum
distribution (in (GeV/c)?) in a “°Ca+°Ca collision at 60 MeV/u beam energy and zero
impact parameter. Also indicated, for the sake of completeness, are snapshots of the
momentum distribution at some instances. The decrease in @, towards zero reflects the
relaxation of the system towards ‘thermal’ equilibrium.

reflects the sphericity of the momentum distribution.

A more detailed account of the way to thermalization is provided by the
pressure tensor, which can be obtained following the usual definition of fluid
dynamics:

I (r) = / dp (pi — (i) (1) (p; — ()TN f(rprt)  (62)

wherep; ; = p..y,. ad where the local average momentum is defined as

(p)(r) = / ap f(r,p, D). (63)

The pressure tensor II;; quantifies the local anisotropy of the momentum
distribution. As soon as it becomes proportional to the unity tensor the system
may be considered to be thermalized. In addition it provides a more detailed
picture of the thermalization of the system than @) ,, which may easily wash out
detailsin the averagesit contains.

Indeed, a system may have avanishing valueof () ,, whilestill anot perfectly
isotropic pressure tensor, indicating a not yet fully thermalized system. The
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pressure tensor has been little considered in simulations of heavy-ion collisions
as it is quite an involved quantity to compute, which can be easily polluted by
numerical effects. Still, the few attempts made in this direction have shown that
‘local’ effects, which can possibly be traced back by Hi]., do not invalidate the
information provided by global observablessuch as () ,,. For afirst guess estimate
the quadrupole moment of the momentum distribution may thus sufficeto provide
the correct orders of magnitude, in particular, in terms of timescales. Furthermore,
one should keep in mind the fact that II;; is aso an a priori difficult quantity to
evaluate experimentally.

6.2 Sidewardsflow and squeeze-out

In section 6.1.1 we introduced fast particle emission but we restricted ourselves
to ‘inclusive’ observables such as angular or kinetic energy distributions. The
advent of powerful multidetectors has allowed us to study the behaviour of
such particles on an event-by-event basis and has thus given us access to their
global characteristics. We have seen previously that particles emitted after a
short time have experienced very few nucleon—nucleon collisions. It is generally
admitted that about three nucleon—nucleon collisions are at least necessary to
‘thermalize’ an incoming nucleon. Nucleons experiencing less collisions are
emitted preferentially at mid-rapidity, i.e. between the quasi-projectile (QP) and
the quasi-target (QT). The kinematic properties of these particles emitted early
are usually studied by considering the velocity distribution of the particles with
respect to the rest of the matter. In particular, the study of the emission pattern
with respect to the reaction plane, for a finite impact parameter, carries a lot of
information about the dynamics of the collision.

From an experimental point of view, such processes have been explored
and studied by different groups in the 1980s in relativistic nuclear collisions
[153,228,229]. They were predicted earlier in hydrodynamical calculations (see
section 3.1.4) and in microscopic transport model calculations (see [444]). Then,
the exploration of these phenomenain the Fermi energy range was undertaken at
MSU and GANIL.

The study of the in-plane emission of light particlesis called sidewards flow
while the out-of-plane emission is called squeeze-out. Before discussing these
two processes, it is necessary to give some definitions and notation.

6.2.1 Definitions of flow measurements

A schematic picture of the entrance channel of a collision is displayed in the
upper part of figure 6.6. Particlesinteracting in the overlapping region experience
a deflection, at a mean angle 6q,,,, While those having rapidities close to the
projectile or the target are less deflected (this phenomenonis called the rebound).
The distribution of transverse momentum per nucleon p .. /A in the reaction plane
can then be plotted as a function of the particle rapidity v in a bi-dimensional
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Figure 6.6. A schematic picture illustrating the various steps in the definition of the
flow parameter F', as discussed in the text. In the upper part, after contact between
the two partners of the reaction in real space, the kinematics of the emitted particles
is schematically described in the reaction plane. The two contributions associated with
the decay of the QT and the QP are displayed as two bumps located near the respective
rapidities of the QT and the QP. The emission at mid-rapidity associated with processes
occurring in the overlap region smoothly joins the two bumps. An averaging procedure
for the transverse momentum gives the result in the bottom panel, resulting in a linear
evolution of p, /A asafunction of the rapidity. The slope at mid-rapidity defines the flow
parameter F'.

plot (y, p./A). Averaging p, /A for various bins of the normalized rapidity, one
obtains an S-shape curve whose derivative around mid-rapidity (¥ 1an/Yproj ~ 0.5
which corresponds to the nucleon—nucleon rapidity y nn) gives the value of the
flow parameter F', defined as

F = ey — ) (222 (64)
Y=YNN

where yroj iS the projectile rapidity. This procedure, however, requires a careful
determination of the reaction plane which is defined by two vectors: the velocity
of the projectile and the impact parameter vector.
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From an experimental point of view, the reaction plane must be reconstructed
from the particles emitted in the course of the reaction. Different methods have
been developed so far:

e amethod based on the study of transverse momentum distribution [147]; and
e amethod based on azimuthal correlations[496].

Let us detail the first method. Estimating the reaction plane in the transverse
momentum analysis is based on constructing the following quantity:

v—1
Qv =) WPl (6.5)
=1

where w® is aweight depending on the rapidity y; of particlei. A usual procedure
consists of taking w? = 1ify; —yom > 0andw? = —1if y; —yem < 0
(see figure 6.6). Note that the summation holds for all detected particles but the
particle of interest, labelled v. Indeed, to avoid autocorrelation, it is necessary
to construct a reaction plane per particle (Q,) instead of a reaction plane per
event (Q in which the summation in equation (6.5) includes particle v) because
the definition of p, /A requires a scalar product between the momentum p ...,
of the considered particle and the vector defining the reaction plane. Therefore,
because of the autocorrelation, p ., should not be included in the summation of
equation (6.5). Nevertheless, in order to preserve the total transverse momentum,
a ‘recail correction’ is implemented in the method. It should be noted that this
correction does not affect the value of F', since it only generates a constant shift
inthe value of p, /A [147].

6.2.2 Experimental resultsand comparisonswith transport models

The sidewards flow has been studied in a variety of reactions at various incident

energies. The flow parameter F' can be evaluated for each impact parameter once
the events have been sorted according to the methods describedin section 4.2.3. F'

startsfrom zero in very peripheral collisions, then increasesto reach its maximum

value F,.x in mid-central reactions. For symmetry reasons, it vanishesin central

collisions. In figure 6.7, the evolution of the maximum value F,,x of F asa
function of beam energy E.;, is displayed. Generally speaking, the global trends
exhibited by the data are better reproduced in semi-classical transport models
using momentum-dependent interactions (MDI) [199] or a soft equation of state
(E0S) [490].

Below 100 MeV/u, the flow parameter neverthelessremains closeto zero. In
order to be able to make quantitative comparisonswith the predictions of transport
models, the balance energy E},. is then defined as the incident energy E).;, for
which the flow parameter F' vanishes. E,, is hence associated with the change of
signof F. Indeed, at low E,;,, the nuclear forceis attractive producing a negative
deflection of the particles, hence leading to negative values of F', while at high
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Figure 6.7. Compilation of Fiax in symmetric collisions from 20 MeV/u up to a few
GeV/u. Theevolution from negative valuesto positive valuesis associated with atransition
from an energy region where the nuclear force is attractive to a region where it becomes
repulsive. After a strong increase of Fi,a.x, the decrease observed above 1 GeV/u is
interpreted as a softening of the equation of state and could be afirst hint for a transition
from the hadronic matter to the QGP. From [172].

Ey,1, the force becomesrepulsive, leading to positive valuesof F'. Infact, itisnot
possible to obtain, experimentally, the sign of the flow parameter, except if one
measures the associated v's [287,469]. When only charged particles are detected,
it isimplicitly assumed that the flow parameter is negative at low incident energy.
But the balance energy can, nevertheless, be identified. The ‘experimental’ fl ow
parameter F' exhibits a cusp at Ey,,, reflecting the actual change of sign of the
physical F'. Thisinversion of flow was predicted in [318] using transport theory.
A careful analysis of the results of transport models shows that the balance
energy results from a subtle interplay between mean-field and two-body collision
effects [44, 152]. In this respect it is an observable which typically emphasizes
the various leading effects in the dynamics of collisionsin the nucleonic domain.
The balance energy thus constitutes a demanding test for microscopic dynamical
models such as BUU. The measure of the sidewards flow, or equivalently of
the balance energy, thus indeed puts constraints on the microscopic models,
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Figure 6.8. Mass dependence of the balance energy Ei.1. The full line corresponds to a
A~/ mass dependence as predicted by geometrical arguments (see text). The two points
without error bars are the predictions of transport models. It should be noted that the 4~/3
is predicted by such models on the whole mass range. From [106, 490].

particularly in terms of the effective force and the in-medium nucleon-nucleon
scattering cross-section entering these calculations.

Figure 6.8 shows a compilation of the balance energy as a function of the
mass of the system. The data show a mass dependence in A~1/3 [490]. Two
computed points (results of atransport model) are also added to the experimental
datain thisfigure. They coincide nicely with the data systematics.

Considering the impact parameter dependence of the balance energy (see
[490] for a review), it was possible to show its relation with the momentum
dependence of the mean field as reported in [435]. Last but not least, recent
works at both experimental [357] and theoretical [30] levels have explored the
role of the isospin degree of freedom in the sidewards flow process. They show
promising results concerning the extraction of the isospin symmetry term of the
nuclear force.

6.2.3 Squeeze-out and azimuthal distributions

So far, we have only considered the directed flow in the reaction plane. We
shall now concentrate on the determination and the physical interpretation of
the out-of-plane emission, often denoted as ‘squeeze-out’. The squeeze-out is
presumably related to the stiffness of the equation of state (EoS): the larger the
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Figure 6.9. Azimutha distribution of the emitted particles for Aut+Au collisions at
100 MeV/u. The left-hand panel is for periphera collisions while the right-hand panel
is for central collisons. The reduced impact parameter estimation follows the method
described in section 4.2.3. From [470].

effectis, theharder’ the EoSis. One method of representationisto plot azimuthal
distributions. The azimuthal angle ¢ is defined as the direction between the
transverse momentum of the particle and the direction of the reaction plane Q.
Such azimuthal distributions are illustrated in figure 6.9 for two different impact
parameters in Aut+Au collisions at 100 MeV/u [470]. In periphera collisions,
data exhibit a typical V-shape distribution which correspondsto ‘soft’ collisions
for which most of the particles are emitted in-plane (minimum at ¢ = 90°).
In contrast, in central collisions, the distribution is maximum at 90° putting in
evidence the strong enhancement of out-of-plane emission of particles.

A convenient way to reduce the information provided by the azimuthal
distributionsis to fit them with two cosines:

dy

do
where aq is a normalization constant and a; is a measure of the importance of
the ‘in-plane’ flow. This expression thus provides another way to quantify the
sidewards flow, as discussed in section 6.2.1. The anisotropy of the particle flow
pattern is finally accessed through the a» term.

In the Fermi energy range, the experimental value of a is aways positive,
whatever the rapidity of the considered particles, which means that the emission

(¢) = ag + a1 cos(¢) + a cos(2¢) (6.6)
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is preferentially in the reaction plane. Thisisin contrast to the results obtained
at relativistic energies in which a, becomes negative. The transition (a2 = 0)
fromapreferentialy ‘in-plane’, to * out-of -plane’ emissionisobserved for Au+Au
callisionsaround Ej,, /u ~ 100 MeV/u. But aprecise knowledge of this quantity
would require new experiments.

It is worth noting that a, reaches its maximum negative value around 400—
500 MeV/u (for AutAu collisions) and then increases to become positive again
around 5 GeV/u. Thismay beinterpreted asa’ softening’ of the EoSin thisenergy
range and could be thefirst hint for the transition between hadronic matter and the
QGP[438].

6.3 Particle production

Excited nuclear matter may decay in various ways. Up until now we have mainly
discussed physical processes involving nucleons and their mutual interactions.
In the course of heavy-ion collisions, even in the nucleonic regime, it turns out
that not only nucleons are produced. For example, photons have long since been
traced back as signals of collective motion. Here we aim to consider particles
produced in less ‘gentle’ physical conditions, in particular, during the ‘violent’
overlap phase of heavy-ion collisions. Thisis typically the case of the so-called
‘hard’ photons, which because of their specificity are discussed in greater detail
in section 6.4. In fact, many ‘exotic’ particles can be produced in the collisionsin
which we are interested, and it turns out that they provide valuable clues on the
dynamical, and possibly ‘thermodynamical’, conditions prevailing in the system,
which actually created them. In this section we shall thus discuss the production
of several particles: baryons such as A’s, mesons like 7's, n’s or even strange
mesons like K*’s, and of course the previously mentioned hard photons. And
we shall try to understand what information they bring on the dynamics of the
collision.

6.3.1 Theroleof beam energy
6.3.1.1 On production thresholds

Hard photons (up to detector thresholds) can be produced whatever the beam
energy, but this is not the case for other particles (A, 7, K, .. .), for which there
exists athreshold, corresponding to the minimum energy necessary for producing
this particle. Let us consider the Z-particle productionX +Y — Z + --- from
X and Y, where X and Y may be constituents of the system, nucleons, pions or
even the colliding nuclei. The Z production threshold is defined as the minimum
energy needed to create particle Z at rest, in the frame where Y isitself at rest:

By = i[(mz +m.)? = (mx +my)?] (6.7)
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with obvious notation. It should be noted that, as particle production is
a consequence of the relativistic equivalence between mass and energy, the
threshold energy has to be defined relativistically. The threshold energy depends
on the production mechanism. In the following we shall mainly consider two
types of thresholds. The elementary (or free) threshold, hereafter denoted
EJN corresponds to the dominant elementary channel (often N — N, hence the
notation). For example, the elementary threshold for A production (N — N —
NA) is EXN ~ 625 MeV. In heavy-ion collisions the absolute threshold,
for a given projectile (4,)-target (A;) par (in this case mx = my4, and
my = mg,), corresponds to the case in which all the available beam energy
is actually consumed to create the particle. As nuclei, in the energy range we
consider here, behave as collections of nucleons, it is clear that the absolute
threshold is by construction smaller (and sometimes much smaller) than the
elementary threshold. For example the elementary threshold for K + production
from nucleonsis ERY = 1582 MeV (N — N — K+ + A + N), whileit is only
112 MeV ina2C+'2C collision.

6.3.1.2 Systematics of meson production

One elegant and telling way to compile the numerous data concerning meson
(hereafter labelled ) production cross-sections o z in nucleus—nucleus collisions
isto consider the reduced probability of production per participant:

ppl=—2 6.8
Z Oreac <Apart> ( )

in which oz is the measured Z-meson Ccross-section, e the measured total
reaction cross-section and (Apar) the impact parameter-averaged number of
participant nucleons. This last quantity can be estimated by means of a simple
geometrical ansatz by calculating the overlap volume V' (b) of the two interacting
nuclei at impact parameter b. Assuming normal density po, one then obtains:
Apart(b) = poV (b). Note that this procedure implicitly assumes that energetic
particles are produced in hard nucleon—nucleon collisions and thus essentialy in
the overlap region of the two incoming nuclei.

The reduced production probabilities P%¢¢ are plotted in figure 6.10. The
striking feature of this figure is that production probabilities for 7’s and #'s fall
close to a single curve over about 11 orders of magnitude. In turn, systematic
deviations from this behaviour are observed for kaons, which may be down by as
much as afactor of five. This effect is usually attributed to the non-equilibration
of the strangeness (kaons are strange particles) degree of freedom.
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Figure 6.10. Meson production probability per participant nucleon asafunction of £ — 1,
(the incident energy minus the Coulomb barrier) normalized to the meson production
threshold EX™ in elementary free nucleon—nucleon interactions. In such a representation,
points with an abscissa less than one correspond to the so-called sub-threshold regime.
From [312].

6.3.2 Particle production and collision dynamics
6.3.2.1 Why to study particle production?

The study of particle production raises two classes of questions, once we assume
that the elementary mechanism is well known. The first one concerns the
actual, effective, production mechanism in the nuclear medium. Similarly to
the (elastic) nucleon—nucleon interaction, inelastic channels are also sensitive to
neighbouring nucleons (medium effects, see section 2.2.1.2). These effects have
been particularly studied for A’s and #’s which have sizeable interactions with
nucleons. Thisaspect is presumably lessimportant in the case of strange particles
like KT or with ~'s, which interact more weakly with the surrounding medium.
But atogether the questions raised by medium effects on particle production
remain, in many cases, not fully solved.

The second class of questions, once effective medium effects are accounted
for, concerns the information brought by particles about the reaction itself. For
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a given type of particle, the answer depends on energy. The study of particle
production in a kinematic regime above the elementary threshold (for example
kaons KT at 2 GeV/u beam energy) does not tell much about the underlying
static or dynamical properties of the source, as particles are then produced by
the smple, direct (usualy well known) elementary process. When a nucleon
from the projectile hits one from the target, there exists (even in the early stages
of the collision) a probability of forming a particle equal to o N—N—7/0N_N[tot-
In contrast, below threshold, this direct process is no longer possible, at the first
collision. One needs an extramechanism for understanding how pairs of nucleons
may gain a relative kinetic energy above production threshold. Intuitively, it is
thus clear that such conditions will likely provide some clues on the dynamics
of the collision, in terms of timescales and/or in terms of ‘thermodynamical’
conditions. Furthermore, different particles, corresponding to various thresholds,
will bring different pieces of information, depending on beam energy.

6.3.2.2 Which particlesto choose for characterizing the dynamics?

Many particles have been studied in the context of heavy-ion collisions.We start
with pions, which are abundantly produced compared to other massive particles,
as their free threshold is relatively low (290 MeV in the direct N — N channel).
Beyond about 100 MeV/u they are mainly produced by disintegration of the short-
living A’s (NN < A < Nm, with 7o ~ 1-2 fm/c), while below 100 MeV/u
direct production dominates (NN — Dm). Pions were originaly expected to
provide a clue to the stiffness of the equation of state [442] but, once produced,
they interact strongly with the nuclear medium, so that the actually measured
pions may have quite different characteristics compared to the ones originally
produced. Kaons offer an appealing alternative here. Because of their strangeness,
they interact little with the surrounding nuclear medium, which makes them a
‘clean’ probe!. They are mainly produced in BB «+» BYK T collisions (where B
isabaryon, nucleonor A, and Y isahyperon) andin 7B — K+ + Y processes.
Kaons are presently studied actively both from the theoretical and experimental
points of view. Note finally that an active field of research has also started around
ete™ pairs production, but at high beam energies (see for instance [169] and
references therein).

Hard photons are especialy interesting at low beam energy (typically below
100 MeV/u) where they result mainly from early neutron—proton collisions
(‘Bremstrahlung’ radiation, section 6.4). At higher energies the ~ signal is
polluted by the electromagnetic disintegration of 7o’'s which start to be sizeably
produced at these energies. Light mesons, such as 7's, n’s or K*’s, alow us to
consider awider range of beam energies. For a given type of meson one should
consider a beam energy high enough to provide a decent multiplicity, but well
below the free threshol d so that production cannot directly result from first chance

1 Etas are also an interesting ‘theoretical’ possibility, but they raise problems in the experimental
identification.
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elementary collisions. For example, pionsarea priori adapted to an energy range
around 100-200 MeV /v, while kaons would be much better adapted to an energy
range of order 500 MeV /u.

6.3.2.3 Theoretical approaches

Numerous model s have been devel oped over the yearsto study particle production
in heavy-ion collisions. Here we shall focus on microscopic approaches based on
Boltzmann-like kinetic equations (section 3.2.3.2), because arealistic description
of the early stages of collisions is to be based on microscopic dynamical
approaches and Boltzmann-like kinetic equations offer here a proper tool of
investigation.

In BUU calculations, particle production is described as an incoherent
production mechanism, by summing up incoherently the contributions of
elementary processes. The cross-section for Z production then is given by:

07 X /0 h dt / 2rb db / d1 / d2 f(1) f(2)v120 2™ Qp (6.9)

where d1, 2 refers to a phase space integration over particles 1, 2 and b labels the
impact parameter. In equation (6.9), @ p isthe Pauli blocking factor after creation
of Z, and o z°'*™ |abels the elementary Z production cross-section. Note also
that in general one should sum up the contributions of al the possible production
channels: baryon-baryon, baryon—-meson. ..

Figure 6.11 shows how particle production may give indications on the
timing of production and thus on the dynamics of a heavy-ion collision, and
illustrates the importance of the choice of the particle for a given beam energy.
Here we compare 7 and 7 production in “°Ca+“°Ca collisions at two beam
energies, as a function of time. The 1 GeV/u beam energy is above both the 7
and 7 thresholds and production starts from the beginning in both cases. Particle
production does not then bring much information on the dynamics of the reaction.
In contrast, at 0.5 GeV/u beam energy (still abover, but below n threshold), while
m production again starts from the beginning, n production is delayed so that a
‘hot’ zone has time to form (this requires five to ten nucleon—nucleon collisions,
thus a time of the order of thermalization time, sections 3.1.1.2 and 6.1.2). In
this case it is thus clear that particle production allows us to select a given time
interval of production.

The question of linking particle production to the properties of nuclear
matter, such astheincompressibility modulus K ., haslong been debated. For the
time being no clear conclusions have been obtained [118]. Of course the details
of the production somewhat depend, for example, on K ., but they may as well
depend on N—N cross-sections in a quantitatively comparable way. Furthermore,
such effects usually remain relatively small (typically a factor of two or three in
integrated cross-sections) compared to experimental error bars, so that in redlity
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Figure 6.11. Timing of particle production ( and ) in a*°Ca+*°Ca collision at 0.5 and
1 GeV/u. The production rate (normalized maximum value 1) is plotted as a function of
the number of collisions encountered by the nucleons. Hence the abscissa is a timescale.
At 500 MeV/u n's are produced after a well-defined time unlike =’s for which the
nucleon—nucleon threshold is well below this energy. In contrast, at 1 GeV/u n's and
«'s are produced at the same time. One can hence see that atiming is possible in aregion
kinematically adapted to a given particle, and impossible otherwise. These results have
been obtained in aVVUU-like calculation, including surface effects. From [119].

it is often hard to access them. One should also note that uncertainties in some
elementary cross-sections may lead to further theoretical error bars.

6.3.3 Sub-threshold particle production at very low beam energy

Up to now we have considered particle production in a kinematic regime below
the elementary threshold, but well above the absolute threshold (section 6.3.1.1),
for which all the available energy from the beam is used to form the desired
particle. The study of close-to-absolute threshold particle production is a hard
task, from the experimental and theoretical points of view. Up to now no
commonly admitted mechanism explains such a phenomenon. This very low
energy production corresponds to very rare events, but the mere fact that it does
exist is aready quite surprising. Note that such a phenomenon is very different
from usual particle production in high-energy physics, where a pair of possibly
point-like particles (like e™e™) annihilates to produce a more massive particle.
The mgjor differenceslie in the fact that energy here is spread over virtually all
the degrees of freedom of an extended system (the nucleus!). Hence one has to
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invoke ‘ collective' effects, which still remain to be understood.

Close to the absolute threshold = production has been extensively studied
over the years [93, 328]. More recently, sub-threshold kaons have been observed
in the 36 Ar+*8Ti system at 92 MeV/u beam energy leading to a cross-section
of the order of 2.5 x 10~7 mb [259,286]. In a similar system (**Cat+*2Ca at
92 MeV/u) Boltzmann—Langevin simulations lead to a comparable cross-section
while BUU simulations miss the experimental point by typically 10 orders of
magnitude [40]. It is likely that at very low beam energy the Boltzmann—
Langevin results would also depart from experimental data, as the production
mechanism in these calculations remains, to alarge extent, of incoherent nature.
Nevertheless, these results seem to indicate the importance of fluctuationsin an
intermediate energy domain between the energy range associated with a ‘hot
zone' and the absol ute threshold. Furthermore, one may expect that, at these low
energies, equation of state effects should be more sizeabl e than at several hundreds
of MeV/u, somewhat similarly to the case of flow effects below 100 MeV/u
(section 4.3.3). This aspect has still to be investigated in more detail.

6.4 Hard photon production

6.4.1 Systematicsof hard photon production

As aready mentioned, hard photons constitute very good probes of the reaction
mainly because they interact weakly with the surrounding medium, once
produced. The photon spectrum can furthermore be arbitrarily divided into soft
and hard photons. Soft photons are associated either with the last steps of the
decay processes of an excited nucleus or with the decay of collective modes such
as giant resonances or superdeformed bands. The photons resulting from the
decay of hot nuclei are usually called statistical photons and have energies not
exceeding afew MeV. The typical energies of photons associated with the decay
of giant resonancesis around 15-20 MeV (see section 7.2.2). Hard photons are
thus usually defined as photons of energies larger than 30 MeV.

Hard photons are produced in hucleon—nucleon collisionsinside the medium
through the so-called Bremstrahlung process. Similarly to the case of massive
mesons one can perform areduction of the total hard photon yield in terms of the
elementary probability P, to produce ahard photonin an individual n—p collision.
Thisleads to the following expression:

Oy
Oreac <an>

in which o is the measured photon cross-section, e, the total reaction cross-
section and (V) is the mean number of n—p collisions averaged over the whole
impact parameter range. This last quantity is estimated, as before, by assuming
that v’s are produced in the overlapping zone of thetwo nuclei. Figure 6.12 shows
the systematics of reduced hard photon production (according to equation (6.10))

P, = (6.10)
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Figure 6.12. Systematics of hard photon production: the ordinate is the probability per
individual nucleon—nucleon collision of producing a hard photon while the abcissa is the
incident energy corrected for the Coulomb barrier. The full line labelled BUU is the
prediction of a microscopic semi-classical transport model while the other full line, on
the right, is the probability to produce a hard photon in an elementary nucleon—nucleon
collision in the vacuum. From [419].

in the Fermi energy range. The huge difference between the probability for the
elementary process in the vacuum and the in-medium probability emphasizes the
role of the collectivity in producing energetic photons. Microscopic transport
models (BUU in this case) are in reasonable agreement with the data over the
whole energy range.

A detailed experimental study of hard photon production reveals (at least for
sufficiently heavy systems) the existence of two distinct ‘sources’ of emission.
The presence of two distinct contributions has been observed in the differential
energy cross-sections of the v spectrum: a first contribution, corresponding to
the high-energy part of the spectrum, can be tentatively associated with the early
instances of the reaction when the system is dense (this is the main contribution),
while asecond contribution (less intense and | ess energetic) could be attributed to
alater stage of the reaction and could be associated with a thermalized source.

These two contributions are predicted by transport models. For instance,
the time dependence of photon production in central Ta+Au collisions has been
studied in the framework of the BUU model. A result is displayed in figure 6.13.
Two different photon ‘bursts are indeed predicted by the model. The first
one, which is rather insensitive to the value of the incompressibility modulus
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K, used in the simulation, is associated with direct nucleon—nucleon inelastic
scatterings (one then speaks of direct photons) and constitutes a direct probe of
the phase space occupancy of the nucleonsin the early instances of the reaction: it
corresponds, on average, to the most energetic photons, while the second burst is
associated with later times, when the system has reached thermalization (one then
speaks of thermal photons). The intensity of the second contribution is strongly
dependant on the value of the incompressibility modulus K ,: as K, increases,
so does the number of emitted photons. What is the microscopic origin of this
second contribution? A study of the time dependence of the density reached in
the centre of the system showsthat, after afirst compression phase associated with
the early instances of the reaction, an expansion of the system is observed during
which the system becomes dilute and the number of produced photons decreases
because there are very few efficient hard nucleon—nucleon collisions. But for
heavy systems, the expansionis stopped at a given turning point and asecond, less
intense, compression phase sets in, producing a new burst of 4’s. Furthermore,
a study of the correlation between photons emitted during the first step and the
second step gives access to the spacetime characteristics of the collision as shown
in the following (section 6.4.2).

6.4.2 Hard photon intensity interferometry

The study of the interference between two photons, each emitted by the
two previously-mentioned sources (direct and thermal photons), can help in
characterizing the spacetime extent of the matter in central nucleus—nucleus
collisions. The experimental techniques of intensity interferometry have already
been described briefly in chapter 4, so we will not discuss them any further
as such. Two experiments have been devoted to the study of hard photon
interferometry. Both were performed at GANIL: the first one used the MEDEA
detector [21], while the second one used the TAPS device [307]. In both cases,
the first step of the data analysis consists of evaluating the signal induced by
the decay of the 7o in the v+ channel, which induces a strong enhancement of
the correlation function around the pion mass. Then, it is possible to obtain the
correlation function free from the pion decay in the whole range of the relative
four-momentum () of the two photons. Note that () is aso the invariant mass,
since photons are massless particles. Figure 6.14 shows the result obtained by
the TAPS collaboration for two systems. Kr+Ni at 60 MeV/u and TatAu at
40 MeV/u. The two-photon correlation function can be tentatively described by
the following expression:

012(Q) =1+ A eXp(—Q2Ré) . Iinterf(Q) (611)

where \ gives a measure of the coherence of the source: the larger A becomes
the more coherent the source becomes. In eguation (6.11) Iinterr(Q) is the
interference term between the two sources of emission intensity I, for the ‘ direct’
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Figure 6.13. Time dependence of hard photon production as predicted by transport
calculations in central collisions for heavy systems. A first ‘burst’ is observed in the early
instances associated with a hot and dense phase. A second one, coming later, is associated
with a second compression phase corresponding to a ‘ breathing’ mode of the matter. The
intensity and timescale of the second compression strongly depend on the value of the
incompressibility modulus used in the calculation. From [419].

Table 6.1. Parameters of the fitting procedure of the correlation function of figure 6.14.
System A Rg (fm)  I5 (%) A (fm)

Kr+Ni  0.52+£0.17 33+£09 79+10 15+3
TatAu 0.60£0.03 45+15 50+£16 37=+3

first burst; and I; for the second, ‘thermal’, contribution, respectively. The
interferenceterm Ii,err IS given by

Lintert (Q) = I3 + I7 + 2141; cos(QA). (6.12)

The source geometry is characterized by its size R ¢ (one assumes that the source
size is the same during the two bursts). Finally, A is a measure of the spacetime
distance between the two ‘bursts'.

Fits of the correlation functionsof figure 6.14 givethe parametersintable 6.1



Composite particle production 191

N 2571 \ \ \ \ \ \ \ \
o f Kr+Ni 60A MeV Ta+Au 40A MeV

m‘_m_m‘
L

P Y O R N N Lo g ]
0O 10 20 30 40 50 O 10 20 30 40 50 60
Q [MeV]

Figure 6.14. Two-photon correlation function for Kr+Ni (left) and Tat+Au (right) reactions
at, respectively, 60 and 40 MeV/u. The full lineisthe result of afit using equations (6.11)
and (6.12). From [307].

for the sources. Note the evolution of the relative importance of the direct
contribution when one goes from a medium-mass system (Kr+Ni) to a heavy
one (TatAu): for a heavy system, the second photon ‘burst’ is more intense
because the associated second compression is more important. The interpretation
of A is more delicate: one finds values larger than the 100 fm/c predicted by
the calculations (see figure 6.13). Up to now, no definitive interpretation of these
numbersis available.

6.5 Composite particle production

Up to now, we have only discussed the production of fast nucleons and
‘elementary’ particles. We have shown briefly in section 6.1.1 that composite
particles (say from deuteronsto lithiums) could also be produced in fast processes.
It is worth noting that the first attempts to theoretically describe such composite
particle production in fast and non-equilibrated processes in nuclear collisions
were initiated a long time ago in phenomenological models based either on
cascade calculations or on the so-called exciton approach. It is not our aim
to decribe in detail these pionering works and we refer the reader to standard
textbooks [185, 198] or reviews [59]. It was already recognized at that time [59]
that such processes are extremely difficult to address from a theoretical point of
view. Severa possibilities were explored ranging from preformed clusters in
nuclei, which can scatter with an incoming nucleon, up to groups of nucleons
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whose correlated momenta match the cluster characteristics. Nevertheless, most
of these approaches contained a large number of free parameters and thus were
not really satisfying.

Although new developments have been proposed in the framework of
the exciton model [60], most of the recent works are based on microsocopic
transport theory. Composite particle production has been explored in the
framework of the transport models, in particular, in QMD [361] and classical
MD [79, 166] calculations and also in BUU simulations [148]. In molecular
dynamics calculations, the mechanisms by which fragments are produced, or
at least ‘recognized’, is by inspection of the phase space: nucleons which are
connected in phase space are grouped together to form clusters. A condition based
on energy considerationsis applied to limit the amount of excitation energy stored
in the reconstructed fragments. In [148], the production is explicitly taken into
account by calculating the vertex that can lead to the production of deuterons,
tritons, etc. To this end, a transport equation is derived for each species taking
into account the formation as well as the dissociation cross-sections. Transition
matrices are calculated as well as Pauli correlations. This promising attempt is,
however, limited to very light composite particles. Oneis forced to recognize that
a genuine quantum theory for the production of composite particles in nuclear
collisionsisfar from being achieved.

6.6 Conclusion of the chapter

In this chapter, we have discussed the properties of the system on the way to
thermalization by studying the first instances of the reaction. The two main
features discussed are the mechanisms of production of early-emitted particles
(nucleons, composites, mesons and hard photons) and for some of them their
kinematic characteristics, through the study of the sidewards flow and the
squeeze-out. From a theoretical point of view, the dissipation process can be
traced back with the help of the microscopic semi-classical transport models.
Encouraging results have been obtained in various aspects of these questions,
concerning both the analysis of collective motion (flow in particular) and particle
production. Still, standard transport models cannot account for the whole bunch
of observed phenomena, as, for example, in the case of well below threshold rare-
particle production.

Experimentally, the study of in-plane flow puts strong constraints on the
transport models mainly by the evolution of the balance energy: they suggest the
use of momentum-dependent forcesin the theory and put limits on the variation of
the in-medium nucleon—nucleon cross-section. The squeeze-out is not adominant
process in the Fermi energy domain but its evolution as a function of the impact
parameter can also provide interesting tests for the theory.

Particle production remains an important subject in nuclear collisions.
Various kinds of produced particles have been discussed: their production rate
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can be reduced with help of simple geometrical assumptions. Cooperative or at
least collective processes possibly connected with high-order fluctuations in the
medium are responsible for particle production close to the absolute threshold.
A proper treatment of these fluctuations requires extensions of one-body theories
and congtitutes afuture challengefor the theory. Weakly interacting particles such
as~y’sor kaons are excellent probes of thefirst instances of the collision. Particle-
particle correlations (in particular v+ coincidences) can give valuableinformation
on the spacetime pattern of thereaction. Finally, composite particle production far
from equilibrium is still out of the scope of most of the microscopic approaches
used up to now. Although several attempts have been made in nucleon—nucleus
collisions, atruly microscopic quantal theory for the production of small clusters
in out-of-equilibrium processes is till unavailable.



Chapter 7

Decay modes of hot nuclei: from
evaporation to vaporization

In this chapter, we concentrate on the study of hot nuclear species producedin the
nuclear collisions described in chapter 5. The methods for estimating the degree
of thermalization and for measuring the excitation energy deposited in the system
as well as the temperature, T', have been discussed in chapter 4. The study of
the decay modes of hot nuclei is at the heart of nuclear thermodynamics. It can
provide useful information on the instabilities present in the system. The latter
will lead to particle, fragment or photon emission. Such studies also reveal the
nature of the motion of the nucleons inside the system at finite excitation energy
and thus are intimately related to nuclear dynamics.

The chapter is organized as follows. In section 7.1.1, the genera features
of the decay of hot nuclei are outlined introducing the lexicology used in what
follows. Although hot nuclei are metastable objects a theoretical description
based on a nuclear mean field is conceivable. It is described in section 7.1.2
where we introduce the concept of a limiting temperature, beyond which a static
mean-field description of the system becomes definitively irrelevant. For high
energies specific models are then necessary: they will be discussed separately
in the next chapter in the framework of nuclear fragmentation. In the present
chapter, the discussion about the decay properties of hot nuclei, particularly from
an experimental point of view, has been arbitrarily divided into two parts. the
low-energy part (section 7.2) and the high-energy part (section 7.3).

The low-energy part covers evaporation, decay by giant resonances, the
production of evaporation residues and fission. Evaporation is associated with
the ‘chaotic’ thermal motion of the nucleons at the surface of the nucleus. The
correlation between thermal energy and temperature providesinformation on the
heat capacity of hot nuclei. The evolution of the so-called level density parameter
(section 7.2.1) reflects the various transitions occurring inside the nuclel as the
temperature increases. Small collective motions such as giant resonances can
be studied at finite temperature and their characteristic decay properties have

194
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been established as a function of excitation energy (section 7.2.2). In contrast,
fissionisalargeamplitude collective motion. Theevolution of its probability with
excitation energy reveals the typical times needed to strongly deform a nucleus.
It depends on the corresponding nuclear matter viscosity and its dependence
on temperature (section 7.2.3). The properties of giant resonances, fission and
evaporation residues are intimately related to the question of nuclear dissipation
(section 7.2.3.3).

The section devoted to high-energy processes starts with the study of therise
of three-body decay (fragmentation). The general trends of nuclear fragmentation
are then discussed without much detail. Indeed, it turns out that nuclear
fragmentation is the key process that opens up the study of new instabilities in
nuclear matter. Since it is currently a matter of intensive research, we have
dedicated chapter 8 to this question. The chapter finally ends up with the
description of the vaporization of the system into constituents with charges lower
or equal to two (section 7.3.2).

7.1 Someexperimental and theoretical propertiesof hot nuclei

7.1.1 Thedecay of hot nuclei: general experimental features

A strong evolution of the decay modes of hot nuclear species is expected as
one goes from very moderate excitation energy deposits, corresponding to the
vanishing of shell effects (I' > 2 MeV), up to values close to or even larger
than the total binding energy of the system (E*/A = € ~ 8 MeV/u), for
which a complete dissolution is expected. Such a strong evolution is examplified
in figure 7.1 showing the rapid evolution of the decay of a quasi-projectile
(QP) nucleus produced in dissipative Pb+Au binary collisions at 29 MeV/u as
afunction of the neutron multiplicity M ,,.

As previously mentioned, M, is a good measure of the excitation energy
deposited in the system (section 4.3.1.2). For the lowest values of M, (less than
10 neutrons typically) the charge distribution is dominated by the production
of evaporation residues with an atomic number close to the projectile charge
(Zproj = 82 in this case). When M, and thus also the excitation energy
E* increases, the contribution associated with symmetric fission sets in (these
are the events with Z ~ Z,,,,;/2). For M, reaching values around 40-50,
fragment emission with atomic numbers between 3 and 30 becomes competitive
with symmetric fission despite the difference in the barrier heights. When
raising E* up to a significant fraction of the binding energy, a transition
from two-body decay to multi-body decay (i.e. the emission of several nuclear
species with Z > 3) is then evidenced, indicating the onset of nuclear
fragmentation. For the highest achievable excitation energy in such a collision,
one ends up with many intermediate mass fragments (IMFs) associated with
as many as 70 neutrons emitted coincidently. This corresponds to a total
dissolution of the system. But before going into the detail of these various
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Figure 7.1. Two-dimensional plots of the neutron multiplicity versus the atomic number
of the products emitted by the QP in Pb+Au collisions at 29 MeV/u and detected in the
forward direction. Neutrons are detected in the neutron-meter ORION in the whole space
and thus correspond to the decay of both the QT and QP (thisiswhy the multiplicity may
be as large as 80). From [96].

decay modes, it is worthwhile discussing some general theoretical issues about
hot nuclei.

7.1.2 On theoretical descriptions of hot nuclei
7.1.2.1 How to describe a metastable hot nucleus?

By nature, hot nuclei, once formed, are metastable objects, the major tendency
of which are precisely to disappear, in one way or another. This obviously raises
difficultiesif one aims at a reasonabl e theoretical description of such systems. It
isinteresting to consider here amean-field dynamical approach, which providesa
first access to the time evolution of hot nuclei. The system is prepared at a given
finite temperature, by giving each level of the single-particle spectrum a Fermi
factor occupancy (section 2.3.1.4). An example of such acalculation is displayed
infigure 7.2 for a *°Canucleus at two temperatures. T = 3 MeV (left panel) and
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Figure 7.2. Density profiles of calcium nuclei at T = 3 MeV (left) and T = 12 MeV
(right) as predicted by TDHF calculations for the different times indicated in each panel.
From [479].

T = 12 MeV (right panel) [479]. In the low temperature case, one can see that
the nucleus loses a small fraction of its nucleons, but still subsists as a nucleus
on arelatively long timescale (t ~ 3 x 10722 s ~ 100 fm/c), compared to the
characteristic times of the system (section 3.1.1). In the high temperature case, in
contrast, the system is vaporized within the same time interval. This means that
at such a high temperature, only a dynamical description may make sense, while
at lower temperature a static picture keeps some relevance. In such cases, one
can then envision a static picture of the metastable hot nucleus, for example, as a
nucleusimmersed in the gas of emitted nucleons.

This static picture of hot nuclei has been the basis of numerous worksin the
mid 1980s, aiming to study, systematically, severa properties of hot nuclei. Still,
it has to be realized that a properly founded static description of hot nuclei, even
at moderate temperature, requires some caution. The basic problem to be solved
isto find away to ‘stabilize' the hot nucleus, for example, by exerting an external
pressure which counterbalances the flux of emitted nucleons. Indeed, without
such a stabilization mechanism, to build up a hot nucleusisimpossible. This can
be illustrated in a simple Fermi gas picture. In a Fermi gas at finite temperature
(spin-isospin degenerate) the density can be written as

p:/o n(e)w(e) de (7.2)
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where n(e) is the Fermi occupation factor (2.63), w(e) the single-particle level
density (section 2.4.2) of the Fermi gas (equation (2.66)) and ¢ the single-particle
energy, measured from the bottom of the potential well. If we now introduce the
chemical potential 1« and potential well V' we obtain for thedensity (ep = u—V):

1R\ e ede 1 K\
”‘F(%) /0 m—;(—QmT> Jiy2(er/T) (7.2)

where we have introduced and defined the Fermi integral ./, /,. We now assume
that the potential well is position-dependent V' — V() (which amounts to
making a so-called local density approximation) and we evaluate the resulting
density at large distance (for r — oo, V' (r) — 0), which provides:

5 \—3/2
o) = 2 ( h ) Ty o (= V()/T)

72\ 2mT

! ey T3/%e7 7.3
Ay <2m> e (7.3)
The latter expression shows that the density does not vanish at large distance,
which refl ects the metastable nature of the system. This effect becomes practically
dramatic beyond moderate temperatures of order 2-3 MeV. Any static description
then has to accommodate this effect of finite asymptotic density of matter.

We shall not discuss here the various proposals made to solve this
metastability problem (truncation of the space of accessible states, artificial
external pressure, etc). Among the various approaches, the so-called subtraction
method [73] probably gives the best picture in terms of a statistical physics
justification and thus we shall briefly recaptureits essence. Theideaisto definea
specific thermodynamical potential (2, which is neither the free energy nor the
grand potential but the difference of two grand potential s associated with aliquid
+ gas Q¢ (nucleus + evaporated nucleons) and gas 2 (evaporated nucleons
providing the stabilizing pressure) phases, respectively:

On(pra, pa) = Qualone) — alpe) + Eo(phe — pb) (7.4)

where prc,q(r) label the nucleon densities in the two phases and where E.. is
the Coulomb energy which is computed from the proton density of the nucleus
pra(r) — pf(r). Inthis picture the difference between the two phases does
represent the nucleus, for which the number of nucleonsis supposedly fixed, while
nucleon transfers (which amountsto adjust the nucleus mass) are allowed between
the two coexisting phases. This subtraction method was primarily proposed at
quantal level [73]. It has then been used in systematic calculations of limiting
temperatures of hot nuclei (section 7.1.2.2) both at quantal level [74] and in
a schematic approach based on the liquid drop model [46, 76]. Semi-classical
approximations have also been developed [447] and used for evaluating the
temperature depedence of level density parameter [446] and of giant resonances
[202,448].
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7.1.2.2 Some properties of hot nuclei

e Low temperature behaviours
For temperatures around 1 MeV, pairing effects disappear in nuclei. One
can show that the gap strongly depends on temperature and actualy
vanishes when temperature becomes larger than typically 1 MeV. While
zero temperature nuclei usually have a well-defined shape, tepid nuclel may
explore various shapes. Temperatures around 1-2 MeV are thus the realm
of spontaneous shape transitions. It should be noted that such transitions
can just as well be triggered by angular momentum. Both effects have
actually to be considered on the same footing, which leads to a type of a
phase diagram for the various shapes, in the temperature/angular momentum
plane[12]. Beyond about atemperature of 2 MeV, quantal calculationsof hot
nuclei show that shell effects (which play a major role in nuclear structure
problemsat zero temperature, section 2.1.2.3) disappear, so that beyond such
temperatures al nuclel are expected to become spherical. This limit of 2—
3 MeV thus signals the onset of the relevance of semi-classical methods for
describing static properties of hot nuclei.

e Fission instability
The Coulomb/surface ratio sensitively depends on the temperature. The
stability of nuclei with respect to fission is thus strongly dependent on
the temperature as this ratio fixes the gross properties of fission barriers.
Calculations show that fission barriers U (T'), at least from a static point
of view, disappear at temperatures of order 4 MeV. Systematic calculations
of hot liquid drop nuclei have, for example, led to simple expressions for
barrier heights, of the form Ug(T') = Ug(T = 0)(1 — z(T))? where z(T)
is a temperature-dependent fissility parameter z(T') ~ z(0)(1 + z§T?),
with zp ~ 7 x 1073 MeV 2 [225]. Note also that, here again, angular
momentum plays a role similar to temperature, lowering the fission barrier
with increasing angular momentum.

e Limiting temperature
Nuclei cannot be heated up indefinitely. There are many reasons for this.
Apart from the aready largely discussed effects connected to timescales (see
figure 3.1), the basic reason, in a static picture, liesin the strong temperature
dependence of the Coulomb/surface ratio. One thus expects that beyond
some temperature, surface tension becomes too wesk to resist repulsive
Coulomb effects. One then speaks of a limiting temperature T';,,,, which
was first identified in the previously discussed ‘subtracted’ calculations of
hot nuclei [74]. The limiting temperature would be a critical temperature if
one were to consider nuclei bound inside a box. It would then correspond
to passing from a dense (nucleus) + dilute (gas) to a single gaseous phase,
which indeed corresponds to a phase transition. Calculations of hot nuclei
give values of the limiting temperature typically between 6 and 10 MeV.
Such temperatures are significantly lower than the critical temperature of



200 Decay modes of hot nuclei: from evaporation to vaporization

—
4

125

100

~l
w

Z

[\
w
v 0

|||||||||||||||||||’\|||l

=]

w1
0\1111 llllol'll T T T
I I l I T

Figure 7.3. Chart of limiting temperatures T}, (in MeV) of nuclei, in a schematic model
of hot nuclei based on the subtraction method, in the N, Z plane. Isotherma lines are
drawn every MeV. One should note the strong variations of Tiim as a function of mass
and proton number. Light nuclei are altogether better able to resist temperature than heavy
ones, because of the relative weakness of coulombic effects. The broken line corresponds
to the stability valley. From [46].

infinite nuclear matter (section 2.3.2.1): this comes from the coulombic
origin of the appearance of alimiting temperaturein hot nuclei. Correlatively
the value of Ty;,,, strongly depends on the actual nucleus; light nuclei have
larger limiting temperatures than heavy ones, and neutron-rich ones also
have larger limiting temperatures than proton-rich ones, as illustrated in
figure 7.3.

7.2 Low-energy processes

7.2.1 Nuclear thermodynamics at low temperatures. particle evaporation
and the determination of a(A, T')

Evaporation is the standard decay process of a thermally equilibrated system
in the low-energy regime. This results in the emission of light particles and of
statistical photons. The theory of evaporation has been developed in section 2.4,
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where it was shown that an important ingredient of the theory is the level density
parameter a = A/K (A being the mass number). The level density parameter is
defined in equation (2.93), valid at moderate temperatures (7" < 3—4 MeV), and
isdirectly related to the density of states in the vicinity of the Fermi level.

From an experimental point of view, estimates of a = a(A,T') are mainly
provided by the study of evaporation spectra (see section 2.4). Kinetic energy
distributions of the emitted particles are fitted with maxwellian-like distributions
in order to extract both the emission barrier and the nuclear temperature (see
section 2.3). The excitation energy is obtained by the standard ‘calorimetric’
methods described in section 4.3.1. A compilationof K = K(T') = a(A,T)/A
for systemswith A ~ 160 is shown in figure 7.4 (the same systematics also exists
for A ~ 40[142]).

It is well known that, at low temperature, the value of K provided by the
non-interacting Fermi gas model (K = 16 MeV) is too large by a factor of 2
compared to the empirical value obtained at low energy (K = 8 MeV). Of course,
a realistic approach has to account for finite-size effects (surface, deformation,
etc) as well as for structure effects (pairing, shell effects, etc). Hartree—Fock
calculations may account for most of these aspects but they still do not allow
for the recovery of proper experimental values. They typicaly lead to values
of K of order 12 MeV. To go down to K ~ 8 MeV necessitates a proper
account of correlations beyond the mean field, a step which can be performed
by including the energy dependence of the effective mass [83, 238, 301]. These
correlation effectsturn out to be particularly large around the Fermi energy, which
explains their impact on the level density parameter. Asis obvious, the various
(mean field and beyond mean field) ingredients entering the evaluation of K may
sensitively, and differentially, depend on temperature, which may induce a non-
trivial dependence of K on the temperature T'. This is indeed what was shown
in[83,238,479]. In particular, it was found that the ‘ collapse’ of correlations for
temperaturesaround 7' ~ 4 MeV (especialy in the vicinity of the Fermi energy)
islikely to explain the rapid evolution of the level density parameter a(7') in this
temperature region (seefigure 7.4).

In order to make this discussion more quantitative we briefly describe here
the model developed in [425] which accounts, in a simple semi-classical but
transparent way, for most of the key effects of temperature on a. In the Thomas—
Fermi approximation, the single-particle level density reads:

3 37,.
w(e) = 4/ d 1]’13 5(e — h(r,p)) (7.5)

in which the factor 4 accounts for the spin—isospin degeneracy, h is the classical
single-particle Hamiltonian of the system and e the energy. Integrating over
momentum leads to

2m [ 2m

w(e) = F/d%ﬁ <ﬁ(e— V(r)>1/2 (7.6)
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wherem isthe free nucleon mass. Correlation effects, particularly the key energy
dependence, can be included in the picture by introducing a model effective
mass m* = m*(T). Finally, one has to take care, at finite temperature, of the
continuum part of the single-particle level density [73, 446, 447]. This can be
simulated by subtracting the contribution of afree Fermi gas, which leads to

w(e) = % /d% (223*>3/2 ((e - n’Zg/(y«))l/2 - a(e)el/2> 7.7)

wheref(e) = 0fore < 0andf(e) =1 fore > 0.

Inserting phenomenological temperature dependences of the various
parameters, as extracted from more sophisticated calculations, leads to the results
shown in figure 7.4. This ssimple model thus accounts for the increase of K
as a function of T indicating that the basic effects are correctly taken into
account. At much higher temperature T' the present theory is no longer valid
because the nucleus becomes unstable when it reaches the limiting temperature
previously discussed. The behaviour of the system is then no longer dominated
by evaporation. This question will be specifically discussed in chapter 8.
However, without leaving the moderate energy domain, we know (section 2.4)
that evaporation does not exhaust, by any means, all the possible decay channels
for hot nuclei. Evaporation is by nature athermal process which does not imply a
general motion of the nucleonsinside the nucleus. We now consider the collective
behaviours of nuclel at finite temperature, starting with a discussion of giant
resonances.

7.2.2 Small amplitude collective motion: giant resonances

Almost half a century ago, actually very soon after the first experimental
identification of nuclear giant resonances, it was suggested that such collective
modes could aso be built in excited (‘hot’) nuclei. Experimentaly, the first
indications of a ‘hot’ GDR were reported in the early 1980s (see eg. [173,
197, 220, 285, 433, 476] for reviews on this topic). Up to now, only the GDR
has been convincingly observed in hot nuclei. Systematics of both the GDR
energy and width are now available, up to temperatures of the order T' ~ 4—
5MeV. Note that beyond such temperatures one actually starts to face conceptual
problems in terms of timescales, as typica emission times become sizeably
smaller thanthe GDR period (seefigure3.1). UptoT ~ 4 MeV, al measurements
show that the resonance energy essentially keeps its ‘cold’ value, within about
1 MeV. This is illustrated in figure 7.5 where an example of the systematics
of GDR centroid energies is displayed. In contrast to the centroid energy, the
GDR width I'gpgr (see also figure 7.5) strongly depends on temperature. At
moderate temperaturesI' ¢pr increases rapidly with increasing temperature. This
reflects the fact that the hot nucleus may explore various shapes, as a result of
thermal agitation, asillustrated in figure 7.6. Thisfigure clearly exhibits the role
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Figure 7.4. Evolution of K as afunction of T for A close to 160. Data (points) evolve
from the standard K = 8 MeV value at temperatures below 3 MeV to values as high as
14 MeV close to the value given by the non-interacting Fermi gas model. The broken lines
correspond to the Fermi gas model limit for two values of the level density parameter a.
The full line is the result of the model mentioned in the text. The chain lines include a
contribution from shell effects which is not discussed here. From [337] and [425].

played by the finite temperature in smearing out the GDR cross-section. Indeed,
with increasing temperature, thermal fluctuations become larger and larger and
it becomes increasingly difficult to associate one single mean field, and thus
one cross-section, with the hot nucleus. The total, observed, cross-section is
the Boltzmann-weighted (e =P (¢:7)/T), hence structurel ess, superposition of these
various cross-sections corresponding to the various shapes (figure 7.6). At even
higher temperatures, extracting the width becomes increasingly difficult. Still,
measurements indicate a saturation of I'qpgr With temperature, as illustrated in
figure 7.5.

From the theoretical side, the description of hot giant resonances should
be approached cautiously because of the metastability of hot nuclei. At
low temperatures ' < 2 MeV the extension of standard zero-temperature
formalismsis possible, but beyond such temperatures the statistical occupation of
a continuum cannot be treated simply [478]. In this respect the use of sum rules
approaches, which provide simple and compact expressions for centroid energies
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Figure 7.5. Systematics of the centroid energy Ecapr and width D'gpr of the GDR in
nuclei of mass A ~ 110, as afunction of excitation energy. From [369].

[65], has allowed efficient and systematic calculations. One can, for example,
show that the Goldhaber—Teller-type surface vibration (dipole mode) follows a
(‘weak’) quadratic law in temperature: hw(T) ~ (39.6 — 0.183T2)A~'/6 =
hw(T = 0)(1 — 0.004627) which is in good agreement with experimental
data [202]. As in the zero temperature case, an accurate estimate of the GDR
width is delicate and no systematic calculations are, to our knowledge, yet
available. It should finally be noted that the study of giant resonances at finite
temperature constitutes an important issue for our understanding of the properties
of hot nuclei. Indeed, these collective effects are among the few properties of
hot nuclei which ‘resist’ temperature well. This as such has to be understood,
beyond the mere fact that it should allow us to trace back the existence of hot
nuclei themselves, even at high temperature.

7.2.3 Largeamplitude collective motion: nuclear fission

Heavy-mass (and also, but with smaller probabilities, medium-mass) systems
can experience fission because of the competition between Coulomb forces that
tend to repel the protons from each other, thus inducing strong deformations and
surface effects which tend to restore the spherical shape of the nucleus. The
balance between these two effects sets limits on the border of the nuclear chart.
Fission can be induced by means of nuclear collisions. In the following, we
will essentialy discuss the fission of hot and possibly rotating compound nuclei
produced in fusion reactions of asymmetric systems around 10 MeV/u incident
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Figure 7.6. Photoabsorption cross-section of the GDR in !°8Sn at temperature
T = 1.5 MeV and angular momentum 40%. One can see from this figure the various
patterns exhibited by the GDR cross-section as a function of the shape of the nucleus. The
finite temperature allows the hot nucleus to explore these various coexisting shapes (here
labelled by the Bohr and Mottelson €,y parameters), each of which leads to a possibly
different photoabsorption cross-section. Strongly deformed shapes lead to geometrically
fragmented GDR cross-sections, which, once averaged with the proper Boltzmann weights
lead to an overall structureless, but wide, one-peak structure (see insert). From [201].

energies (for reviews see, for instance, [42, 242]). This energy range is somehow
below most of the reactions that we have discussed up to now. Nevertheless,
these collisions are discussed here in view of their interest for the study of the
decay modes of ‘tepid’ nuclel and because they give access to estimates of the
viscosity of nuclear matter. It actually turns out that massive fragment emission
can aso take place at such low energies but with very low probabilities: this
process may then be called asymmetric fission. In the following, we consider
a diffusion process in which both fragment emission and symmetric fission are
treated on the same footing. This model will be used in the fission case while its
applicability to fragment production will be discussed in the next chapter.

7.2.3.1 Ageneral formalism for massive fragment emission

The description of fragment emission or fission requires a description based not
only on phase space considerations as in evaporation theory (section 2.4), but
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also on the fact that such large amplitude motions may be strongly dissipative.
Thereason isthat such processes lead to alarge deformation of the system during
which friction has time to act and possibly to play a crucia role. Descriptions
using diffusion equations such as the Langevin or Fokker—Planck formalisms
are thus typically well adapted (section 3.1.2). till, a limiting case, in which
dissipation is not taken into account, is the transition-state method, which we now
describe and illustrate in the case of fragment emission.

Fragment emission can be macroscopically described as the passage of a
system above a barrier. This is illustrated in figure 7.7 where a schematic
representation of the potential energy of the system as afunction of adeformation
variable is displayed. If the system is at equilibrium, the emission process can
be thermally driven. The emission probability thus depends upon the potential
landscape, the inertia of the system and the nuclear temperature 7. A key
observable is then the escape rate, i.e. the number of emitted particles per unit
time.

Historically, this problem was first treated in the case of fission in the
celebrated paper by Bohr and Wheeler [67]. To deal with such anissue, they used
avery general method which is common to many fields of physics: the so-called
transition-state method. It was, however, soon redlized by Kramers [272] that
dissipation along the deformation path could significantly affect the escape rate
mainly because of the fact that the collective motion is damped. This damping
is due to the coupling of the collective variables with the intrinsic degrees of
freedom.

To make the discussion more quantitative, we now recall the main steps of
the derivation of the escape rate in the presence of friction, keeping in mind that
the no-friction limit will then correspond to the transition-state theory [320, 321].
For the sake of simplicity, we restrict the discussion to the case of one single
collective variablelabelled ¢ (the two-dimensional case has been studied in detail
in [483]). In the case of fission, ¢ typically represents a collective deformation
as expressed, for example, by the rea space quadrupole moment along the
deformation axis. Starting from the Fokker—Planck equation with no external
field (section 3.1.2.3), we now consider the phase space distribution W (p, ¢, t) in
the (¢, p) planein which p = M ,q is the conjugate variable of ¢ and M, is the
mass parameter associated with the variable ¢q. Taking into account the fact that
the system now moves in an external potential U(q), one obtains an extension of
the Fokker—Planck equation (3.9), the so-called Kramers equation, which reads:

oW (p,q,t) _ 0 p 00U 0 p
ot o0, " apaq Tap 7

0
(7.8)
Note that in contrast to equation (3.9), here ¢ is a real space variable and not a
momentum. Seeking a quasi-stationary solution in which most of the probability

is concentrated around ¢ = 0 (corresponding to the bottom of the potential well)
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Figure 7.7. The potential energy of the system as a function of deformation along the
emission path. The system is initially confined in the pocket (¢ = 0) around A where
the curvature of the potential isw. As q increases, the energy goes through a maximum
at ¢ = gs: thisisthe fission or emission barrier B with a curvature corresponding to a
frequency w’. Then, the potential energy decreases until the deformation is so large that
the two fragments separate: this is called the scission point (C' a ¢ = ¢.). Adapted
from [1].

with asmall flow across the barrier, one can write W (p, ¢, t) = W (p, q) as

W (p,q) = ¢(p,q)e” @ /2MatUD)/T, (7.9)

A quadratic expansion around the saddle B (figure 7.7) then allows us to express
o(p,q) as

b(pq) = C / o= ((a=)/2M,T)a? g, (7.10)

withu = p— a(q — ¢) and e = [y + (% + 4M,w'®)'/?]/2 and where C' is
a normalization constant. The decay rate is then obtained by dividing the flux j
across the barrier by the probability of presence n 4 inside the pocket. Using the
stationary phase approximation and a harmonic expansion of the potential around
both the bottom of the well (¢ = 0) and saddle (¢ = ¢, figure 7.7) associated,
respectively, with frequenciesw and w’, one obtains

1/2

j=C (M) Qﬂ-z (7.12)
a—y w

and

1/2
na=CT <w> e BI/T (7.12)
(0%
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The Kramers decay rate then reads:

= L = i 2 1/2 — _Bf /T
'k o~ 27T[( —a T+ 1) Bredle (7.13)
in which 8,4 isthe reduced friction:
By
Prea = 2w 2mw!’ (7.14)

In the absence of dissipation (8,.qa = 0) the Kramers decay rate reduces to
the Bohr—Wheeler decay rate:

Thw = —e Br/T (7.15)
2

written here with 4 = k = 1. In this non-dissipative case the decay rate is the
product of the barrier assault frequency multiplied by a Boltzmann-like escape
factor. Whatever the situation, namely whether the motion is underdamped or
overdamped (corresponding, respectively, t0 Brea < 1 and Brea > 1), the
Kramers factor in equation (7.13) is always less than one and thus induces a
reduction in the emission rate compared to the non-dissipative case (I'k < I'sw).
This is interpreted as the possibility for the system to go back and forth across
the barrier due to the presence of thermal fluctuations, as in Brownian motion
(section 3.1.2.1), while this is impossible in the non-dissipative case.

It is worth noting that, in their original derivation, Bohr and Wheeler
furthermoreassumed equal occupations of phase space aroundthe barrier (¢ = ¢ )
and at ¢ = 0, which leads to

T
Dstat = Q_G_Bf/T- (716)
™

Thus, they did not consider the collective motion along the deformation path
but only the thermal degrees of freedom (this is why we call it I'g;at). INndeed,
in equation (7.15), the typical frequency of assault is given by the energy (hw)
associated with the shape of the collective potential, while in equation (7.16) the
typical energy is purely thermal and thus simply proportional to the temperature
T.

As noted earlier, the inclusion of friction in the diffusion process tends to
reduce the escape rate but it turns out that it also has a consequence in terms of
timescales. Indeed, a careful analysis of the time dependence of the distribution
function W (p, ¢, t) shows that before W has reached the quasi-stationary value
given by equation (7.9), there is a transient time needed for the flow to reach its
asymptotic value [217, 218, 237]. This means that there are finally two possible
ways to estimate the friction coefficient and its temperature dependence. A
first indication can be given by a direct comparison between the experimental
fission cross-sections (or its counterpart which is the production cross-section of
evaporation residues) with the prediction of Kramers' formula. A second way is
to estimate the transient time, and thus access friction, by measuring the fission
timescales.
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Figure 7.8. Sketch of the competition between fission and evaporation following the
formation of a compound nucleus. Fission isalong and dissipative process during which
particles may be evaporated, thus cooling the system and decreasing itsfissility. Sufficient
cooling can inhibit fission and lead to the production of an evaporation residue. The
associated probabilities are governed by the fission timescale, this latter being essentially
determined by potential landscapes and the temperature-dependent viscosity. From [195].

7.2.3.2 Competition between fission and residue production:
fission timescales

We first discuss the fission rate in relation with the production of heavy
evaporation residues. Experimentally, the detection of evaporation residues is
difficult because of their small recoil velocity, which make them hard to identify.
However, a large body of data is now available from low up to very high
excitation energies of the order of several MeV per nucleon. A general feature
of the production cross-sections is their unexpected large values compared to the
prediction of a standard evaporation code. Strong deviations appear at such low
temperatures as 1 or 2 MeV. In other words, the ‘survival’ probability p s, which
is nothing but 1 — py, where py is the fission probability, remains rather large
even for heavy, hence highly fissile, nuclei. The fission probability is defined as
pr = I'p/Tor in Which Iy is the experimental fission width (to be compared
with the theoretically expected value) and I, is the total decay width of the
system. The sizeable production of evaporation residues thus suggests that fission
is along process, during which cooling, particularly via evaporation, may occur
(competition between fission and evaporation).

The competition between fission and evaporation is schematically depicted
in figure 7.8. We have aready mentioned the possibility of measuring fission
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timescalesdirectly’ by meansof crystal blocking techniques (see section 4.3.4.1).
Here, we discuss another method for evaluating the fission timescale, deduced
from neutron measurements, by the so-called neutron clock technique. The idea
isto estimate both the number of neutrons (called hereafter pre-scission neutrons)
emitted before, and the number of those emitted after (post-scission neutrons) the
separation of the fission fragments. From these numbers and by estimating the
frequency of emission with the help of a statistical model, one has access to the
fission time defined as the time needed for the system to reach the scission point
(point C of figure 7.7) when starting from the equilibrium point (point A) inside
the pocket. Note that, in defining fission time this way, one makes the implicit
assumption that the number of pre-equilibrium neutronsis negligible. Remember
that pre-equilibrium neutrons are emitted in the early stage of the reaction before
the occurrence of fusion (see section 6.1.1). One also assumes that the formation
time of the compound nucleus is short compared to the evaporation time, so that
no neutrons are emitted before full equilibriumis achieved. Thisthusimpliesthat
the method is only applicable to moderate excitation energies.

From atechnical point of view, one takes advantage of the fact that neutrons
do not experience coulombic interaction and are thus kinematically very sensitive
to the velocity of the emitter vemister (Protons are sensitive too, but this effect
is masked by the additional velocity v, due to the Coulomb acceleration
which may be even larger than vemitter). 1N particular, neutrons emitted by fully
accelerated fission fragments are focused in a direction along the fission axis,
connecting the two vel ocity vectors of the fission fragments, while the distribution
of neutrons emitted before scission isisotropic. Thismeansthat a careful analysis
of the neutron angular distributions allows us to disentangle between pre- and
pOst-scission neutrons.

Numerous experiments have been devoted to such measurements. In
figure 7.9, the evolution of pre- and post-scission neutrons is shown as a
function of the excitation energy E* of acompound nucleus with a mass humber
around 250. The two contributions (pre- and post-scission neutrons) evolve in
a completely different way. The pre-scission component increases rapidly with
E* and becomes dominant around 200 MeV corresponding to nearly 1 MeV/u
excitation energy per nucleon. This is associated with the rapid decrease of the
lifetime of the system with respect to neutron evaporation (see section 2.4.3)
and also to a possible saturation of the fission timescale due to an increase
of the friction factor (section 7.2.3.3). In turn, the post-scission component
hardly increases with E*, showing that the scission point is reached late in the
collision when the system is rather cold. This clearly indicates that fission is (i)
a highly dissipative and (ii) along process. With the help of the statistical model
(section 2.4) it is possible to deduce the fission timescale by estimating the time
needed for the system to emit an arbitrary number v of pre-scission neutrons.
Indeed, at each emission step, an estimation of the neutron decay width gives
access to the mean neutron emission time (section 2.4.3). By considering al
emission steps exhausting the total pre-scission neutrons, one obtains the fission
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Figure 7.9. Pre- and post-scission neutron multiplicities measured as a function of the
excitation energy deposited in a compound nucleus with a mass number around 250. The
two multiplicities are obtained by a deconvolution of the neutron angular distributions as
discussed in the text. Lines are drawn to emphasize the different evolution of the two
distributions as a function of the excitation energy. From [416].

timescale [243, 244]. Such a procedure gives the result shown in figure 7.10
in which the estimated fission timescales based on pre-scission neutrons are
displayed. Despite the large uncertainty observed in the experimental points,
the genera trends of the data exhibit a saturation of the fission timescales above
1019 s. It is worth noting that recent estimations of the fission timescales based
on the blocking technique in U+Si reactions at 24 MeV/u [212] lead to much
larger values compared to those quoted in figure 7.10. This discrepancy is highly
debated. One possible explanation[326] isthe following: measurements based on
neutron (and also v) multiplicities do not cover the total fission ‘dynamics’ but,
by definition, only the timescal es accessible by the study of particle emission. In
contrast, the measurement based on blocking techniques covers the full range of
fission timescales, since then there is no dependence on a specific probe.
Nevertheless, when comparing the experimental fission timescales with
those estimated with the help of the statistical model (full line in figure 7.10),
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Figure 7.10. Systematics of the fission timescale as a function of the excitation energy
of the compound nucleus in a mass number range between 200 and 300 units. The full
line corresponds to the prediction of a statistical model in which no dissipation (i.e. no
delay) is considered in the fission process. Strong deviation is observed above 50 MeV
excitation energy demonstrating the importance of nuclear viscosity (see aso figure 7.11).
From [474].

astrong deviation is observed as soon as E* reaches values around 50 MeV. This
behaviour is easily understood in a statistical model where there is by definition
no friction: the fission time decreases as a function of the excitation energy, as
the fission flux across the barrier increases as a function of the temperature as
suggested by equation (7.15) or equation (7.16). Thisdeviation has been exploited
in order to estimate the nuclear viscosity and, in particular, its temperature
dependence from the study of nuclear collective motion. Such studies have
triggered much experimental effort in the last decades. Two main signatures are
now discussed herein relation to these remarks.

7.2.3.3 Caoallective motion and nuclear dissipation

As stressed in the two previous sections, collective motion is, to a large extent,
governed by nuclear potentials and the reduced nuclear friction 3 ,.q. Estimations
of Brea & T ~ 0 have been obtained by comparing the predictions of the wall-
and-window one-body dissipation model and the alternative two-body dissipation
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approach [428] with the total kinetic energy of the two fragments released in the
fission process [480].

From atheoretical point of view, the temperature dependence of the nuclear
viscosity is a matter of debate. In the theory of Fermi liquids, a 7'2 dependence
is expected, at least up to a certain temperature over which the viscosity could
then drop down [37]. This behaviour has been observed in atypical Fermi liquid,
namely *He [2]. There are, however, significant differences between liquid *He
and atomic nuclei. Atomic nuclei are systems in which surface effects can play
an important role as far as dissipation is concerned. In contrast, >He is a bulk
medium. Maybe more importantly [359], *He is a strongly bound system while
nuclear matter consists of ‘weakly’ interacting nucleons (2.1.3) (see [329] for an
illuminating discussion onthis point). Finally, medium effectslead to the opposite
behaviour of the effective masses m™* (see section 2.1.3.3): m™ rangeis 3-9mtree
for 3Hewhile m* is close to myee fOr atomic nuclei. Therefore, the behaviour of
atomic nuclei may show differences compared with macroscopic Fermi liquids.

Figure 7.11 summarizes various experimental observables used to evaluate
the temperature dependence of friction, namely (,ea(T"), from experiments
performed in the O+Pb system. The first method is based on a study of
evaporation residue (ER) cross-sections. The ER cross-section, following O+Pb
fusion, is displayed in the top left-hand panel of figure 7.11 as a function of the
incident energy Eia,. The general trend of the data shows a saturation of the
cross-section at high E),;,, emphasizing the persistence of ER production even
a large temperatures. This is incompatible with the prediction of a standard
evaporation calculation, inwhich friction is not takeninto account in the collective
decay modes. Indeed, such amodel predicts a strong decrease in the ER channel
probability (broken linesin figure 7.11) as compared to the fission channel. This
result is complementary and in full agreement with the one of figure 7.10 showing
a saturation of the fission time and thus a saturation of the fission probability
(middle left-hand panel). In the same experiment, pre- and post-scission neutrons
were measured. Their multiplicities follow the same trends as a function of beam
energy, as already pointed out in figure 7.9. Here again, a comparison between a
model without friction (broken lines) and a model with a temperature dependent
friction (full lines) clearly favours this latter. The introduction of dissipation
into the model naturally increases the pre-scission neutron multiplicity (to be
compared with the data (black triangles)) and it also improvesthe agreement with
the post-scission neutron multiplicity.

Finally, acomparisonis shown between cal cul ations and data concerning the
energy distribution of the ~’s around the value expected for the GDR. Here, the
main effect of including the dissipation is to delay fission and thus to increase
the probability of survival of the compound nucleus and thus the probability of
observing the GDR decay. It is worth noting that the three observables described
here have been used ‘ simultaneously’ to constrain the value of 3,.q. Theresulting
T-dependence of the viscosity is shown in the bottom panels of figure 7.11. It
turns out that, unfortunately, the fit is compatible either with a linear or with a



214 Decay modes of hot nuclei: from evaporation to vaporization

( T T ¥ ‘ T3 1 t T ! g

o
o
¥ IIIIH

oz (mb)
58
T
.
®
[ ]
-
w1

O we 2 O

l ¥

» B+

Neutron mult
FS
m;l'l i!i‘llt
-
Y
» o
t
TSR
Ll_lllllllllllllll

LY
i) YR T Tl i oo kel e bl s et 0 b o by s g e by vy NG
80 100 120 140 5 10 i5 20
Ep (MeV) E, (MeV)
- LI ) LI A 17 - =3 77 IREREEEELEE] it MEREESERSEEEEEEEEEEEE]

10 5‘; 1 i L.:. a3 ] I I I : E_i I I I £
sf =03 1F 3
2 8E e E 4 F 3
had - - - e po wd
& 4E =R 4 F =
zE . = E 4 B =
0:1‘.?llllilill: :Ilﬂ_ lllilll'lll: % 'l!llElllllllllIF

80 100 120 140 8 1 12 14 18 18 1 15 2 25 3

Ep (MeV) Toudare (MeV) Tzuaem (MeV)

Figure 7.11. Experimental results showing three different signatures that can be used to
measure nuclear viscosity and its temperature dependence: top left, evaporation residue
cross-section; middle left, pre- and post-scission neutron multiplicities; top right, photon
production in the energy range corresponding to the GDR for three different incident
energies (100, 120 and 140 MeV). All data are for the same system 16 O+2%% P, Deviations
are evident with respect to a statistica model with no dissipation (8.ea = 0, broken
lines) when Ej,;, = 90 MeV corresponding to an excitation energy close to 40 MeV
and to atemperature T' close to 1.2 MeV. The temperature dependence of 3..q needed to
reproduce the data above 50 MeV is shown in the lower figures. The characteristic T2
dependence is in agreement with the predictions of the theory of Fermi liquids [37] but a
linear temperature dependence is not to be excluded. From [359].

quadratic evolution of 3,4 With temperature. Experimentsat higher temperatures
would thus be highly welcome to see whether friction still increases or decreases
above T' ~ 2 MeV. However, one important problem then is the onset of strong
dynamical effects associated either with entrance channel effects (pre-equilibrium
emission), which make the analysis complicated, or with the advent of new decay
processes that may become dominant as we will now discuss.
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Figure 7.12. Evolution of the competition between fission (Y>) and three-body (Y3)
decay as a function of €*. Due to experimental limitations, the atomic number of each
detected fragment is >8. Selected impact parameters correspond to central and mid-central
reactions so that the mass number of the excited source is around 200220 mass units. The
excitation energy was estimated by the ‘ subtraction” method (section 4.3.1.3). From [55].

7.3 High-energy processes

We now consider the decay modes of hot nuclei when the excitation energy per
nucleon e* increases significantly above 1 MeV/u and may even reach values
close to the binding energy per nucleon. In a somewhat arbitrary way, the
transition from low-energy decay processesto high-energy processesis associated
with the transition from fission to fragmentation, namely the transition from a
decay process in which two and only two massive fragments are emitted, to a
process with at least three massive fragmentsin the final state.

Thistransition has been studied quantitatively for systems with mass around
200in[55]. A comparison of the two decay channelsis made possible by counting
the number of eventsin which two and only two massive fragments are observed
and eventsin which at least three fragments have been emitted. Infigure 7.12, the
yield of three-body (Y3, fragmentation) versustwo-body (Y-, fission) mechanisms
is shown as a function of excitation energy per nucleon € *: a sharp increase is
observed around 3 MeV/u. From this energy on, fragmentation begins to be
a competitive process, athough evaporation and fission are till present. It is
worth noting that the ratio Y3/Y> displayed in figure 7.12 is independent of the
entrance channel (i.e. both of the projectile and the bombarding energy) and thus
of the mechanism that led to the production of the hot nuclei considered in these
experiments. This gives strong support to the fact that the transition is essentially
governed by the excitation energy.
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Figure 7.13. First and second moments of fragment multiplicity distributions as afunction
of the light-charged-particle multiplicity in dissipative Ar+Au collisions between 35 and
110 MeV/u incident energies. An excitation energy scale is shown in the upper part
of the figure. Note the quasi-independence of the curves as a function of the incident
energy. Lines are the result of the Friedman model [194] to be discussed in section 8.3.1.
From [158].

7.3.1 Riseand fall of fragmentation

Figure 7.13 displays the evolution of the mean number of emitted fragments
(Nmur) asafunction of the light-charged particle multiplicity N (section 4.2.3)
for various incident energies and for the same system 3¢ Ar+'97Au. The number
of emitted fragments (Nyyr) as well as the associated variance is an increasing
function of N.. An interesting point is the quasi-independence of this result
with respect to incident energy, in perfect compatibility with the results shownin
figure 7.12. Thisis astrong indication that the fragment multiplicity is, to alarge
extent, dominated by the excitation energy deposited in the system, independently
from the incident energy. A statistical model (to be discussed in section 8.3.2)
can account for the general trends of the data, in particular, when the variances
are considered (bottom part of figure 7.13). For large values of IV ., the databegin
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Figure 7.14. Rise and fall of the reduced IMF multiplicity as a function of excitation
energy per nucleon ¢* for avariety of systems. From [171] and references therein.

to exhibit a saturation at ¢* ~ B (the binding energy per nucleon). In those
events, more and more light particles are produced. Consequently, due to charge
conservation, fragment multiplicity decreases.

In order to account for finite-size effects and to allow comparisons between
different systems, the number of emitted fragments can be scaled according to
the total mass of the considered system. Results are shown in figure 7.14. The
‘riseand fal’ of nuclear fragmentation is demonstrated here. The maximum IMF
production is observed for excitation energies around 9 MeV/u and then drops
down, being progressively replaced for ¢* close to B by vaporization (i.e. the
decay by particles with Z = 1 and 2 only). It is impressive to note the large
variety of projectiles, targetsand incident energiesthat lead to similar results once
they are scaled according to the dissipated energy.

7.3.2 Nuclear vaporization

Nuclear vaporization has been observed in central Ar+Ni collisionsin the Fermi
energy range between 52 and 95 MeV/u [20, 80, 81, 401]. Even for medium-
mass systems, the cross-section for such a process is very small (of the order
of the picobarn) as it corresponds to very central collisions. A detailed analysis
of the kinematic characteristics of the events reveals the binary character of the
collision. A calorimetric study of the two sources gives access to the dissipated
energy and thus to the excitation energy stored in each excited source. The
chemical composition of the vaporized projectile-like (QP) source is shown in
figure 7.15 as a function of excitation energy per nucleon e *. Low-energy events
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are predominantly composed of a-particles. Ase* increases, neutronsand protons
become increasingly numerous, while no significant evolution is observed for the
other species. Note that the neutron ratio was not directly measured, but obtained
by mass balance. In the bottom part of figure 7.15, the mean kinetic energies
in the centre-of-mass frame of the QP have been plotted for al species. It turns
out that these energies are all approximately equal as should be the case for a
thermalized system. This suggests an analysis of the data in the framework of a
statistical approach. The predictions of a quantum statistical model (QSM) (see
section 8.3.3 for adetail ed discussion of this model) are shown in the same figure
(lines). One of the major parameters in such an approach is the density of the
system. A good agreement could be obtai ned when assuming the formation of two
dilute (p ~ po/3) equilibrated sources (QP and QT) within a temperature range
from 10 to 25 MeV. Note that complete equilibrium (both thermal and chemical)
is assumed. This indicates that the results are mainly governed by the available
phase space.

7.4 Conclusion of the chapter

In this chapter we have described the various possible decay modes experienced
by hot nuclear species produced in dissipative collisions. The key quantity that
alows usto follow the evolution of the process from low-energy-like phenomena
(evaporation and fission) to high-energy-like processes (fragmentation and
vaporization) is obviously the excitation energy per nucleon € * or the nuclear
temperature 7'

The relation between these two quantities has been discussed in section 7.2.1
by studying the emission properties of the evaporated light particles. The
importance of the nucleonic correlations has been put forward in the
determination of the level density parameter. This question will be addressed
again in the next chapter in a more ‘extreme’ context associated with complete
nuclear disassembly at high excitation energy.

Collective motions at moderate temperatures (GDR and fission) have been
reviewed and their importance for the study of nuclear dissipation pointed out.
Nuclear fission is a slow process: this is the only way to understand the large
survival probability for observing evaporation residues. A successful comparison
of the data with the predictions of the Kramers theory shows very nicely the
evolution of nuclear dissipation with temperature which is compatible with the
properties of Fermi liquids.

The ‘transition’ energy from fission to fragmentation has been measured as
well asthe rise and fall of fragment emission. This transition takes place around
e* = 3 MeV/u and becomes the dominant process up to excitation energies
per nucleon close to the binding energy per nucleon. It is then replaced by the
‘ultimate’ decay process. vaporization. Anticipating the features of the next
chapter, we have seen on an example that, surprisingly, nuclear vaporization
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Figure 7.15. Upper part, ratios of various light species produced in the vaporization of the
quasi-projectile produced in Ar+Ni central collisions at 95 MeV/u. Thelines are the result
of a quantum statistical model (QSM) (see text) [226]. Lower part, mean experimental
kinetic energy for each light species in the centre-of-mass frame of the emitter (the QP in
this case) for €* ~ 18.5 MeV: the full line is a prediction of the QSM model; the broken
line corresponds to ( Exin) = 37°/2. From [81].

can be understood in the framework of nuclear thermodynamics, athough the
temperaturesto be considered here are extremely high.

It turns out that low-energy decay modes probe nuclear matter at densities
close to the equilibrium value, while it is plausible that high-energy processes
occur in extended dilute systems. Evidence for this transition and its possible
implications for our understanding of nuclear matter far from the equilibrium
point in terms of a possible liquid—gas transition are the main motivations for
the studies presented in the next chapter.



Chapter 8

Nuclear fragmentation and theliquid—gas
phasetransition

In the last chapter we described the various decay modes experienced by hot
nuclei produced in dissipative reactions, which emphasizesthe key role played by
the deposited excitation energy per nucleon e *. Therise (¢* ~ 3 MeV/u) and fall
(e* closeto the nuclear binding energy) of fragment production has been pointed
out. Fragmentation thus appears as an intermediate mechanism bridging the low-
energy decay modes dominated by evaporation (and fission, for heavy systems)
and the high-energy decay modes characterized by the complete vaporization
of the system. The main physical issues related to nuclear fragmenteation are
associated with the properties of the nuclear equation of state (EOS) at finite
temperature 7' and low-density p. In particular, the possibility of observing a
liquid—gas phase transition has triggered numerous experimental and theoretical
investigationsjustifying a whole chapter on this subject.

Section 8.1 is devoted to a preliminary discussion of some fundamental
issues. In particular, the relevance of the concept of phase transition in open
transient structures such as hot pieces of nuclear matter is certainly a key
issue. In section 8.2, the dynamical aspects of fragmentation are discussed
through their connection with the EOS (section 8.2.1) by an anaysis of the
dynamical path followed by the system in the T'—p plane. New types of matter
instabilities are described with a particular emphasis on the physics of the
spinodale decomposition (section 8.2.1.3), which is expected to occur in central
collisionsin the Fermi energy range.

The study of the dynamics can shed some light on the occurrence of a
globa (or at least partial) equilibrium inside the system, alowing the study
of dilute and heated systems with the help of thermodynamical concepts. The
thermodynamical properties of fragmenting systems is a very exciting challenge
in this field. The models dedicated to this subject are discussed in section 8.3.
The statistical models can be schematically divided into two categories depending
on the degrees of freedom considered. In the first ones (multifragmentation

220
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statistical models, section 8.3.2), the concepts of nuclear droplets and heated
vapour composed of light particles are used, while nucleons are considered in the
second ones (lattice-gas model s, section 8.3.4). Both classes of models have been
used to investigate the important question of the experimental signals of a phase
transition in afinite system, which would alow usto relate nuclear fragmentation
to acritical phenomenon. Owing to their universality, the lattice-gas models can
thus also be used to study the generic patterns of fragmentation and confront the
properties of fragmenting nuclear systems with systems in other fields of physics
and chemistry.

From an experimental point of view, several questions arise in the quest for
the liquid—gas phase transition and its characterization. First, a proper spacetime
analysis of the fragmenting matter is needed. In particular, fragmentation
timescales must be evaluated (section 8.4.1.1). A long timescale is associated
with a sequential ‘low-energy-like’ process, while a short timescale corresponds
to a‘simultaneous’ phenomenon which has been called multifragmentation. The
transition between these two regimesis discussed in relation to the corresponding
evolution of the charge distributions (the so-called partitions) of the fragments.
Another important piece of information is the evidence for a collective motion
associated with the disassembly process (section 8.4.2). Thisis an indication that
the system might have reached a dilute state and thus constitutes a first clue for
a liquid—gas phase transition. Experimental signals for this are discussed in the
last part of the chapter on the basis of nuclear thermodynamics (section 8.4). The
key words here are reducibility and thermal scaling (section 8.4.3.2) aswell asthe
search for phase coexistence (section 8.4.3.3), critical behaviour (section 8.4.3.5),
discontinuities or fluctuations in the nuclear specific heat in the so-called caloric
curves (section 8.4.3.4) and finally the possible experimental evidence for bulk
instabilities (section 8.4.4).

8.1 Theissuesof nuclear fragmentation

8.1.1 A new physics?

As mentioned in the introduction, nuclear fragmentation is the key process
that bridges evaporation and vaporization. The first question then is whether
fragmentation is reminiscent of fission (the low energy side of the bridge) or
the onset of nuclear disassembly (the high-energy side of the bridge). An
experimental answer is given in section 8.4.1.1 (see figures 8.6 and 8.7) by
showing the evolution in terms of timescales and charge distributions from a
slow process (the so-called sequentia fragmentation) below 5 MeV/u excitation
energy per nucleon up to afast process (the so-called multifragmentation) above
5 MeV/u. Are these two regimes of fragmentation just a matter of words or
are they conceptually different? This issue is related to the physical nature of
fragmentation as either a process dominated by a statistical occupancy of phase
space or a process essentially driven by the dynamics of the collision and the
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transport properties of nuclear matter [297, 322].

In the first case, shortening the timescales is just a matter of growth of
the available phase space, but there is no conceptual difference between the
two fragmentation processes. One should, however, note that the sequential
fragmentation models fail to reproduce data at high excitation energies,
suggesting that the sampling of phase space may require varying prescriptions
(in particular the density of the decaying system) as the excitation energy varies.

In the second case, the two processes could be the manifestation of new
nuclear instabilities. Close to the normal density, shape and Coulomb instabilities
have been discussed in chapter 7. They are responsible for the fission process
of hot nuclei. The deformation, which may be due to angular momentum,
occurs around the normal density and is essentially driven by surface properties
a finite temperature. There, the pressure is moderate and thus the collective
motion is purely induced by coulombic forces. The process is thus governed
by the transport properties of nuclear matter at normal density, particularly the
viscosity. However, central collisions can produce matter at low density in a
compression/expansion cycle: here, new instabilties related to the bulk properties
(see section 8.2.1) are expected. They correspond to a situation in which part of
the available energy is stored preferentially in collective degrees of freedom.

8.1.2 Phasetransitionsin the nuclear context

In the following, we will discuss the results of nuclear fragmentation in the
context of a possible liquid—gas phase transition. Here, we would like to recall
some of the basic concepts of phase transitions as well as their relevance in
finite systems. Indeed, phase transitions are usually introduced in the case
of infinite systems in the thermodynamic limit. Having defined two distinct
phases in the system, the latter is characterized by functions (for instance the
entropy) calculated with variables characterizing each phase (for instance their
respective densities). Singularities in such functions signal the occurrence of
phase transitions. The transition may be either first or second order. First-order
phase transitions are characterized by a strong increase in the entropy thusleading
to the existence of a latent heat as expressed by the Clapeyron equation. The
derivative of the entropy with respect to the internal energy becomes constant
leading to the divergence of the heat capacity at constant pressure. Second-
order phase transitions do not exhibit a discontinuity in the entropy; but the heat
capacity exhibits a discontinuity with no divergence.

Phase transitions can be thermally driven. In this case, the temperatureisthe
so-called tuning parameter in that it controlsthe phase transition. However, phase
transitions also exist in non-equilibrium phenomena (see, for instance, [371] and
references therein). In the following site percolation will be discussed in the
context of nuclear physics: thisisatypical ‘geometrical’ phase transition.

As dready discussed in section 2.3.2.1, the nucleon—nucleon effective
interaction in the nuclear medium shows similarities with the Van der Waals inter-
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molecular forces. Therefore, aliquid—gas phase transition is expected to occur in
infinite nuclear matter. The characteristics of such atransition have been derived
in section 2.3.2.1 in the framework of a simplified Skyrme interaction. In such a
case, below the critical point, the transition is of first-order. In particular, alatent
heat is produced to enable the evolution from the gas phase to the liquid phase.
At the critical point, the transition is of second order. The densities of the gas
phase, p,, and liquid phase, p;, are both equal to the critical density p.: therefore,
the order parameter of the transition, which is defined as p; — pg, vanishes at the
critical point.

In infinite nuclear matter, the liquid phase is identified as the one in which
nucleons are bound together at a density close to the normal density, while the
gas phaseis identified with free nucleons (similar to the monomersin the liquid—
gas transition of macroscopic fluids); the corresponding density is much smaller.
Unfortunately, the study of nuclear matter is only possible on earth by means of
small excited pieces produced in nuclear collisions. Therefore, major difficulties
arise dueto the fact that phase transitions in finite systems are not as well defined
as in infinite matter. In the case of excited nuclei, the liquid phase may be
tentatively identified with fragments and the gas phase with light particles. The
transition from a system in the liquid phase to the gas state, which correspondsto
vaporization, has then been described in section 7.3.

A Kkey question concerns the extent to which the transition occurs at
equilibrium. In other words, is the decay process thermally driven? This question
is extensively discussed in section 8.4.3. We will see there that phase space
dominance seems to be a general feature in nuclear fragmentation. This may
be due to the strong dissipative behaviour observed in nuclear collisions which
rapidly drives the system towards equilibrium. However, we will also see that
the estimation of a nuclear temperature still meets technical and aso conceptual
difficulties (section 8.4.3.4). Thisislinked to the fact that the systems under study
are not stationary in the sense that they are open and have finite lifetimes. Thus,
they exchange matter with the outside and their description with the help of static
concepts may be problematic. It is clear that the physics of open and transient
systemsis probably not as simple as expectd from simple statistical approaches.

However, even when assuming that the transition is thermally driven, the
guestion of the signatures of phase transitions in finite systems remains open.
The understanding of finite-size scaling in the nuclear context has recently made
significant progress (section 8.4.3.5). Thisis certainly a question in which the
study of nuclear objects can shed light on this very general question and be
instructive for other fields of physics. It should finally be noted that two other
characteristic features make hot nuclear droplets rather unique physical objects,
as far as liquid—gas phase transitions are concerned:

e Hot nuclel are charged objects. Therole of along range force mixed with a
short range interaction makes hot nuclear droplets ailmost unique systemsin
the study of phase transitionsin finite systems.
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e Hot nuclei are furthermore made of two different species. neutrons and
protons. Indeed, it turns out that finite two-component systems exhibit new
‘chemical’ instabilities [331]: thusthey have amore complex phase diagram
depending on the N/Z ratio. This leads to a richer phenomenology in the
decay processes.

8.2 Dynamical description of nuclear fragmentation

8.2.1 Exploringthe nuclear equation of state phase diagram

Among the two kinds of instabilities advertised for explaining fragmentation
(surface (shape) instabilities at low energy and bulk (density) instabilities at high
energy), bulk instabilities play a special role in the sense that they imply more
or less direct connections with the equation of state of nuclear matter. They have
thus motivated alot of studies, either inspired by, or directed to, the phase diagram
of nuclear matter. The basic reaction mechanism assumed is an expansion of the
initially hot and compressed composite. This implies a ‘preferred’ exploration
of the low-density regions of the nuclear matter phase diagram. In this section
we thus briefly discuss what might occur to such an excited piece of nuclear
matter exploring low-density regions of the nuclear phase diagram. We focus,
in particular, on nucleation and instability growth in the spinodale region.

8.2.1.1 The nucleonic matter phase diagram

As discussed in section 2.2.1 the nucleon—nucleoninteraction is repulsive at short
range and attractive at medium range (at least in the dominant channel relevant
for our discussions). This possibly causes the nuclear matter equation of state to
exhibit a phase coexistence region in which nuclear matter phases of low (gas) and
high (liquid) densities may bein equilibriumwith each other. Along anisothermal
line, namely at fixed temperature, phase coexistence defines the common pressure
and chemical potential of the two phasesin equilibrium, asin atypical simplegas,
as described, for example, by aVan der Waals equation of state.

This phase coexistence is basically an equilibrium concept whatever timeis
hiddenin the process of forming aliquid droplet inside agas or agasbubbleinside
aliquid. Thusin truly equilibrated situations the picture makes sense. A typical
nuclear example concerns the nuclear matter equation of state in supernovae
cores in which the slowness of the collapse (in terms of nuclear timescales)
fully justifies an ‘instantaneous adjustment of equilibrium properties such as
the temperature of the system [364]. In the case of heavy-ion collisions the
coexistence picture is more difficult to justify as the typical timescales of the
evolution of the system are comparable to the timescale needed for reaching
a thermal equilibrium (section 5.3.1). Once again, one is facing competition
between the timescales and thus a definite conclusion is not easy to reach. As
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discussed in section 8.2.1.2, it is therefore worth trying to attain some quantitative
estimates of the effects at work.

The coexistence region of the nuclear phase diagram furthermoreincludes a
specific region in which dynamics by its very nature plays a more direct role: the
spinodaleregion. The spinodaleregionistheregion of the phasediagraminwhich
nuclear matter is unstable with respect to a small mechanical perturbation, which
means that the derivative of the pressure with respect to the density is negativein
thisregion (seefigure 2.8). The spinodaleregion is bounded by the spinodaleline
defined as

%—P =0 (8.2)

Pla

where () labels the conserved quantity in the process. For a heavy-ion collision,
in which the nuclear composite expands to enter the spinodale region, the
(preferred) conserved quantity is the entropy per nucleon and one then speaks
of the isentropic spinodale line. The spinodale regions (see figure 8.2) disappear
at the critical point of the equation of state (section 2.3.2.1) above which matter
is mechanically stable and phase coexistence meaningless.

The spinodale region is expected to play an important role in nuclear
fragmentation. However, the entrance into this unstable region is not the only
process leading to phase coexistence between gas (free nucleons) and liquid
(nucleon clusters (IMF)). Inside the coexistence region of the phase diagram,
but outside the spinodal e region, the matter remains stable with respect to small
perturbations but large amplitude perturbations are also likely to create a phase
separation: the corresponding mechanism is called the nucleation process.

By nature, the spinodale region is associated with a dynamical process,
namely the growth of instabilities. In this respect it hardly corresponds to
an equilibrium process. Nevertheless, the quantitative difference with phase
equilibriumlies mainly in differencesin the timescal es associated with nucleation
and instability growth, respectively. It is thus worthwhile discussing these two
aspects in some more detail.

8.2.1.2 Nucleation

Because of the more naturaly dynamical picture underlying the spinodale
instabilities, the question of nucleation, namely large amplitude fluctuations
leading to phase separation, has been little considered in the context of heavy-ion
collisions. Still it is worth discussing. A general introduction to the suject may
be found in [50]. A kinetic approach to nucleation in the nuclear context may
be found in [412]. Here we shall briefly summarize the results obtained by the
Copenhagen group at the end of the 1980s[160]. Theideaisto discussthe effects
of large amplitude fluctuations (as originating from single-particle fluctuations),
in particular, in the formation of bubbles inside a hot expanding phase of nuclear
matter. Above temperatures of order 1 MeV quantum fluctuations are known to
play aminor role in these questions[61] so that a purely classical picture becomes
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applicable. Starting from simple arguments of classical nucleation theory one can
then estimate the manner in which, how many and how fast, bubbles form inside
aninitially hot and compressed nuclear phase.

A typical result of these calculations is given in figure 8.1 where various
relevant quantities as a function of time are plotted. The system is initialy
prepared with asmall amount of compression (10%) with respect to the saturation
density and a (possibly large) temperature. Both quantities are followed in time,
as well as the total number of bubbles n;,. A critica radius r. which roughly
separates bubbles into two classes is also plotted: on average, bubbles with a
radius greater than r. will tend to grow, while bubbles with a radius less than r
will tend to shrink (we speak here of tendenciesto keep in mind the crucial role of
fluctuationsin bubbles of radii around r.). Figure 8.1 exhibits several interesting
results for our purpose. First, it should be noted that in the ‘low’ temperature
case (T = 6 MeV) the nucleation process is not very efficient. The 7' = 9 MeV
case provides nucleation, in particular, beyond times of order 30 fm/c, which is
comparable to atypical expansion time. A further indication of the role played
by the nucleation process may be found in [160]: these authors have performed
systematic calculations as a function of the initial temperature/density of the
system. As aresult, one can identify a region of the phase diagram which is
likely to provide ‘favourable’ initial conditions for nucleation in the course of
the expansion. Very roughly speaking, it corresponds, in the density/temperature
plane, to regionswith entropy between slightly less than 1 (per baryon) and about
2.4, which is of the same order of magnitude as the estimated values of the
entropy per baryon in heavy-ion collisions in the nucleonic regime. Still, it is
striking to notein the examplein figure 8.1 that precisely beyond 30 fm/c, which
is the typical time for nucleation, the system is very likely already inside the
spinodale region of the nuclear equation of state (p/po < 0.6, section 2.3.2.1).
This means that standard nucleation probably competes with bubble/fragment
formation stemming from small amplitude fluctuations. Even if these latter
fluctuations will need some time to become ‘ macroscopicaly’ visible (typically
another 20 to 30 fm/c), it is possible that the instabilities due to the spinodale
region play a significant role in the story, besides the large shape fluctuations
dynamically induced in the entrance channel (see section 8.2.3).

8.2.1.3 Spinodaleinstability

The spinodale region is mechanically unstable: a small amplitude perturbation
(hence corresponding to along wavelength and/or little energy), which would be
damped at (or close to) normal density is amplified in this region. This means
that any density fluctuation may grow to become of the order of the average
density itself and thus it will break the system into pieces. This mechanism of
spinodaleinstability wasinitially proposed in [43], on the basis of the form of the
nuclear equation of state at low density. Thisscenario is appealing asit integrates
a dynamical component into an equation of state picture: an initially hot and
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Figure 8.1. Time evolution of the density and temperature for a nucleus Z = 50 and
A = 120. The critica radius r. and the number of bubbles n, are also indicated.
From [160].

compressed nucleus expands to reach the spinodale region in which fluctuations
are amplified, and in which, once a sufficient amount of time has elapsed, the
system breaks into fragments. This picture of spinodale instability has been
further analysed in detail in several papers[138,241, 363]. We particularly refer
the reader to the pedagogical reference [363] for details.

To make the discussion a bit more quantitative we study, in a static uniform
piece of infinite nuclear matter of given density p, how small density fluctuations
develop, following the line of [363]. Thisis most easily achieved when analysing
density fluctuations in terms of their Fourier components, which decouple and
have dispersion relations of the form

w, = cq, (82

where w, is the angular frequency, ¢, the wavenumber associated with the
multipolarity v and where ¢? is the isothermal sound velocity

1
¢t = —(0P/0p)r.
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Figure 8.2. Phase diagram of nuclear matter in the density (in fm~3)—temperature (in
MeV) plane. Characteristic lines of the equation of state as well as typical heavy-ion
trajectories have been indicated in this figure. The chain lines inside the spinodale region
correspond to the domains inside which a given multipolarity becomes unstable. Broken
lines represent possible heavy-ion collisions trajectories and correspond to fixed entropy
per baryon (from 0.5 to 3). Finaly, the dominant de-excitation mechanism has been
indicated for each region of the phase diagram. From [241].

The isothermal spinodale line thus correspondsto ¢2 = 0. Outside the spinodale
region, ¢ > 0 and w, isreal, leading to stable (sound type) density oscillations.
Inside the spinodale region, ¢2 < 0 and w, is purely imaginary, which leads to
damped or growing solutions. In the ‘ catastrophic’ case of an exponential growth
of the fluctuationsw, readsw, = —i\2, which leads, for a given multipolarity v,
to atime evolution of theform exp(iw,t) o< exp(\2t). The exponential growth of
small amplitude perturbationsinside the spinodal e region thus somewhat depends
on the dominant multipolarity of the perturbation [363], through the instability
thresholds (see figure 8.2).
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The exponentia nature of the growth mechanism does not by itself ensure
that the system will break into pieces. Asis obvious, thereis atypical timescae
associated with such a growth process, namely the time needed by the system to
generate a density fluctuation with an amplitude of the order of magnitude of the
average density itself. The key parameter thus turns out to be the accumulated
growth, which is expressed, for amode of multipolarity v, as

G, = —i / w, dt. (8.3)

The system actually breaks into piecesfor G, 2 3 [363]. This correspondsto an
accumulation in the » mode of density fluctuations §, p such that \/(d,p2) ~ p.
Of course, inareadlistic case, it islikely that several multipolaritieswill be excited
simultaneously, so that a total density fluctuation of order p, which sums the
contributionsof these various multipolarities, will be attained for smaller values of
the GG,,. Still, the picture of an accumulation of fluctuationsin time remains valid
and points to the importance of the time spent by the system inside the spinodale
region. Note finally that one can, at least qualitatively, compare the various
fragmentation channel s (roughly speaking, agiven multipolarity can be associated
with a given number of fragments) by comparing the values of G',,. Thisisa
further justification of this analysisin terms of modes of various multipolarities.

These features are also illustrated in figure 8.3 which displays the spinodale
decomposition of a finite piece of nuclear matter in a mean-field calculation
including an account of fluctuations through a dedicated stochastic term, i.e. in
solving or simulating a Boltzmann-Langevin-like stochastic equation. This is
an approach similar to the one used to describe Brownian motion by a Langevin
equation. In [224] the stochastic term is introduced as a local fluctuation of the
potential which has been adjusted to reproduce the agitation of the most unstable
modes. The calculations have then been performed for a heavy nucleus (Au)
expanded to about half the saturation density and which is then let free to evolve
under the combined influence of the one-body field and the residual two-body
collision processes, with the effects of the fluctuations included whenever local
spinodale instability occurs. The system quickly expands into a hollow. Such
unstable configurations decay by the emission of several IMFs. Thetypical length
of the most unstable mode is the order of 10 fm and thus leads (after about
~ 120 fm/c) to five to seven fragments with approximately the same sizes. Of
course, the main defect in these descriptions is that they need ‘preparation’ of
the system at a given temperature and density. In other words, it is assumed that
an equilibrium step (at least partia) has been reached in the early phases of the
reaction. The validity of this assumption is addressed in section 8.2.2.

8.2.2 From the phase diagram to heavy-ion collisions

The brief analysis we have just performed (sections 8.2.1.2 and 8.2.1.3) is
interesting because of its link to the nuclear matter equation of state. Still, one
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Figure 8.3. Simulation of the spinodale decomposition of a finite piece of nuclear matter
(A = 210 and Z = 90) in the framework of a mean-field calculation with a stochastic
component. Timescales are of the order of 100 fm/c. The initial density was set close
to po/2 and the temperature T ~ 3 MeV. The size and the multiplicity of the fragments
is directly linked to the wavelength of the most unstable mode as discussed in the text.
From [223].

should keep in mind the fact that the underlying model s are very schematic, which
introduces some limitations on the impact of these conclusions. In particular, a
key question hereisto define the state of the system when it entersthe coexistence
or the spinodale region. But the primary evolution of the (possibly) already ‘hot’
and (likely) compressed system towards low densitiesis not so easy to predict in
detail. Two-body collisions are likely to play a dominant role during this phase
of the evolution, slowing down the expansion of the system and transforming
some of the available energy into heat. Hence, it is not very clear how far
these simple and appealing descriptions of nucleation or spinodale instability
are actually involved in areal situation. Microscopic calculations such as BUU
(section 3.2.3.2) or QM D (section 3.3.3) add some valuable pieces of information
as two-body effects are included in these models. Indeed several calculations
seem to indicate [79, 162, 214, 215, 265, 317] that the fragmentation pattern, as
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observed after the breaking up of the system, does indeed reflect some initially
large fluctuations present in the system at the beginning of the expansion phase.
The presence of such initially large fluctuations might then be explained by
invoking the fluctuation—dissipation theorem: the larger the dissipation is, the
larger the fluctuations are, and the most dissipative phase of the collisions is
undoubtedly at the very beginning of the overlap during the compression and
well before the possible expansion. It is, nevertheless, delicate to reach this
conclusion at this stage, as this type of involved microscopic calculations is not
necessarily fully robust against such details. Further work is certainly needed, in
relation to the coming experimental results, in order to attain a more conclusive
statement.

The weakness of the equation of state model does not lie purely in the
difficultiesrelated to following areaction path. Thereare, infact, deeper problems
connected to the capability of the equation of state model itself to depict such
a path. The first problem lies in the fact that an interpretation in terms of the
equation of state requiresthe existence of the variables characterizing the system,
such as pressure, temperature or density. And it is only marginally true that the
system has enough time, for exampl e, to allow thermalization. A second difficulty
concernsthe fact that, in collisions, oneis dealing with finite systems, with all the
specificities they carry. For example, although it presumably plays a minor role
during the early phase of fragmentation, the Coulomb interaction, for example,
cannot be totally overlooked as it will, even marginally, affect the motion of
protons, and thus of the neutrons, even during the beginning of the expansion (the
Coulomb interaction is not considered in any (infinite) nuclear matter analysis).
Finally, it should be noted that plotting, for example, the pressure as a function
of density definitively gives a particular weight to the monopol e channel. Indeed,
during the early phases of the collision, a sizeable amount of beam energy is
converted into the collective monopole energy, which then shows up as a radial
expansion. Still, the monopole is probably not the sole multipole to be excited,
evenifitislikely that it isthe most robust one. To choosethe density asthe single
‘abcissa’ variable is thus certainly a bit schematic. One could even go further
aong thisline of thinking and imagine that a homogeneous and isotropic variable
such as the density overlooks the exploration of specific geometries in nuclear
matter. Such questions were actually considered in the case of supernovae, where
it was shown that various phases of low dimension nuclear matter can be made
stable [279, 384, 497] (section 2.3.2.2). Of course the situation in these cases is
quite different from the case of heavy-ion collisions, particularly because of the
composition of the system which contains electrons responsible for a screening
of the Coulomb interaction. Still, the question is probably worth also considering
for heavy-ion collisions.

Altogether, we would thuslike to conclude this analysis of the nuclear matter
equation of state with aword of caution. The spinodale instability picture, which
has so often been advertised in this field, may reflect some part of the reality but
one hasto bear in mind the fact that this pictureis mainly an interpretation, which
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may actually serve as a guideline, but which by no means should constitute the
end of the story.

8.2.3 Improving the description of the dynamics

The concepts discussed in the previous sections have been implemented in a
variety of theoretical phenomenological models. Here, we do not aim at being
fully exhaustive in the description of the large amount of work performed during
the last two decades. Generally speaking, the theoretical description of nuclear
fragmentation is a difficult task. The understanding of the formation of fragments
at the microsocopic level must take into account the clusterization of a quantum
fluid at finite temperature, which a priori implies solving the N-body quantum
problem. Sincethisis avery far-reaching programme, most of the modelsrely on
simplifying assumptions.

The dynamical aspects of nuclear fragmentation have aready been
schematically discussed in the context of the nuclear equation of state by
considering nucleation and the spinodal e decomposition of the matter in the low-
density phase. Asthe nuclear transport model s described in chapter 3 arebasically
one-body theories, they are not well suited to studying fragmentation processes
because they cannot account for the high-order correlations necessary to produce
fragments. The extension of such models to higher order correlations in the
phase space distribution has been envisaged by including stochasticity on the
transport theory (see section 3.2.5). However, in most models, thisis not sufficient
to describe fragment production self-consistently. In general, a cluterization
procedure in phase space is realized by means of numerical algorithms. These
‘build’ fragments on the basis of energy considerations by means of minimization
procedures (see for instance [377]), thus reintroducing statistical featuresinto the
dynamics.

One of the most promising phenomenological approaches is certainly the
antisymmetrized molecular dynamics (AMD, section 3.3.4.2). A recent study of
fragment production in the framework of such a model has shed some light on
the importance of quantum effects in the process as illustrated in figure 8.4. A
drastic change is observed in the time evolution of the nuclear density when one
compares calculations with (AMD-V) and without (AMD) wavepacket diffusion.
These calculations compare rather well with experimental data [356]. They are
thus very promising and offer the possibility of following in detail the dynamical
evolution of the matter towards disassembly. They also allow a comparison of the
different effective forces that may be used in the simulation. Another example of
the comparison of a dynamical approach with experimental datawill be shown at
the end of the chapter (section 8.4.4).
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Figure 8.4. Time evolution of the density projected in the reaction plane for Cat+Ca
central collisions at 35 MeV/u at two impact parameters b ~ 0 and b ~ 5 fm. The
size of the areais 40 fm by 40 fm. Left-hand panels are the predictions of AMD without
wavepacket diffusion while right-hand panels correspond to AMD-V calculations in which
wavepacket diffusion is considered. The introduction of such a process strongly affects
the dynamics of the collision and leads to more fragmented configurations. This result
illustrates the importance of quantum effects in the production of fragments in nuclear
collisions. From [356].

8.3 Statistical description of nuclear fragmentation

Since data are not easy to compare with dynamical models because of
the previousy mentioned difficulties, a direct contact between data and
phenomenological approaches can be attained in the framework of statistical
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theory. Statistical models of nuclear fragmentation assume partial or global
equilibrium. These models may be subdivided into those which treat fragment
emission macroscopically such as the multifragmentation statistical models and
those which treat the process microscopically by explicitly considering nucleons
such as, for instance, the | attice gas models. We briefly discuss successively these
various models.

8.3.1 Low-energy statistical models

Fragment formation is a process which is taken into account even at the level
of the standard statistical model (section 2.4), athough it is then treated under
particular assumptions (section 2.4.4). More complicated situations may also
be accounted for in more sophisticated models. For example, in chapter 7, the
decay properties of hot nuclei for low-energy processes such as evaporation and
induced fission were discussed. The theoretical description of such processes
is achieved by means of the theory of the compound nucleus. The statistical
competition between the various decay processes is governed by energy balance
and by the available phase space. The theory of light particle evaporation has
been described in chapter 2. The emission of complex fragments (at least in
fission processes) has been discussed previously by considering the transition
state method and its extension, the Kramers formalism, taking into account
nuclear viscosity (section 7.2.3.1).

In the context of nuclear fragmentation the practical implementation of these
ideasis realized in the statistical binary models (see for instance [120, 170, 397]):
the decay is described as a sequence of two-body splittings (‘fi ssions') at normal
density, until the system is sufficiently cold enough to prevent particle emission.
The emission of «-rays can also be considered in such codes. The splittings
are well separated both in space and time so that the system can achieve
equilibrium between each emission. Matter stays at normal density: evaporation
and fragment emission are then understood as surface processes. However, when
the excitation energy deposited in the nuclei reaches and even exceeds the total
binding energy, it is likely that the systems will expand under thermal pressure
or under mechanical constraints (compression) generated in the early instances
of the collision, during the overlap of the two partners of the reaction. Evidence
for systems fragmenting during expansion will be shown in the following. Under
such conditions, the system is dilute. Thus the very notion of surface emission
may become questionable: fragmentation is no longer a surface process but has
become a bulk process.

This latter transition between surface and bulk emission has been studied
and quantified in the expanding emitting source (EES) model [194]. In this
model the concept of evaporation is applied to sourcesin expansion. For densities
close to the saturation density po, the formalism is equivalent to the standard
theory of evaporation described in section 2.4. However, there exists a density
(in fact one close to the critical density p. of the nuclear matter equation of
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state, as defined in 2.3.2.1) for which the entropy variation associated with the
emission process becomes more favourable for a volume emission than for a
surface emission. This transition towards bulk processes is associated with the
onset of multifragmentation, sinceit correspondsto ashortening of thetimescales.
However, for technical limitations, this model cannot account for the emission
of massive fragments. A complete statistical description of fragmenting dilute
systems is the programme of high-energy multifragmentation statistical models.

8.3.2 High-energy multifragmentation statistical models
8.3.2.1 Context and constraints

A historical account of the developmentsof statistical multifragmentation models
may be found in appendix A of [222] and we refer the reader to this reference
for details. The key assumptions of the statistical theory have been outlined in
section 2.4. The transition matrix (see equation (2.76)) connecting the initial and
final state of the decay process is constant. The system has no history or at least
this history is so complicated that it is hopeless and useless to describe it. It is
hence assumed that dissipation has driven the system towards equilibrium so that
the phase space has been homogeneously populated. Therefore, the key quantity
to be estimated is the density of states of the final configuration. Thefirst simple
approach along this line was proposed in the grand canonical ensemblein [381].
But a key question here concerns the definition of such aconfiguration in the case
of a path towards multi (>3) fragments. In chapter 7, fission has been described
using a diffusion equation. The stationary solution of this equation provides the
fission flux across the saddle-point, and hence the fission width. The saddle-point
is thus the locus at which the fate of the system is decided. The extension of the
concept of saddle-point to a fragmentation path in more than three fragmentsis,
neverthel ess, not straightforward and has thus been a matter of debate.

An attempt to extend the ‘fission’ picture to the fragmentation channel is
described in [292, 383]. The problem is to consider a multi-dimensiona saddle-
point, but such a point is hard to define because many degrees of freedom are
involved. Another major difficulty isthe description of the evolution of the system
in the vicinity of such apoint. Indeed, the motionis not only driven by the multi-
dimensional potential landscape but also by friction which in such complicated
geometriesis very difficult to take into account.

A simpler strategy consists of considering a ‘scission’ configuration (in
the spirit of the Fong statistical model of nuclear fission [189]) in which
the considered degrees of freedom are nuclear droplets (hereafter called pre-
fragments) embedded in a vapour of light particles. Matter is confined in a
fixed volume called the freeze-out volume, Vg,. This latter presumably results
from the strong dissipative stage of a nuclear collision, during which thermal
and mechanical pressures drive the system to low density. Equilibrium is then
achieved due to the ergodicity of the process. At freeze-out there are no further
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matter and energy exchanges between the pre-fragments. However, pre-fragments
may be excited and will decay (thisis called secondary decay) ‘in flight’, during
their time evolution in their respective Coulomb fields. It is implicitly assumed
that the break-up occurs on a very short timescale, which means simultaneously
with respect to the typical expansion time of the system. Freeze-out is associated
with a density pg, which corresponds to a mean distance between surfaces of
fragments of order 2-3 fm. This value corresponds to the typical range of the
nuclear force leading to values of p¢, in the 0.1-0.5p range.

The most commonly used multifragmentation models are the Berlin model
[221] and the Copenhagen model [78]. Recently, new developments have also
been undertaken in quite asimilar line [379]. The main differences between these
models lie in the chosen statistical ensembles. In the Copenhagen model, the
canonical description is used while in the Berlin model, the density of states is
calculated at the microcanonical level. These models show technical differences
but these are of minor importance as far as the predictions are concerned. For the
sake of completeness, but without going too much into the detail, we briefly recall
some of the key equations used in these models.

8.3.2.2 Basic equations of statistical multifragmentation models

We consider aparent nucleus of mass 4, and charge Z, with an excitation energy
E*, alinear momentum P, (usually taken to be equal to zero), and an angular
momentum Lg. At freeze-out, this hot nucleus decays inside a volume V¢, into
severa light particles and clusters. The set of particles and clusters is usually
called a partition. Let us suppose that it is constituted of v species with masses
{4;,i=1,...,v}andcharges{Z;,i = 1,...,v}. Theenergy balance equation
between the energy of the parent nucleus and the energy of the partition E v
then reads:

Epart—E +M AO:ZO ZM AZ:Z +E1nter+26 +Z€K (84)

where Eipe, IS the interaction energy between the particles and €}, e{‘ and M;'s
are, respectively, the excitation energy, kinetic energy and mass of speciesi.

The interaction energy FEinter IS purely coulombic in origin since it is
assumed that species exchange neither energy nor mass at the freeze-out stage.
It can then be calculated exactly by explicitly taking into account the positions of
the constituents of the partition, inside the source at freezeout or by averaging
using standard approximations. The kinetic energies ¢ ¥ may be purely thermal
and are thus simply related to the temperature 7' rt Of the partition. However,
collective motion such as rotation or expansion may aso be present and this
results in additional termsin the kinetic energies of the constituents.

The temperature T, Of agiven partition is calculated self-consistently with
help of equation (8.4). To this end, arelation between e} and T,,,+ is needed by
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means of the level density parameter a (section 7.2.1). There is no universal
prescription among the models to determine a. A Fermi gas prescription may
be used as well as a full mass temperature dependence prescription taking into
account, for example, the temperature dependence of the surface tension (see
section 7.1.2.2).

From the values of the internal excitation energies e of the constituents
it is possible to calculate the statistical weight W, Of each partition. As
aready mentioned, the estimation of W, depends on the statistical ensemble
considered in the model. Let us just discuss the microcanonical case, in which
energy, momentum, angular momentum, mass number and atomic charge are
strictly conserved. For a given partition one then obtains:

; 1
Wrr)r;r(éro = Z exp[spart (Epart; Vio, Po, Lo, Ao, ZO)] (8.9)
with
€= exp[Spart]- (8.6)
part

The entropy Spart is obtained (see section 2.3.1.3) by estimating the free energy
Fart Of €ach partition from the corresponding partition function. One introduces
a free energy which may be decomposed into various terms: those depending
on temperature, thus contributing to the entropy, are included in the kinetic
term associated with the thermal motion F5 ., = 37 F/X(T,ar) and the term
associated with the excitation energy of each species iy, = 3.7 F; (Tpart). A
detailed description of these terms may be found in [221] and [78]. Let us just
detail, for instance, the free energy F;* (Tart) @ssociated with theinternal degrees

of freedom of each speciesi. We have, in the framework of the liquid drop model,

F*

i (Toart) = }4)1:,12 (Tpart) + lejffz,- (Tpart) + FZ}:“ZZ + FEI‘),“ZII (8.7)
Thelast two terms have, to a good approximation, no temperature dependence so
that they do not contribute to the entropy. Thefirst oneis associated with the bulk
and reads:

FE?}; = _a’VAi - a(Aianart)T2

part

(8.9)

inwhicha, isthebulk energy per nucleon at zero temperature (equation (2.2)) and
in which the level density parameter a = a(A;, Tpart) €an be evaluated according
to the prescriptions discussed in section 7.2.1. The surface term reads:

Ff{:fle = 47TR(A1': Zi)ZU(Tpart) (89)

in which the temperature-dependent surface tension o is such that o(7'c) = 0, Tt
(~16 MeV) being the critical temperature as defined in equation (2.71).
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Figure 8.5. Evolution of the average temperature (T') (broken lines, right-hand scale,
similar to (Tpart) in the text) and the fragment multiplicity (M) (full lines, left-hand
scale) asafunction of €* as predicted by the Copenhagen model (SMM) for three different
sources with mass number Aq. From [78].

8.3.2.3 Acaloriccurve

The multifragmentation statistical models have met significant success in their
comparison with experimental data in dissipative nuclear collisions as will be
discussed in section 8.4. Here, we just want to present one of the most interesting
predictions of these models, regarding the existence of aliquid—gas transition in

the nuclear context. Figure 8.5 shows the predictions of the Copenhagen model

concerning the evolution of the temperature T (T' = (T'part) Wherethe averageis
taken over all possible partitions) and the particle multiplicity () as afunction
of the excitation energy ¢* for three different source sizes Ay. The evolution
of (M) (full lines, left-hand scale) shows a strong increase around €* ~ 2—
4 MeV/u depending on the parent nucleus mass A . Thisisto be compared with
the experimental rise of fragment emission, as shown in figure 7.12. It constitutes
another cluefor the strong dominance of the phase spacein nuclear fragmentation.

The broken lines in the same figure (right-hand scale) display the evolution of T’

with e* (thisis usually called the ‘caloric’ curvein the literature). Aninteresting
feature is the existence of a plateau around 7' = 5 MeV between ¢* = 3 and
8MeV/u, resulting in adeviation of the cal oric curve with respect to the behaviour
of a Fermi gas. This can be interpreted as a characteristic signal for a first-
order liquid—gas phase transition. The temperature stays constant in an excitation
energy range (corresponding to a latent heat), in which the energy is used to
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produce fragments, essentially at the cost of increasing the free surface of the
system. Thisisthus characteristic of phase coexistence, in which theliquid phase
is dominant at the beginning of the plateau around 3 MeV/u and is progressively
replaced by the gas phase at the end of the plateau, around 8 MeV/u. Thisfeature
is also predicted in the framework of the Berlin model. It is worth noting that
the plateau behaviour is till there despite the fact that the system has a finite-
size. This finding has triggered numerous studies concerning the experimental
determination of the caloric curve as will be discussed in section 8.4.3.4.

8.3.3 Quantum statistical models

The statistical multifragmentation models discussed previously have limited
prediction power concerning the production and characteristics of small clusters
because for these one has to take into account the very detailed structure effects
which have not yet been fully implemented in the computer codes. This is an
important issue, because we have seen the impact of the correct treatment of such
small clusters for the determination of nuclear temperatures (section 4.3.2).

These features are properly taken into account in the quantum statistical
model (QSM) originaly proposed in [232]. In such a model, the population of
each speciesi is given by

Viogi
V= S [ @pnity) (8.10)
where g; is the degeneracy factor of each species i and n; the occupation factor
in momentum space. At the canonical level for classical particles, assuming a
temperature T', one obtains

87 Viogi(miT)3/% [ 1/2 wi B

inwhich z = ¢/T istheintegration variable over all possible kinetic energies (see
section 2.4.1); E; and u; are, respectively, the mass energy (taking into account a
possible internal excitation energy) and the chemical potential of speciesi. This
latter is determined by the law of mass action:

i = ,U,Zzi + /J,NNZ' (812)

where uz and i arethe proton and neutron chemical potentials. These quantities
are constrained by the conservation of atomic and mass numbers of the source. In
this formulation, each speciesis treated as an independent structurel ess particle,
thus assuming neither a final-state interaction among the species nor interna
discrete states.

The introduction of quantum statistics, internal structure and final state
interactions in the formalism has been proposed by considering, for instance,
excluded volume effectsin [226]. Taking into account quantum statistics amounts
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to replacing the Boltzmann factor in equation (8.11) by a Fermi or Bose factor (see
section 2.3.1.4), which leads to the following relation:

8 Vhogs(miT)3/% [ 1/2 wi | Ei -
K—WO dZZ exp Z_T_'_T_'_fl :*:]_
(8.13)

inwhich f; isasuppression factor taking into account the proper ‘volume' of each
Species.

The quantum statistical models have been extensively used in the study
of nuclear thermometry but also in the description of nuclear vaporization. In
particular, the predictions of such amodel have been successfully compared with
vaporization data in chapter 7 (figure 7.15). It is worth noting that such models
have also been used at much higher energy by including mesons and resonances
produced in central collisions in the relativistic domain. Under the constraints
of reproducing the populations of various species, a freeze-out temperature as
well as a density have thus been obtained up to the limits of the predicted QGP
(see[172,438]). This point will be discussed again in section 9.4.2.1.

8.34 Lattice-gasmodels

The degrees of freedom considered in the previously described models are the
ones of hot nuclear droplets, possibly embedded in a nuclear vapour composed
of light particles. In such models, special emphasisis thus put on liquid drop
properties (section 2.1.2.1). The purpose of lattice gas models is to consider
the nucleons themselves as the degrees of freedom. Practicaly, a very useful
method consists of mapping the Ising model into a nuclear lattice gas model
[113,227,358, 385,409]. In such amodel, a schematic Hamiltonian H represents
the interaction between the nucleons. In the spirit of the Ising model, nearest
neighbour interaction is assumed between nucleons located at the sites of a cubic
lattice, which leads to an Hamiltonian of the form

2
H = Z Pi T+ Z €T T (8.19)
i

2m0 lattice

where the last sum is restricted to nearest neighbours and where 7; is the
occupation factor at site ¢ (0 or 1), while € is the energy coupling constant, which
is chosen to reproduce the saturation energy of nuclear matter (section 2.2.2.1).
Such models may be thermal in nature but some of them focus on geometrical
properties, such as those based on percolation theory. Historicaly, these were
the first to be developed in nuclear physics [33, 109, 110]. They were originally
designed to search for critical phenomenain nuclear fragmentation. In particular,
the study of the various moments of the cluster size distributions has lead to the
use of the so-called Campi plots (section 8.4.3.5). In turn, one of the major
interests of the thermal lattice gas models is their ability to address in a well-
defined context the question of the liquid—gas phase transition in finite systems
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(see, for instance, [125,227]). In particular, the question of the experimental
signature of such atransition has been directly addressed in these models, as well
astheinfluence of the V/Z degree of freedom. We will come back to these points
in the following.

8.4 Experimental aspects. towards the liquid—gas phase
transition

The high-energy statistical models predict the occurrence of a liquid—gas phase
transition in hot and dilute pieces of nuclear matter such as hot nuclei, the
signature being a plateau in the caloric curve as shown in figure 8.5. The quest
for experimental signatures of thisliquid—gastransition in the nuclear context was
initiated a long time ago. Following the scheme developed in the introduction of
this chapter, we discuss the possible signatures of the liquid—gas transition as a
function of the ‘complexity’ of these signatures. from the simplest ones to the
most elaborated ones.

But before proceeding, it is necessary to discuss the topological
characteristics of nuclear fragmentation. Indeed, owing to the theoretical
discussions in the previous sections, the applicability of the concepts useful in
the study of phase transitions requires a number of experimental conditionsto be
achieved. Firgt, the fragmentation timescale should be short enough so that the
whole process may be described as a single-step process. Otherwise, sequential
fragment emissions make the definition of a single well-defined temperature a
guestionable issue. Second, the system should decay at low density. Indeed, the
critical density p. (see equation (2.71)) is found to be close to about one-third
of the normal density for typical Skyrme-like forces. Such alow value is also
found in the case of the multifragmentation models. The key question is thus to
determine to what extent the experimental data on nuclear fragmentation show
these two characteristics (short timescales and low density).

8.4.1 Fragmentation timescales and chargedistributions
8.4.1.1 Fragmentation timescales

The techniques of nuclear chronometry have been described in section 4.3.4.
Emission times are estimated by analysing spacetime correlations between
fragments taken two by two, taking advantage of the ‘proximity’ effects
induced by the Coulomb interaction. This is the so-called fragment intensity
interferometry. A number of experiments have been devoted to such
measurements. They used either angular correlation or reduced velocity
correlation functions. An example of such a study has aready been shown in
section 4.3.4.3 (see figure 4.15) using the relative angle variable to build the
correlation function. Generally speaking, the mean fragment emission time is
obtained with the help of simulations by direct comparison with the data as
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Figure 8.6. Systematics of the fragment emission times as a function of the excitation
energy per nucleon €* for a variety of systems. The points with arrows correspond to
the maximum available excitation energy in fusion reactions. From [171] and references
therein.

described in section 4.3.4.3. Some of the data obtained in the last decade are
shown in figure 8.6. They have been sorted according to the estimated excitation
energy per nucleon ¢*. A strong decrease in the emission time with increasing
€* is observed up to about 5 MeV/u beyond which a saturation of the emission
time is observed around 100 fm/c. For such short times, fragments are emitted
amost ‘simultaneoudly’ so that their emissions cannot be treated as successive
splittings. Thisis the multifragmentation regime. Thisresult thus justifies the use
of statistical multifragmentation modelsfor e* larger than 5 MeV/u.

8.4.1.2 Chargedistributions: Dalitz plots

The onset of fragmentation around ¢* ~ 3 MeV/u (section 7.3.1) is associated
with the emission of low-Z fragments corresponding to very asymmetric fission-
like processes. Ase* increases, it is thus instructive to evaluate the evolution of
the charge distribution of fragmented eventswith increasing e *. A usual and easy-
to-visualize technique consists of considering the threelargest fragments detected
per event displayed with the help of Dadlitz plots. Let Z,, Z>, Z3 be the atomic
numbers of the three considered fragments. One definesthe following coordinates
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Figure 8.7. Evolution as a function of €* (in MeV/u) of the atomic numbers of the three
largest emitted fragments (shown as Dalitz plots) following the decay of excited nuclei with
mass close to 200. The variable (Ziag) is the mean atomic number of the fragmenting
source. Uptoe* < 3.5 MeV/u, most of the events populate the sides of the triangle.
Therefore, according to equation (8.15), they are associated with two large fragments
(similar to two fission fragments) and a smaller third fragment. As e* increases up to
4.5 MeV/u, the corners become more populated: they correspond to a large fragment and
two smaller ones. In the last panel corresponding to the largest €*, most of the eventsarein
the centre of the triangle, which corresponds to nearly equal atomic numbersfor fragments.
From [55].

in a Cartesian frame:
r = %(Zg — Zg), y = Z1 — %5123 (815)

inwhich Si23 = Z1 + Z + Z3. Then, each point of coordinate (x,y) liesina
triangle, the distance d; to each side i of thetriangle being equal to Z;. Therefore,
in such plots, the corners of the triangle are populated by events with one large
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Figure 8.8. Evolution of the charge distributions observed for the Aut+Au system at
35 MeV/u bombarding energy. On the left-hand plot, the involved excitation energy is
limited and the decay corresponds to light-particle evaporation leading to a heavy residue
(liquid nuclear matter). Conversely, when most of detected products are light particles, the
deposited energy may lead to a complete vaporization of the system (right-hand plot: see
section 7.3.2). In between, many light particles and fragments are emitted which may be
interpreted as the coexistence of the liquid and gas phases (multifragmentation regime).
From [309].

remnant and two small fragments. The sides of the triangle are associated with
fission-like events (two large fragments and a small one), while the centre is
populated with equal-mass fragment events. An example of the evolution of
such Dalitz plots as a function of the excitation energy is displayed in figure 8.7,
showing a clear evolution from a fission-like process towards more symmetric
splittings as €* increases from 3to 5 MeV/u.

It is instructive to note the similar evolution between the timescales and
the charge distributions as a function of ¢* both suggesting a transition from
sequential processesto very fast processes. multifragmentation is thus associated
with a shortening of the timescales and with charge distributions which are more
and more symmetric. Such charge distributions are coherent with achangefroma
process where most of the mass remains concentrated in asingle heavy product (a
piece of liquid nuclear matter surrounded by gas) towards an emission of severa
pieces of liquid nuclear matter as would be expected when the system explores
a phase transition in the spinodale region. This point isillustrated in figure 8.8
showing the evolution of the charge distribution as a function of the dissipated
energy in Au+Au collisions at 35 MeV/u.

In the description of the statistical multifragmentation models and also of the
spinodale decomposition process, special emphasis has been put on the fact that
the system should be at low density. We now consider possible signatures of such
asituation by discussing collective motion in nuclear fragmentation.
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8.4.2 Callectivemotion
8.4.2.1 Fragment kinetic energy distributions

Inacollective ordered motion, and in contrast to the case of thermal motion, there
is a correlation between the position of a particle (or fragment) and its velocity
a the instant of emission corresponding to freeze-out. Collective motion may
thus be studied with the help of the kinetic energy distributions of the emitted
fragments[292]. Thisisvalidif the coupling between intrinsic degrees of freedom
and collective degrees of freedom is not strong enough to completely damp the
motion. Within this picture, the kinetic energy of a given fragment of mass
number A can be decomposed into two terms, a thermal one and a collective
one;

<Ekin> = <Ethermal> + <Ecollective> (816)

where Eiperma takes the value 37'/2 in the classical approximation if only
translational degrees of freedom are considered. Since the relevant quantity for
an expansion process is the expansion velocity, it is convenient to introduce the
mean expansion energy per nucleon thus leading to

Fyin 3T
(xin) = < ; > = 5+ (Ceotlective). (8.17)

It turns out that the thermal contribution playsasizeablerole only for light emitted
particles and becomes negligible for fragments, when compared to the collective
energy. Therefore, a good variable to disentangle the thermal and the collective
termsisto measure ( Exin) O (exin) @ afunction of the charge or mass of emitted
products.

The collective part of the kinetic energy of the fragments can be decomposed
into a Coulomb term plus an ‘expansion’ term. It is not easy to derive the
‘expansion’ term directly from the data and one very often relies on simulations
[293,306]. In such calculations, the kinematics of the multifragmentation of
a single source is calculated with various possible assumptions concerning the
geometry of the source and theinitial outward flow of the fragments at freeze-out
(section 8.3). The motion is supposed to be self-similar which means that the
initial velocity of the fragmentsis proportional to their distance from the centre-
of-mass of the configuration:

v(r;) o« r; (8.18)

where v(r) is the radial velocity of the particle located at distance r from the
centre of the system. It is worth noting that this prescription is not a unique
possibility [283]. However, equation (8.18) is well supported by the predictions
of microscopic transport theories [402]. Therefore, in equation (8.4), one should
add a contribution in the kinetic energy term which reads:

coll = L A;magr? (8.19)

€
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and in which «q is a fitting parameter to be obtained by comparison with the
data. It scales the velocity gradient inside the fragmenting matter. For moderate
collective motion, this term has a small feed-back effect on the composition of
the partitions. Generaly, it is taken into account in the formalism by simply
subtracting (on average) this collective term from the total availableenergy E * in
equation (8.4). But for large collective motion, the radial dependence of the term
in equation (8.19) should be taken into account explicitly and not only on average.

8.4.2.2 Kinetic energy distributions of light particles: the blast model

In view of the preceding discussions, collective motion is best measured with
the help of fragments. There are, however, situations (at high energy) where
the dominant process is vaporization or quasi-vaporization leading to very few
fragments. Then the kinematic characteristics of light particles must be used.
The method then consists in analysing the kinetic energy distribution of light
particles within the framework of the so-called ‘blast’ model [77]. This leads
to the following expression for the kinetic energy distribution:

dN
dE dQ

inh
oc pe- 1 E/T %(WE +T) — T cosha (8.20)

inwhich E and p arethetotal energy and momentum of the particle in the centre-
of-mass, vy = (1 — 3)7"/2, and a = ~;B;p/T. The nuclear temperature
T and the collective velocity G are adjusted to reproduce the kinetic energy
distribution of the emitted particles. A typical example of such an anaysis is
shown in figure 8.9 in the case of Aut+Au collisions at 1 GeV/u. All Kinetic
energy distributions are simultaneousdly fitted with the help of equation (8.20). In
the case displayed in figure 8.9, a collective motion is clearly needed to reproduce
the data.

8.4.2.3 Systematics of collective motion

A compilation of the collective velocity measured in a large range of beam
energiesis shownin figure 8.10. A threshold can beidentified around E 1,1, ~ 30—
40 MeV/u, beyond which a rapid increase in the collective velocity is observed
as a function of beam energy. A comparison with microscopic transport model
calculations (BUU and QMD) is also displayed in figure 8.10. All in dl, the
models do a reasonable job, although it turns out that the BUU model predicts an
anisotropic flow (more flow in the transverse direction than in the longitudinal
one), while the data are compatible with an isotropic expansion. A possible
interpretation lies in the treatment of the individual nucleon—nucleon collisions,
which allows too much stopping in the simulations. Another interesting aspect of
figure 8.10 is the apparent weak dependence upon the stiffness of the equation of
state as shown by the results of the QM D simulations. One way to understand this
feature is that a ‘soft’ E0S leads to high densities but to a low pressure gradient
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Figure 8.9. Energy spectra for light particles (p, d, t, He®, a) emitted at 90° in Au+Au
reactions at 1 GeV/u. The best fit using a collective expansion (eguation (8.20), full line)
is shown with the corresponding chi-square per degree of freedom x> /v. Also shown is
the best fit with a pure thermal emission (no expansion) which fails to reproduce the data
(broken lines). The effect of the temperature is predominantly observed with the protons
through the slope of the distribution. Thisis due to the fact that protons are very light and
thus very sensitive to temperature 7' while the effect of the collective velocity inducing a
shift in the energy distribution is mostly observed for o’s due to their larger mass number.
From [393] and references therein.

whilea“‘hard’ EoS |leads to the opposite, which altogether providesthe same flow
at the end of the reaction.
A significant amount of collective motion shows up beyond a beam energy
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Figure 8.10. Systematics of the collective radial velocity as a function of the beam
energy for medium- and heavy-mass systems in central collisions as measured by various
collaborations. Lines correspond to the predictions of transport models. The labels ‘Hard’
and ‘Soft’ are associated, respectively, with a hard and soft equation of state. For BUU
calculations, the collective motion is found to be anisotropic so that both vpar and vperp
contributions have been shown. From [172] and references therein.

of about 30 MeV/u for central symmetric collisions and for excitation energies
around 5 MeV/u. Figure 8.10 shows that the proportion of the total available
energy measured in the expansion mode evolves rapidly from a few percent
below 50 MeV/u up to 30 to 50% around and above 100 MeV/u. The fact
that the collective radia energy may be scaled with the beam energy does not,
nevertheless, imply that this latter is the only relevant parameter. Indeed, the
results shown in figure 8.10 refer to central collisions for systemswith little or no
asymmetry. Therefore, thereis a direct link between the incident energy and the
excitation energy deposited in the system. Could it be that the excitation energy
is the most important parameter in the process?

A non-exhaustive compilation of the measured collective energy in nuclear
collisions as a function of the excitation energy per nucleon is shown in
figure 8.11. The onset of collective motion seems to be correlated with the onset
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Figure8.11. Systematics of the collective energy as afunction of the excitation energy per
nucleon in central collisionsfor avariety of heavy systemsat incident energiesin the Fermi
energy range. Error bars have been indicated in the case of the INDRA data. Compilation
from [405].

of multifragmentation (see previous section) for avalue of ¢ * close to 5 MeV/u.
From the wealth of datadisplayed in figures8.10 and 8.11, it is not clear whether
the physical origin of the collective motion is related to a mechanical effect or to
a thermally driven expansion. In the first case, the key quantity is the incident
energy since the higher the bombarding energy is the larger the compression
reached in central collisions. In the second case, the key quantity is the excitation
energy. Then, the expansion should be independent of the impact parameter
meaning that peripheral relativistic collisions and intermediate energy central
reactions could lead to the same signal, provided the excitation energy deposited
in the system is the same in both cases. If thisis true, this would mean that the
system has lost the memory of the initial compression (if any).

Another aspect concerns the respective roles of the collective and thermal
motion in the fragmentation process. In a statistical approach, we have seen the
importance of the concept of ‘freeze-out’. Let us discuss this concept from the
point of view of the timescalesin the presence of a collective motion. In order for
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the system to reach equilibrium at freeze-out, the expansion of the system should
not be too fast so that global equilibrium may be achieved and pre-fragmentshave
timetobeformed. Let R¢, betheradiusof the system at freeze-out (with avolume
Vo) and let us suppose that the system expandswith an average collective vel ocity
vy. Thetypica expansion time 7.y, isthen given by the following relation

1 1 dVg,
~— 8.21
Texp Vi dt ( )
which leadsto R
£
Texp ™~ 31;;' (8.22)

For a system of mass around 200 and pr, = po/3 One obtains, respectively,
100 fm/e, 50 fm/c and 20 fm/c for, respectively, v = 0.03¢ (0.4 MeV/u), 0.06¢
(1.7 MeV/u) and 0.14¢ (9.1 MeV/u) mean radial expansion velocities. In the
Fermi energy range, the measured collective velocities correspond to expansion
times which remain larger (but not very much) than thermalization times. This
is no longer the case at higher incident energies when details of the expansion
dynamics should be taken into account.

8.4.3 Thermodynamical signatures

To summarize the results of the two preceding sections, we can say that there is
experimental evidence for the existence of afragmentation regime starting around
an excitation energy per nucleon e¢* = 5 MeV/u in which

e fragment emission timescales become very short: this is the so-called
multifragmentation regime;

e the system experiences a (moderate) collective expansion;

e the atomic number distributions of the fragments evolve from asymmetric
splittings towards equal-mass partitions.

All these features hint that the system experiences fragmentation through its
passage in the low-density coexistence region of the EoS as discussed in
section 8.2.1.1. Thereis, of course, the question asto the extent that such aprocess
is either thermodynamic in origin or the result of a complicated non-equilibrated
process. In the following, we discuss in more detail the characterization of
multifragmentation from the point of view of the thermodynamics.

8.4.3.1 Comparison with statistical models

The characteristics of fragmentation events described in the previous section
have been compared with the predictions of the statistical models outlined in
section 8.3. Generally speaking, good agreement is obtained as far as fragment
charge and multiplicity distributions are concerned. For instance, figure 8.12
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shows the successful comparison between experimental charge distributions
obtained in central Aut+Au collisions a 35 MeV/u and the predictions of the
Copenhagen statistical model [143]. It should however be noted that this model

needs input quantities such as the excitation energy ¢ * and the mass of the source
and has at least one free parameter, namely the freeze-out density p¢,. In this
respect, an interesting aspect of the results shown in figure 8.12 is the fact that the
input quantities needed to fit the data are not unique. For instance, different pairs
of the pg, — T variables (section 8.3) lead to the same agreement with the data.

A high value of pg, (upper part of figure 8.12) maximizes the interaction energy
Einer (Se€ equation (8.4)) between the pre-fragments since they are closer in rea

space than for alower value of pg, (lower part of the same figure). Consequently,
the available energy both for thermal motion and internal excitation energy of the
pre-fragments is smaller for high values of pg,. Thus, in this case, in order to
obtain the same atomic number distributions, it is necessary to increase e * from
4.8t0 6 MeV/u in theinputs of the model. Finally, one should note the sensitivity
of the predictionsto adlight variationin e*. A changeof 1 MeV/u strongly affects
the charge distribution in the high Z region. Thisiswhy €* is very often fixed in
the model by fitting the mean value of the charge of the heaviest fragment in each

partition.

Despite these successes, one must be aware of the fact that the
multifragmentation statistical models are not the only models that can adequatly
reproduce the charge and multiplicity distributionsin nuclear fragmentation. For
instance, the ALADIN data were successfully reproduced using a percolation
model [273]. But in the following we describe the approach of the Berkeley group
which aims to ‘extract’ the statistical features of the fragmentation data directly
by means of areduction procedure.

8.4.3.2 Reducibility and thermal scaling

In section 7.2.3.1 the transition-state theory has been used to calculate the decay
width associated with fragment production. The decay width for the emission of
afragment of atomic number Z reads:

Ty = hwge B2/T (8.23)

where B isthe emission barrier and w is the frequency of assault of the barrier
(seefigure 7.7). Assuming that the frequencies of assault are approximately equal
whatever the fragment, the elementary emission probability is given by

r
pz~ =2 ~e B2/T (8.24)
tot
in which T'y is the total decay width. Such a formalism has been successfully
used to extract fragment emission barriers in [323]. This is achieved by
identifying the decay widths with the measured experimental cross-sections in
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Figure 8.12. Comparisons of the measured charge distributions of fragmented events in
central collisions with the predictions of a multifragmentation statistical model. The data
(black points) have been compared with the results of the calculation (full lines) with two
sets of parameters: the freeze-out density isindicated in each panel and € = 6.0 MeV/u
in (& and ¢© = 4.8 MeV/u in (b). The dotted and chain lines are calculations with
€ + 1 MeV/u. From [143].

complete or incomplete fusion reactions:

Uexp
Py’ = &5 (8.25)
tot

where o%* is the measured cross-section to produce fragments with atomic
number Z and o the total cross-section. Estimating the temperature 7' with
the methods of section 4.3.1, the barrier is obtained for each species and can be
compared to the predictions of the models.

Experimentally measured cross-sections provide the probability P ®*P(n) to
observe n fragmentson an event-by-event basis: these are the branching ratiosfor
binary, ternary, .. ., n-ary decay shownin theright-hand part of figure 8.13. These
probabilities have been measured in Ar+Au collisions at 80 and 110 MeV/u.
Events have been sorted here according to the total transverse energy E; (see
section 4.2.3). A striking feature observed by the Berkeley group is the possibility
of fitting these distributions with abinomial law (full linesin the left-hand part of
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figure 8.13):

Po(n) = P o= —

n

= T (8.26)

where p is the elementary emission probability averaged over all fragments:
p=e BT (8.27)

The underlying interpretation of equation (8.26) is the following: if the system
has the opportunity to try m times to emit an ‘inert’ fragment with an average
probability p, then the probability P of emitting exactly n fragments after m
tries is given by equation (8.26). For each transverse energy hin, it is possible
to extract from the corresponding multiplicity distribution the value of (n) (the
mean fragment multiplicity) and o2 (the corresponding width) in order to deduce
p and m. Indeed, for a binomia law, one has the relations (n) = mp and
02 = (n)(1 - p).

The identification of the measured p with its definition given by
equation (8.27) provides atest of the statistical aspects of fragment emission in
the framework of the transition state theory. However, since the temperature 7' is
not directly measured, it has to be assumed that E, is related to 7" according to
the predictions of the Fermi gas mode!:

T ~VE* ~\/E;. (8.28)
Thus, the relation between p and E; reads:

p~e (BY/VE (8.29)
As shown in the right-hand part of figure 8.13, equation (8.29) is impressively
verified by plotting log(p) as a function of 1/+/E;. The same analysis has been
performed for avariety of systemsin the Fermi energy range [323] leading to the
same conclusions.

The agreement of the data with a binomial law suggests a mechanism in
which the whole decay processis reducible to a series of independent individual
processes, hence the use of the term reducibility. Moreover, since the elementary
probability is directly related to the temperature via equation (8.27), thisresult is
interpreted as a signature of thermal scaling. This implies a strong dominance
of phase space in fragment emission. Indeed, the probability of observing a
given species is solely dictated by the temperature and barrier as in a variety of
chemical and biological processes, hence the denomination of Arrhenius plotsfor
the curvesin figure 8.13. These results have been recently highly debated (see,
for instance, [36, 86, 467,472,491,492]). A crucia point is the question of the
relation between E; and ¢* or T' as assumed in equation (8.28). In [467], it is
claimed that E; and ¢* are weakly correlated. The interpretation of these authors
is the following: Fragment production is basically a dynamical process in the



254 Nuclear fragmentation and the liquid—gas phase transition

36
Ar+*¥an
N 100
1.00 B ; ' ' ! ' '
E 500 ) ] ]
050 ' 4
C 2ol E/A () ]
— 0.20 » 110
g 16 ©80
~  0.10 E
Ay 3
0.05 i p
r «
y =
p.02 g .
1.00 55 i 5 ¢t f i % } }
£ E/A=BDMeY 3 i
050f 7 / n'c = {. sol- b) 1 g ]
[ o Aapoa » 0 - B
— G20p~ 0 201 440 4
3 3 f »z
010 7 PN o3 - ol
e r P o x4 10 : : 2 E
0.05 ¢ g o5 - B
H J ¥ b + 8 ] X X §
0.02 Z L 2 !
N ISV (/A F: 6o RN T
00 T d00 600 800 1000 1500 1 b . L L
0.00 0.02 0.04 0.08 0.08 c.10
£ (MeV) ETV(Mev /%)

Figure 8.13. Left-hand side: probability for emitting n fragments as afunction of the total
transverse energy. Points are experimental; data curves are calculated from relation (8.26)
with p values indicated in the right-hand part of the figure. The linear evolution of 1/p (in
log scale) with the inverse of the square of the transverse energy is expected if the evolution
of the system is governed by thermal equilibrium. From [323].

Fermi energy range. It thus corresponds to a new mode of energy dissipation
[464, 466] as far as the dissipated energy reaches values close to 3 MeV/u.
Therefore, there is no reason that equation (8.29) should remain valid if one
were to use the ‘real’ excitation energy to estimate 7' instead of the transverse
energy. Calculations using statistical models seem to support such a statement
(see also [492]). Another point of debate is the observed autocorrelation between
the IMF multiplicity and the transverse energy (see[472,491,492)).

Originally, reducibility had been interpreted as evidencefor the sequentiality
of fragment emission. This statement has been discussed in [86] in which it
is shown that the Berlin statistical multifragmention model (see section 8.3.2)
which assumes a simultaneous process can reproduce the observed trends of the
data. In the framework of this model and from a general point of view, the
reducibility of multifragmentation events to the product of a single fragment
emission is a strong signature of the dominance of phase space (in the sense
that transition amplitudes which contain al the dynamics seen to play a marginal
role) but it is not a signature of sequentiality. The reason for this is that the
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fragment multiplicity distribution isnot sensitiveto the (small) distortionsinduced
by fragment—fragment interactions in the fina state. The only way to put such
correlationsin evidenceisto build more sophisticated spacetime correlations such
as those shown, for instance, in section 4.3.4.3.

To summarize, thereis no doubt that the reducibility of fragmentation events
is an experimental fact. Thiswas first reported in [323] and confirmed in [492].
This shows up when one uses the definition of the transverse energy taking
into account fragments and with the assumption that the transverse energy is
proportional to the square of the temperature. Concerning this last point, it would
be interesting to study the predictions of models in which fragments and particles
are produced dynamically (for first attempts see [161, 461]). In particular, one
may wonder whether the observed reducibility can be obtained in non-equilibrium
incoherent processes (fragments could be produced independently in coal escence
processes as suggested in [464,466]). In such a picture, the transverse energy
would berelated to theimpact parameter and thusto the size of theregioninwhich
fragmentsareformed (thelarger theregion isthelarger the fragment multiplicity).

8.4.3.3 Phase coexistence

In the previous section, the concepts of reducibility and thermal scaling for
fragment multiplicity distributions were introduced. The same formalism may
be used for the analysis of charge distributions [204, 366]. In this context, one
writes:

Pi(2) = pz (8.30)

where P;(z) refers to the probability of emitting a fragment of charge z in an
event with fragment multiplicity 4. It turns out that equation (8.30) is not exactly
verified by the data, which meansthat the fragment charge distributions do depend
on the fragment multiplicity. The reason for this discrepancy is of combinatorial
nature and reflects charge conservation constraints. It is possible to fit the data if
we replace equation (8.24) by

P, (z) o« e~ (Bz/T)=nez, (8.31)

The parameter ¢ is then a measure of the deviations with respect to a completely
reducible distribution with no charge conservation constraints. The evolution
of ¢ with the excitation energy can be understood if one notes that for limited
excitation energies charge conservation constraints are weak because the heavy
remnant acts as a charge reservoir so that ¢ should stay close to zero. Conversely,
in the multifragmentation regime, this reservoir no longer exists and charge
conservation induces an increase of ¢. Therise of ¢ as a function of excitation
energy can thus be interpreted as a transition from a monovariant system (phase
coexistence, ¢ ~ 0) to abivariant system (one phase, ¢ > 0).

Such a behaviour has indeed been experimentally observed, as illustrated
in figure 8.14 [323]. Simulations of finite nuclear systems based either on the
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Figure 8.14. Left-hand side: evolution with the transverse energy E: of the measured ¢
parameter (see text) for the Ar+Au and Xe+Au systems. Right-hand side: corresponding
simulationsin apercolation calculation in which py, isthe probability to break abond on the
percolation lattice (this parameter plays a similar role as temperature or atotal transverse
energy) (top) and a binary sequential evaporation calculation (bottom). From [323].

percolation model or on the sequentia binary decay model (left-hand part of the
figure) support the idea of a transition from a saturated vapour in equilibrium
with aliquid (the residue) at low temperature to an overheated unsaturated vapour
evaporation at high temperature. The evaporation model places the transition
around 10 MeV/u excitation energy per nucleon, which corresponds to the
maximum fragment production (see figure 7.14).

8.4.3.4 Caloric curves and the study of the heat capacity of hot nuclei

Up to now, we have only considered the study of fragmentation partitions. We
now come to a discussion of the caloric curves which connect the temperature
T and the excitation energy per nucleon ¢*. We have seen in section 8.3.2
that one of the magjor predictions of the high-energy statistical models was the
existence of a plateau in the caloric curves. The search for such a behaviour
in the decay of hot nuclei has been the motivation of numerous experiments in
the last decade, triggered initialy in the fragmentation regime by the ALADIN
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group [372]. The methods to measure both ¢* and T have been described in
chapter 4. Low-energy data have been discussed in section 7.2.1 (seefigure 7.4).
A non-exhaustive compilation of the experimental results obtained using the three
methods to measure nuclear temperatures described in section 4.3.2 is shown in
figure 8.15. The data cover different collision regimes in both the Fermi energy
range and the relativistic domain

Within a given method of extraction of ¢* and 7', the data from different
collaborations do agree, while the application of the three previously mentioned
methods do not. This means that the different methods provide, at best, apparent
temperatures. Thus, they need to be either corrected for spurious effects or at least
to beinter-calibrated. The‘kinetic’ temperaturesfollow, approximatively, a Fermi
gas law, while the ‘excited state’ temperatures seem to saturate (see also [372]).
Finally, the temperatures based on a‘double ratio’ seem to increase slowly.

These results are somewhat puzzling. This apparent contradiction can be
solved in the framework of QSM [232, 269] by including excluded volume
effects [226]. In particular, the saturation of the ‘excited state’ temperatures can
be explained by the fact that the yield of excited clusters is not only determined
by the temperature but also by the ‘geometrical’ volume occupied in the source
by such excited species. Indeed, it turns out that most of them decay by
particle emission, which somehow means that such excited clusters occupy a
larger volume than in their ground states. However, other explanations are also
possible [111,338]. In particular, cooling [194, 246, 429] may be an important
effect: nuclear species would be produced at different steps of the disassembly
process, thus light particles could be expected to be produced first (even at
the pre-equilibrium stage), while fragments would be emitted later, at lower
temperatures, implying a hierarchy in the different temperatures experimentally
observed. In [253] the authors have compared results using either the population
of discrete excited states or the double ratios of isotope yields. The observed
discrepancies are, nevertheless, not fully understood: they could reflect side
feeding effects [372]. More simply, the precision with which the values of the
‘double ratio’ temperature have been obtained with the help of equation (4.29)
presumably becomes questionable at large temperatures. For these temperatures,
asthelogarithmisahighly non-linear function, an uncertai nty about the measured
population yields can lead to an overestimation of the temperature by severa
MeV [299].

However, if one assumes that the ‘double ratio’ temperature is a correct
measure of the real temperature, the resemblance between the results displayed
in figure 8.5 and those of figure 8.15 suggests the observation of a liquid—gas
phase transition in the decay of hot nuclei as claimed for the first timein [372].
This statement has been, and till is, highly debated even if the ‘double ratio’
temperature they obtained with He-Li isotopes seems to be relatively robust.
However, even when taking the experimental value of the temperaturefor granted,
there remains a question about the physical conditions prevailing in the system:
is pressure or volume constant?
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Figure 8.15. Systematics of measured nuclear temperatures with the three methods
described in section 2.3 as afunction of €*. From [171] and references therein.

These two situations lead to different ¢*—T" plots [323]. Indeed, Moretto et
al have pointed out that, for any real fluid, the observed plateau (or at worst the
very slight increase) is expected only if the pressure in the system is constant:
a situation which may not be reached in a finite open system such as a hot
nucleus. In contrast, the evolution of the system at constant volume does not
lead to a plateau in the corresponding caloric curve. This question is discussed
in [408] and in [126] (see figure 8.16). It is seen in this figure that the correlation
T = f(e*) (caoric curve) strongly depends on a third variable A which is the
L agrange multiplier associated with the volume of the system (here 216 particles).
This calculation has been performed in the lattice gas model approach discussed
in section 8.3.4. According to this work, the experimentally observed caloric
curve may be any cut in the plot of figure 8.16 since the volume or equivalently
A are not directly measured experimentally. For the most negative values of
In()) (associated with average densities closeto pg /3), abackbendingis observed
indicating that the heat capacity of the system becomes negative: thisisassociated
with the liquid—gas phase transition in a finite system as discussed in the next
paragraph. However, other paths (associated with larger densities) in the plot do
exhibit a monotonic behaviour.

From the previous discussion, it appears that, up to now, there is no
clear consensus on the interpretation of the caloric curves. It could even
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Figure 8.16. Three-dimensiona plot showing the correlation between the temperature,
the excitation energy (here labelled E) and the A parameter. ) is the Lagrange multiplier
associated with the volume for an isolated system (microcanonical description) of 216
particles described in the lattice gas model framework. From [126].

be, for instance, that out-of-equilibrium clusterization phenomena could lead
to the production of species mimicking to some extent the experimental data.
Dynamical calculations performed within the framework of FMD (section 3.3.4)
[184] canindeed ‘ produce’ a caloric curve with aplateau. However, it isnot clear
that the boundary conditions imposed in the cal culation are those encountered in
nuclear collisions. Thus, a truly microscopic interpretation of the results shown
infigure 8.15is still not at hand. Thistask represents a true theoretical challenge
for future studies.

In any case, the most relevant phase transition signatures have to be found
in an event-by-event anaysis rather than from analysis involving many events. It
is indeed worth noting that all temperature measurements imply an addition of
the contributions of many similar events: for instance, a ‘kinetic’ temperature is
obtained from the slope of an energy spectrum built from many particles detected
in many events. It is far better to try to identify phase transition behaviour in
a single event. Such a method implies the analysis of correlations inside each
single event which isnow possible with modern multidetectors (see section 4.1.2).
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Recently such studies have been proposed in two directions: correlations between
fragments of asingle event [82] (see the next section) or correlations between the
energies associated with independent degrees of freedom [125, 144]. In this last
case, the ideais that a phase transition is associated with large fluctuationsin the
sharing of the available energy among the various possible degrees of freedom.
It has been proposed [126] to look at the relative values of the potential and
kinetic energy parts. The heat capacity of the system may then be calculated from
the variance associated with the kinetic energy part. One obtains the following
relation for the heat capacity of an isolated nucleus:

Ok

C= =

(8.32)

In this expression, C'k is the kinetic microcanonical heat capacity and 7' the
temperature. If the kinetic energy variance o is large compared with 72
the total heat capacity becomes negative. Such a result is expected from
the microcanonical description of a first-order phase transition occurring in a
finite nucleus [227]. It has been obtained recently from experimental data (
[90, 144, 145]) but has still to be confirmed from systematic measurements with,
on the one side, systems for which the phase transition is expected and, on the
other, systems for which it is not.

8.4.3.5 Searchfor acritical behaviour in nuclear fragmentation

At the critical point in infinite systems, both the specific heat and the isothermal
incompressibility become infinite. Near the critical point, the behaviour of these
guantitites (and also of other ones) can be described with the help of universal
numbers called critical exponents. The search for critical exponentsin the decay
of hot nuclear matter follows the analysis developed in condensed matter physics
for the study of critical phenomena. Fragmentation datawerefirst analysed in this
context in the mid-1980sin [109, 110, 374]. A percolation model (section 8.3.4)
was used and its results compared with the behaviour of charge distributions
obtained in the fragmentation of gold nuclei around 1 GeV/u incident energy
[484]. One defines the various moments m . of the charge distribution as

1 k
mi = — an (8.33)
where the sum runs over all fragments: with multiplicity n; and with charge Z;.
The lowest order moment m thus provides the total fragment multiplicity and
my givesthetotal charge Z;,;. But moreinteresting isthe fact that the correlation
between m( and m provides a direct signal of a critical behaviour as shown in
figure 8.17. Finite-size effects were clearly emphasized at that time as well as
the importance of the dimensionality of the system. Such analyses have triggered
numerous studies as more and more compl ete data became available.
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Figure 8.17. Experimental (black points) correlation between the two moments m» amd
myo (equation (8.33)) observed in the fragmentation of Au nuclei [484] compared with
the predictions of the percolation model for three different geometries. The full line
corresponds to a very large three-dimensional lattice (125000 sites): for such avery large
system a critical behaviour is clearly observed around my = % (for an infinite system,
one would have a divergence at this point). Going to a smaller three-dimensional lattice
(open points) where the number of sites is of the order of the number of nucleons in the
source (around 200), the divergence is unfortunately reduced to a broad maximum. Thisis
aconsequence of finite-size effects. Nevertheless, the model isin good agreement with the
data. Finaly, aone-dimensional lattice calculation (crosses) does not show any maximum
in the distribution but a monotonic evolution. This is expected because it can be shown
that no critical behaviour is expected in such a one-dimensional system. From [110].

The recent, more involved, investigations along this line are, nevertheless,
mainly based on thework of Fisher [188] on the condensation of water dropletsin
avapour. The same techniques have actually been used in percolation and lattice
gasmodel calculations (section 8.3.4). They are based on finite-size scaling [332].
We illustrate it here, following the experimental analysis performed by the EoS
collaboration [174, 206].

According to Fisher's model, the mass distribution of the nuclear droplets
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reads:
na(e) = qA~7 f(2)g9(A, Ap,m) (8.34)

in which the scaling variable is z = €A™, ¢ = (m — m¢)/m (m is the
fragment multiplicity and m. the fragment multiplicity at the critical point).
The function f(z) (the so-called scaling function) is related to the surface free
energy of fragments. As surface tension vanishes at the critical point, we have:
f(z = 0) = 1. Finaly, the factor gy in eguation (8.34) is only a function of 7:
go = 1/¢(r—1) and Ap = py, — py Where ug, and py arethe chemical potentials
of, respectively, the liquid and the gas phase. Note that, here, the multiplicity is
used as the control parameter but the temperature can also be used in the same
way (see for instance [227]).

The scaling function g(A) entering equation (8.34) is related to the bulk free
energy to produce fragments:

g(A) = e AH/T, (8.35)

At the critical point (m = m.) or aong the coexistence line, the two chemical
potentials are equal so that the order parameter i1, — vy vanishes, thus leading
(according to equation (8.34)) to a power-law mass distribution. Such power-law
behaviours have been observed in various experiments [174, 206, 309] and along
time ago in proton-nucleus callisions in the GeV range [187,316]. Theissue is
then to extract the two critical parameters ~ and o, which are often used to define
two other critical parameters:

—9 3
T and 4= T

8=
(2

From an experimental point of view, the first step of the analysisis to find
me. T0 this end, the charge distribution associated with a given multiplicity m
is fitted with a power-law function. The distribution for which a sharp minimum
is observed in the x providesthe critical multiplicity m.. (see figure 8.8, middle
panel). The associated exponent of the power-law distribution is then the critical
parameter 7. Knowing m. and = and assuming that the system is always at
the coexistence ling, it is then possible to obtain the scaling function f(z). An
analysisof f(z) then givesthe value of the second critical parameter o.

The results of several experiments as well as the predictions of different
models concerning these critical exponents are shown in table 8.1. From a
comparison between the modelsand the data, it is hard to concludewhichmodel is
best suited to describe the data because all of them give rather similar predictions.

These results could appear very promising. Let us, however, be cautious.
It is not clear that a power-law distribution of fragment atomic numbers is a
reliable signature of a second-order phase transition since it has been shown that
such a distribution can be reproduced in simple simulations under non-critical
conditions [367]. Thus, the search for a phase transition in nuclear fragmentation
based on the study of nuclear partitions suffers from the same problems as the
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Table 8.1. Critical exponents obtained for various systems. Theory: percolation [439)],
lattice gas [51], statistical multifragmentation model (SMM calculations [144] removing
fission with prescription of [151]). Datas Autemulsion at 1 GeV/u [109], Au+C at
1 GeV/u [206] (see also [174] for are-analysis of the data which |eads to the same results),
Au+Au 35 MeV/u [144]. Adapted from [112].

System T B 5 1+2
Percolation 2.20 0.45 1.76 1.25

Lattice gas 221 0.33 1.24 1.27
Statistical multifrag-  2.168 +£0.002 — — 1.28 £ 0.002
mentation model

Au+emulsion 2.27+0.1 — — 1.24+0.1
Au+C 2.14 + 0.06 029+0.2 14401 1.21+0.1
Aut+Au 2.12 £ 0.02 — — 1.28 £0.031

search for a liquid—gas phase transition in nuclear thermometry. There is no
clear consensus on the experimental signals so that many different contradictory
interpretations have been proposed. Most of the theoretical predictions are based
on oversimplified hypotheses about the system under consideration. In particular,
apart from the question of thermal equilibrium which may or may not be achieved,
there is a problem with the fact that the system is open and can exchange matter
and energy with the vacuum. This obviously raises the question of theimportance
of dynamical effectsin the decay modes of hot nuclel and, in particular, in nuclear
fragmentation. Here aso, it is necessary to go further to be more conclusive.
This may be performed by looking at the charge correlations between various
fragments of the same events. This question is addressed at the end of the next
section.

8.4.4 Microscopic dynamical description of nuclear fragmentation

In the previous sections, signatures of aliquid—gas transition have been discussed
in the context of nuclear thermodynamics. By nature, these approaches do
not address the question of the formation of the fragments. The only way to
deal with such an issue is to ‘follow in time’ the whole process, whence the
necessity of using dynamica approaches. The work of [356] has aready been
mentionedin section 8.2.3. Here, wewould like to report on the confrontation of a
stochastic transport model (the so-called BOB for Brownian-one-body approach)
[224] with data obtained by the INDRA collaboration [403]. Two systems were
considered (Xe+Sn at 32 MeV/u and Gd+U at 36 MeV/u) for which the most
dissipative central collisionslead to the same excitation energy per nucleon (close
to 8 MeV/u) but, of course, not to the same mass number for the fused system.

A first experimental result isthe strong similarity between the atomic number
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Figure 8.18. Charge and multiplicity distributionsin central 32 MeV/u Xe+Sn (triangles)
and 36 MeV/u Gd+U (circles) collisions. The histograms (broken: Xe+Sn, dotted: Gd+U)
are the predictions of adynamical simulation based on semi-classical transport theory with
an additional stochastic term. The insert shows the corresponding fragment multiplicity
M with the same symbols as in the main figure. From [403].

distributions of the two systems (see figure 8.18). Another interesting point is
the scaling of the observed fragment multiplicity distribution with the total mass
of each system (see insert in figure 8.18). It is worth noting that such trends
can be interpreted in the framework of the statistical models [89]. However,
these features can also be reasonably reproduced by a dynamica calculation
(histograms in figure 8.18). A detailed analysis [191] of the time evolution of
the system in the simulation shows that the system enters the spinodale region at
finite temperature (ps ~ 0.4po for T = 4 MeV) after a maximum compression
closeto 1.25p9 at t ~ 40 fm/c. The fragment multiplicity reaches its asymptotic
valuefor t ~ 250 fm/c after the beginning of the reaction. At thistime, the system
is deep inside the spinodal e region and the disassembly of the system is driven by
a mechanical instability (spinodale decomposition, section 8.2.1.3). But due to
this rather long time, it is possible to understand why statistical assumptions are
also able to reproduce the global features of the data [89].

Other dynamical approaches based on molecular dynamics models (QMD)
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[339] advocate a faster, non-equilibrated process, triggered earlier in the reaction.
The physical scenario that can be traced back from such calculations is the
following. Free particles constituting the gas phase are produced in hard nucleon—
nucleon collisions at the very beginning of the reaction, while the liquid phase
is hardly excited and is constituted by those nucleons which only suffered soft
‘secondary’ collisions. Consequently, there is no strong mixing between the
nucleons of the two partners of the reaction as required, for instance, in a
statistical treatment. Transparency is hence predicted, even for the most central
collisions. The kinetic energy of the fragments is provided, to a large extent,
by the internal Fermi motion of the nucleons inside the medium. It is predicted
that a strong memory effect of the entrance channel will be observed in the data.
Results obtained at relativistic energies by the FOPI collaboration [380, 395]
seem to show that full equilibration has indeed not been obtained even for the
most central collisions, but similar experiments have not been performed below
100 MeV/u and they are clearly needed. The principle of such experimentsisto
induce collisions between nuclei with quite different N/Z ratios. The isotopic
composition of IMF detected at forward or backward angles should keep the
memory of the incident isospins of nuclei if chemical equilibrium is not achieved
during the collision, i.e. if some transparency or rebound takes place. Such
experiments will be undertaken in the near future but they need to identify, both
in mass and charge, the outgoing productsin any direction.

For the moment, recent data are in favour of a scenario in which
multifragmentation results from a spinodale decomposition. They rely on
correlation studies between fragments emitted in a single event. Stochastic
statistical theories described at the beginning of this section predict that the
size of the outgoing fragments should be strongly correlated if they result
from a spinodale decomposition scenario. Such a behaviour has indeed been
observed in central collisions [82]. A further coherence with the data is that the
signal disappears if one selects less violent collisions for which the spinodale
decomposition is not expected. This result has, however, to be confirmed
by performing crossed comparisons between data and calculations for various
systems and impact parameter selections.

8.5 Conclusion of the chapter

In this chapter we have discussed the main features of nuclear fragmentation from
both experimental and theoretical points of view. Nuclear fragmentation studies
are mainly motivated by the search for a liquid—gas phase transition in nuclear
matter, which is a natural consequence of the structure of the nucleon—nucleon
force. The fact that such a transition is sought for in finite transient systems
makes it much more difficult. It should, however, be stressed that thisis a unique
situation in physical systems.

Experimentally, it is worth noting that such studies push the experimental



266 Nuclear fragmentation and the liquid—gas phase transition

and analysis techniques to their limits by requiring high granularity and high
quality detectors. Although this represents a huge experimental effort, the quality
of the obtained data is certainly rewarding. As far as the data are concerned,
the characterization of nuclear fragmentation in terms of time and energy scales
has been discussed. The transition (around € ~ 3 MeV/u) from a rather slow
sequentia process towards a fast simultaneous mechanism has been shown in
conjunction with the evolution of the charge distributions towards symmetric
partitions.

A collective motion has been evident when the incident energy reaches the
Fermi energy. However, this radial motion remains rather moderate and could
thus explain, to a certain extent, the dominance of phase space. Thislast point has
been discussed both from the point of view of reducibility and thermal scaling
and also through a comparison of the data with the multifragmentation models
developed so far. A direct signature of aliquid-gas phase transition in hot nuclei
is presumably provided by the structure of the caloric curves. Experimentally,
it turns out that several such curves have been obtained due to the fact that the
different methods of nuclear thermometry lead to different results. Therefore, the
theoretical interpretation of the caloric cuvesis till, to a large extent, not fully
settled.

Theoretically, the use of generic approaches such as percolation models
or lattice-gas models has proven to be extremely useful for our understanding
of finite-size effects in phase transitions. Due to their simplicity, their link
with the data remains questionable, mainly because such models, as well as the
multifragmentation statistical models, consider ideslized situations which may
not be achieved in nuclear collisions. This leads us to the everlasting question
of the role of the dynamics in the nuclear disassembly process. Very recently
fully dynamical calculations have become available: such approaches are very
ambitious since they treat the whole process from the very beginning up to times
for which it is hoped that no strong dynamical effects will ater the process.
First results are very promising and there is no doubt that such studies will be
pursued in the future as computer capabilities now allow us to simulate thousands
of collisionsin areasonable computer time.



Chapter 9

Epilogue

To conclude such a topic as the one we have been addressing in this book is quite
a hard task. It is probably the hardest part of the job but it is aso the one which
makes the whole enterprise worth the effort, asit is the part which will alow us,
and hopefully the reader, to put al the achievementsinto awider perspective, both
in time (we think here of the future of our field) and, to some extent, in space (by
which we mean other fields of physics).

Fortunately we were cautious—we did not put any question in the title of
the book which could have necessitated a definite answer. We have, nevertheless,
tried to put forward the, still numerous, open questions in the field. As far as
possible, we have tried to answer some of the more specific questions but we
have also |eft several others open. Thisis, in our opinion, a sign of good health
for the field, as these many open questions are presumably the best trigger for
efficient and successful forthcoming research.

In the next few pages we shall, nevertheless, try to summarize some of our
findings in terms of achievements, open questions and new emerging questions.
We shall return first to a question of principle in the interest in heavy-ion
collisions. Next we shall discuss the major experimental findings in terms of
basic physical quantities and questions, such astime, energy and dynamicsversus
thermodynamics. We shall also summarize our theoretical understanding of the
physics of nucleonic collisions and try to point out the possible (necessary) lines
of development. The future will be addressed in the ensuing sections, mainly in
the field, in particular, in terms of the opening in the physics of isospin. Findly,
we shall superficialy discuss the future in terms of openings in other fields of
physics which are, more or less, loosely connected with heavy-ion collisions.

9.1 Why bombard nuclei against one another?

Heavy-ion collisions have been a central topic, and, to alarge extent, the essence
of this book. We presented them in the introductory chapter as a powerful means
with which to explore the properties of nuclei. We have seen that they indeed
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allow us a better understanding of some dynamical properties of nuclei. We also
had in mind the possibility of exploring the phase diagram of nuclear matter and
possible phase transitions. We have indeed made some steps along this line,
although caution is necessary here. We had, in fact, to face both dynamical
and thermodynamical questions. The links between the two aspects are both
trivial and complex and, for sure, not fully understood in the context of heavy-
ion collisions. However, we do not aim to discuss these achievements here in
detail. We postpone that to section 9.2. Here we would like to focus on what is
more a question of principle concerning, say, the feasibility of such aprogramme.
In other words, are heavy-ion collisions in the nucleonic regime a proper tool
with which to investigate the type of questions we had originally in mind or even
for questions we might have overlooked up to here? Roughly speaking, such a
guestion amounts to quantifying, or at least listing, the pros and cons of heavy-
ion callisionsin the nucleonic regime.

Nuclei are exceptional extended objects, although finite, in the sense of
purity. As compared to many other physical situations (think, for example, of
defectsin crystals), experimenting on nuclei has the fundamental, satisfying and
useful, advantage of allowing us to deal with well-defined objects. Very much
is known about a given nuclear species, from gross properties like the binding
energy or radius to very detailed ones spectroscopic in nature. This knowledge
is preserved in heavy-ion collisions. The nature and energy of the projectile are
perfectly known as is the nature of the target. In addition one is able to control
the beam parametersto ensure that only one collision takes place at atime and is
recorded. In turn, the new generation of 47 detectors has allowed us to measure
most of the products of acollision, thus providing an incredibly detailed picture of
the collision patterns, hardly attainable in comparable physical situations (think,
for example, of collisions between complex molecules). In this respect heavy-ion
collisions thus constitute a particularly favoured field. Note, however, that such
a good knowledge of the initial conditionsis not fully a gift of nature as one, for
example, remains unable to control the impact parameter of the reactions. The
need for modern 47 detectorsis, to alarge extent, due to this fact.

Still, heavy-ion collisions are not an easy tool to handle. The situations
encountered are violently dynamical, which means that a proper understanding
presumably requires a high degree of sophisticated modelling. In this respect
a comparison of results obtained with light projectiles, like protons, deuterons,
or antiprotons is quite telling, as it allows us to disentangle the various aspects
a work (dynamical versus thermodynamical questions in particular). The
complexity of the collisionsitself reflectsthe difficulty in finding the most suitable
observablesto characterizeaphysical situation. Looking for the relevant variables
has been, and remains, a basic quest in the field. It is interesting to note
that the problem is actually both theoretical and experimental, as the necessary
microscopic models used suffer from the same defects as the experimental data,
namely the fact that one is facing too much unstructured information at once!
But pessimism should presumably not win here. Over the years a wedlth of
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experience has been gathered on these questions and, although some situations
remain beyond simple analysis (the typical example is here multifragmentation),
significant steps have been made in many other directions and should be
acknowledged. For instance, the identification of the impact parameter (or at
least the degree of violence of the collision) is more and more acceptable. Here
we hit another inherent difficulty of this physics connected to the highly indirect
nature of the measurements. It is physically impossible to measure directly
distances of order 10~'> m! Of course this situation is not specific to nuclear
collisions. There are many other fields of physicsin which direct measurements
are impossible but very often a few well-defined variables which provide a one-
to-one clue to the sought after quantity exists. Most of the time this is not the
case for heavy-ion collisions in the nucleonic regime. A good aspect of thisis
that one has thus to find clever and robust variables, which can even be exported
to other situations. Altogether, although the situation is not aways forgiving,
years of patient work have shown that most of the intrinsic difficulties could
be circumvented or, at worst, greatly reduced. To learn physics from heavy-ion
collisions thus constitutes a plausible goal, which should hopefully become more
and more real with time, particularly if a proper theoretical framework is able
to accompany the experimental developments. Let us now discuss these aspects
more specificaly.

9.2 Nuclear collisionsand therelevant observables

Itisinstructiveto trace back (even in aschematic view) the evolution of the study
of nuclear collisionsin thelast decades. The discovery of new phenomenaand the
emergence of new theoretical conceptsare obviously linked with the development
of new facilities and new experimental techniques.

Several decades ago, the use of light probes (say from nucleons up to
«’s) to induce nuclear collisions opened up the possibility of producing ‘tepid’
nuclei. The modest amount of excitation energy brought to the system enabled
the use of statistical approaches pioneered by the invention of the concept of
the compound nucleus by Niels Bohr. Nuclear level densities at moderate
temperatures and emission barriers were then measured by studying evaporation
processes. Collective phenomena such as giant resonances or fission were also
explored. However, it was aready recognized at that time that non-equilibrated
processes were present in such collisions in the form of fast particle emission.

Although pioneering studies were performed in the 1950s, it was not until
the early 1970s with the advent of powerful heavy-ion accelerators that the study
of heavy-ion reactions triggered the possibility of exploring matter at higher
excitation energies [415]. Indeed, the discovery of deep inelastic or highly
damped reactions as well as the study of complete fusion lead to the conclusion
that large amounts of excitation energy could be deposited in nuclei, which were
then called *hot nuclel’. However, the exit channels of such reactions remained
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rather simple: the two partners of the reaction retained, to a large extent, their
identities although an important mass diffusion process (related to the dissipation
inside the system) could be observed.

The timescales involved in such collisions alow the internal degrees of
freedom (which evolve on a short timescale€) and afew selected collective degrees
of freedom slowly evolving in macroscopic potentials to be separated. It is thus
possible to introduce a description based on the Fokker—Planck equation and
thus to shed light on the mechanism of energy dissipation in nuclear collisions.
Nuclear friction was introduced at that time with help of phenomenological
theories based on the wall and window formulae.

The advent, in the early 1980s, of nuclear facilities accelerating heavy-ions
at a few tenths of MeV/u opened up the possibility of reaching the very limits
of the existence of nuclei. In nearly symmetrical collisions, part of the incident
energy can be transferred into heat whose magnitude may be comparable with
the total binding energy of the sytem. This is why the complete disintegration
of nuclear edifices into hucleons and light composites has been observed in this
domain.

The price to pay to characterize such complicated processes properly is a
huge experimental effort to detect and identify the many products emitted in the
most dissipative collisions. From this point of view, the incredible progress in
detection technology is certainly one of the main achievements of the last decade.
From atechnical point of view, there is no possible comparison between a typical
experiment performed in the late 1980s and one in the late 1990s.

Conceptually, the description of such very violent reactions requires new
ideas because of the shortening of the collective timescales. A microscopic
description using nucleons as degrees of freedom is then a necessity, hence the
development of microscopic nuclear transport theory described in detail in this
book.

The evolution of nuclear dissipation from a slow process at low incident
energy to afast and violent mechanism in the Fermi energy range is testified by
at least three new features that have been discussed extensively in this book:

e theincrease of particle pre-equilibrium emission and their related collective
motion (sidewards flow and squeeze-out) on the one hand and, on the other
hand, the associated sub-threshold production of particles (mainly pions but
also kaons) as well as high-energy ~-rays,

e the formation of neck-like stuctures and the disappearance of complete
fusion;

e the advent of new decay modes from sequential fragmentation up to
vaporization via multifragmentation.

What have we learned by studying these new phenomena?

The study of fast processes and particle production has proven to provide a
direct link with the properties of nuclear matter. The understanding of sidewards
flow and squeeze-out requires, in the framework of transport models, a soft
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equation of state with momentum-dependent forces. This is probably one of the
main achievementsin thefield in thelast few years. However, we have seen that a
consistent microscopic theory that could account for the production of composite
particles in the early instances of the reaction is still not available athough
recent developmentsin molecular dynamics calculations are very promising (see
section 9.3). The understanding of very rare processes such as pion or kaon
production also remains, to alarge extent, an open problem.

New reaction mechanisms have been discovered and explored. The
characterization of neck-like structures and more generaly the experimental
evidence for strong deviations with respect to low-energy reactions is a mgjor
finding of the last decade. This represents a true challenge for the theory
in the sense that it addresses its capability to reproduce rather complicated
spacetime configurations. Such configurations depend, to a large extent, on a
proper description of the transport properties of highly non-equilibrated matter.
In particular, a correct treatment of dissipation through one-body and two-
body dissipation mechanisms, and a proper evaluation of the corresponding
macroscopic quantity (the nuclear viscosity) still remain problematic.

The study of the decay modes of hot nuclel is strongly motivated by
the search for the liquid—gas phase transition of nuclear matter as suggested
by the structure of the nucleon—nucleon interaction. We have seen that this
programme represents a difficult task. The main reason for thisis that it requires
acontrol and an understanding of all the processes mentioned earlier, namely the
characterization of non-equilibrium emission and a knowledge of the spacetime
structure of the reaction on an event-by-event basis. Therefore, the measurement
of the relevant variablesturning the transition from aliquid-like state to agas-like
state such as the nuclear temperature, the excitation energy and the volume in
which the system decays represents a formidable challenge for physicists.

However, the strong evolution from low-energy (evaporation and fission)
towards high-energy decay processes (fragmentation and vaporization) suggests
that such a transition has indeed been observed in nuclear collisions in the
nucleonic regime. However, the obvious question here is whether one can relate
such phenomenawith the thermodynamical properties of nuclear matter. It is not
impossible that the transition may occur out-of-equilibrium. This could be the
reason why the usual behaviour (well known, for instance, for macroscopic rea
fluids) of a constant temperature associated with liquid—gas phase coexistence
has not been unambiguously observed. In other words, the ‘ plateau’ of the caloric
curve is till disputed. This is so because such a plateau is expected only for
well-defined thermodynamical conditions (for instance constant pressure). Such
conditions are obviously not fulfiled in heavy-ion collisions in which dynamical
effects play a determinant role. It is hence necessary to explore new signatures
of phase transition. First attempts have been discussed in sections 8.4.3.4 and
8.4.3.5.
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Figure 9.1. The various steps of the development of microscopic transport theories in
nuclear physics

9.3 A consistent theory at hand?

As aready mentioned, theory hasacrucial roleto play in thisfield because of the
intrinsic complexity of the situations under study. Although many achievements
have been attained over the years, in particular, with help of statistica and
phenomenological dynamical models, a fully accepted and satisfying paradigm
isnot yet at work. And this deficiency could cause prejudicein thisfield. Before
trying to envisage possible directions of investigation in this respect, let us briefly
review the situation, again taking a historical perspective. To understand the
collision of two nuclei means to solve a quantal many-body problem, which is
known to be impossible as such, as soon as the total number of constituents
becomes larger than four. One has thus to rely on approximate methods. Along
the years, in the case of nuclear collisions, two lines of approximations have been
developed, in which either the many-body or the quantal nature of the problemis
lost.
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In the first class of approximations one relies on the mean field, the power
of which has been well established to describe ground-state nuclei. The mean
field was first made time-dependent and extended to include two-body effects not
accounted in the average mean field. During this process the original quantal
problem has been further simplified to its semi-classical counterpart, and thus
BUU now represents a typical tool of investigation. Still, as we know, one has
to go even beyond BUU to account for fluctuations, which were proposed within
the Boltzmann—L angevin approach, but little used in realistic cases. Nevertheless,
the use of these kinetic equations (or their stochastic extensions) remains a matter
of theoretical debate as a proper formal justification is not straigthforward, not
to mention technical difficulties. The semi-classical approximation here bears a
sizeable fraction of the responsibility as such approximationsare only marginally
valid for the collisions under study and remain hard to implement properly. Asa
consequence, these models have, to some extent, turned more and more towards
phenomenology, and they have never succeeded in providing a truly reliable
theoretical framework.

It is to be noted that the field suffered, particularly during the 1980s,
from the inadeguacy between computational capabilities and the problemsto be
described. Significant efforts were made in the early eighties to propose well-
founded extensions of the mean field for describing nuclear collisionsin the Fermi
energy domain. But most of these attemptsremained merely formal because of the
impossibility of performing realistic calculations to test these theories. The great
strength of BUU arose precisely fromits numerical simplicity which allowed such
realistic, although approximate, calculations. The situation is now quite different.
The *PC-boom’ of the mid 1990s has provided software capable of testing these
‘old’ theories. It will be of great benefit to the field and, more generally speaking,
to the theory of the many-body problem, to explore these directions properly.

In parallel to the development of the quantal mean field, the possibility of
describing nuclear collisions at a purely classical level, by means of molecular
dynamics (MD) methods was explored. This line of investigation gives priority
to the many-body nature of the problem, at the price of losing quantal features.
MD iswell established in many fields of physicsin which ‘elementary’ particles
are either neutral atoms or inert molecules. In the nuclear case its justification
is not so straightforward. It probably makes sense at very high beam energy,
where quantal effects are indeed washed out, as was proved by the longstanding
successes of cascade models. But in the nucleonic regime, the situation is much
lessforgiving in this respect. Early investigations of MD actually tried to account
for the Pauli principle by means of a pseudo interaction but these attempts finally
fell by the wayside. In turn, the mid 1980s saw the appearance of the so-called
QMD which soon became a standard in the field, in spite of its intrinsic defects.
The many calculations performed since then have shown several successes and
failures, which are difficult to attribute to a clear theoretical aspect. Here too,
phenomenol ogy has probably also reached its limits.

In view of the structural defects of QMD, particularly with respect to
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the Pauli principle, since about 1990 an anti-symmetrized version of MD was
developed. Looking at it in more detail in fact shows that the origina FMD
(or AMD) are nothing more than degraded versions of time-dependent mean-
field theories. Thus they clearly point out again the unavoidable robustness of
one-body theories in nuclear dynamics. Looking at it over the years, it turns
out that FMD remains one of the few theoretical attempts in the field, which,
while fulfilling basic nuclear requirements such as the Pauli principle, forming
a basis for theoretical and computational devel opments, beyond the mean field,
in particular, with the recent introduction of the correlator operator. The other
promising direction is presumably provided by stochatic TDHF. Still, one should
realize here that we are mainly back to, or a few steps forwards from the
developments of the early 1980s around extended mean-field theories. Thisbrings
us back to our earlier conclusions, on the virtues of these investigationsthat were
buried too soon. Thus, if there is one conclusion to be drawn here, it is certainly
that the field should start to explore more systematically the many-body problem
around the basis provided by the time-dependent mean field. This is probably
the only possible way, outside exhausted phenomenology, to reach a coherent
picture of nuclear dynamics in a wide range of beam energies in the nucleonic
regime. A proper theoretical account of isospin also presumably relies on such
well-founded theories, rather than on back-of-an-envelope models. Finadly, it
is important to note that such developments would also probably offer valuable
openings towards other fields of physics in which strongly dynamical situations
are also encountered.

9.4 Somefuturedirections

9.4.1 Nuclear collisionsin a‘large’ N/Z range

From an experimental point of view, the advent of facilities capable of producing
and accelerating radioactive beams with sizeable intensities in alarge domain of
the neutron-to-protonratio (IV/Z) isarevolution for the field of nuclear structure
[333,427,458]. However, it is aso good news for the study of excited nuclear
matter.

First, collisions with radioactive beams can be used to study the degree
of equilibration reached in the course of the reaction (as aready demonstrated
in [380]) but, in the present case, on a larger scale. To this end, during the
interaction of two nuclel withinitialy very different N/Z values, the evol ution of
the corresponding ‘isospin’ degreeof freedomisfollowed in the emitted products.
According to the amount of stopping, the detected species should have different
N/Z vaues depending on their emission angle or, equivalently, on their rapidity.
Schematically, if nuclei are transparent or conversely if a rebound takes place
in violent collisions, one expects to detect products which retain a memory of
the initiadl N/Z asymmetry while in the case of complete mixing, (chemical)
equilibrium is achieved. Then, similar N/Z values should be observed whatever
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the fragments and the detection angles. Second, the study of hot, equilibrated
matter at various densities and with different N/Z ratios alows new regions of
the phase diagram to be explored. For instance, it is expected that on increasing
the N/Z ratio of the whole system, most neutrons should contribute to the gas
phase rather than to the liquid phase (fragments).

From an experimental point of view, the use of multidetectors with good
mass number resolution for intermediate mass fragments would certainly be a
major improvement. For this purpose, it is necessary to detect and identify
neutrons and fragments. These should be identified both in charge and mass
which is not presently the case with the available detectors. It will hence be
necessary to improve the existing 4= detectors in order to achieve both complete
detection (large angular coverage, low thresholds) and complete charge and mass
identification. The coupling of such a device with machines delivering new
radioactive beams with sufficient intensities would allow us to pursue this new
exploration of the nuclear-matter phase diagram.

9.4.2 Beyond specificity

Nowadays, interdisciplinarity has become akey word in the scientific community.
Hence, we may wonder what could be the contribution of the study of nuclear
collisionsto other fields of physics. Here, we briefly describe two featuresthat we
think can cross-fertilize different fields of physicsand in which nuclear collisions
in the nucleonic regime can play arole.

9.4.2.1 ‘'Species production: what is common to hadronization and
clusterization?

The production of species (we use this term here in a very generic manner: this
can not only involve mesons, baryons, etc but also composite particles up to
fragments) is the key process in which to learn about collision mechanisms. We
should remember that this istrue over avery large range of energies: from afew
dozen MeV/u incident energy corresponding to the low-energy phenomena in
the nucleonic regime discussed here up to several hundreds GeV e e~ collisions
leading to the production of W’sand Z’s.

A striking and common feature of species production in such extremely
different physical conditions is the incredible success met by the so-called
thermal models. For instance, the hadronization processin e Te~ collisions can
be nicely described with help of Hagedorn's statistical bootstrap model [38].
Similar approaches have been used to reproduce particle production in ultra-
relativistic nuclear reactions (see [438]) at the CERN-SPS (sulfur projectiles at
200 GeV/u) [95] and at BNL-AGS (silicon projectilesat 14.6 GeV/u) [94], in the
relativistic regime at GSI-SIS (nickel projectiles between 0.8 and 2 GeV/u) [16]
and (as discussed in section 7.3.2) in the nucleonic regime (argon projectiles
at 95 MeV/u) [81]. Of course, in this last case, hadronization (coalescence of
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partonsto produce hadrons) isreplaced by clusterization (coal escence of nucleons
to produce composites). However, it is amazing that both mechanisms can be
explained with the help of simple phase-space arguments (namely the masses and
spins of the considered species, the temperature and the ‘ freeze-out’ volume).

9.4.2.2 Fragmentation: the essence of complexity?

Fragmentation is a process common to many physical systems. Fragmentation
properties have been studied in a large variety of broken objects ranging from
meteorites, terrestrial rocks, asteroids ( [371] and references therein) up to
more common structures such as plates [260] or gypsum structures [347]. All
these systems exhibit universal scaling properties. in particular, fragment-size
distributions show a power-law bahaviour. We have seen similar behaviour in
section 8.4.3.5 in the nuclear context.

In a recent experiment, power-law behaviour has also been observed in
the fragmentation of hydrogen-ion clusters (H3;) [179] colliding with carbon-
60 fullerene molecules. A comparison in reduced units between the data from
clusters and atomic nuclei is shown in [71]. A quite impressive similarity is
obtained between the two systems although the physics involved in the two
disassembly processes is very different. We believe that such comparisons are
extremely useful for a full understanding of the (perhaps) underlying universal
properties of fragmenting complex systems.



Chapter 10

Appendix

10.1 Units

Basic units
Energies are expressed in MeV, distancesin fm and times in fm/c. This unit
system is well suited to the physical situations considered here.

— 1MeV=10%ev ~16x10"13]

- 1fm=10""%m

- 1fm/e~10"%m/(3x103ms ) ~33 x 10 *s
Fundamental constants

—  he~197MeV - fm

- h%/2m ~ 20.73 MeV - fm? (for anucleon of mass mc? ~ 940 MeV)
- €%/(4meg) = 1.44 MeV - fm

Auxiliary units

nucleon density [p] — fm™
temperature[T] — kT in MeV (with Boltzmann constant & = 1)
pressure [P] — MeV - fm™*

cross-section [o] — 1 barn = 100 fm?

3

10.2 Notation and conventions

Throughout this book we use the following notations:;

vectors and operators are denoted with bold characters (for example the
Hamiltonian operator is denoted H', and position r)

in formal developmentswe usually take i = 1

Boltzmann constant £ = 1

we use standard Dirac notation for kets, | ¥'); the corresponding wavefunction
reads ¥ (r) = (r|¥)
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Table 10.1. Notation.

Quantity

Notation

A-body antisymmetrization operator
A-body density matrix

A-body Hamiltonian

A-body ket

Beam energy per nucleon (lab. frame, MeV)
Excitation energy (MeV)

Fermi energy (MeV)

Incompressibility modulus (MeV)

Kinetic energy operator

Level density parameter (MeV 1)
Mean-field (one-body) potential

Mean free path (fm)

Neutron

Nucleon

Number of neutrons in a nucleus

Number of protons in a nucleus

Number of nucleons in anucleus
One-body density matrix in r space (fm~?)
One-body density of matter (fm~3)
One-body distribution function (phase space)
One-body Hamiltonian

One-body ket

Pion

Proton

Two-body antisymmetrization operator
Two-body density matrix

Two-body interaction

Ai..a
Pi..A

H= EiAzl K; + Ei<]‘ Vij

(1, Ay
Eiab/u

E*

€F

223 yg@ N;

TESSD N
=332

D LT
SIS

=

10.3 Somebasicrelations

10.3.1 Propertiesof nuclei

10.3.1.1 The nucleon—nucleoninteraction

average nucleon—nucleon cross-section o ~ 40 mb ~ 4 fm?2
typical range of the nucleon—nucleoninteractiond ~ 1 fm

hard coreradius rgc ~ 0.6 fm

typical mean free path in ground-state nuclei A ~ 5-10fm
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10.3.1.2 Ground-state nuclei

e Gross properties

nuclear radius R ~ ro A/ withrg ~ 1.12 fm so that R ~ 2-8fm
surface width ~ 1-2 fm
typical nuclear binding energy E/A ~ —8 MeV
typical de Broglie wavelength in ground-state nuclei Ag ~ 5 fm
e Nuclear potential well
— typical nuclear potential depth V' ~ —50 MeV
— typical nuclear chemical potential y ~ —8 MeV
— typical Fermi energy ep ~ 40 MeV
e Fermi gas properties (zero temperature, spin—isospin degenerate)

— Density
p= 3%1@“1
—  Fermi energy .
€F = %kﬁ

— valuesfor saturation density p = 0.17 fm—3

kp ~1.36fm™' ep ~ 38 MeV.

10.3.1.3 Thermodynamics of nuclei

e relation between thermal excitation energy and temperature (low-
temperature limit)
E* ~aT?

e typical vaueof level density parameter (from experiments, overlooking shell
effects)a ~ A/8
e relation between entropy and temperature (Ilow temperature limit)

S ~ 2aT.

10.3.1.4 Low-energy dynamics
e Giant resonances
—  parametrization of frequencies

hwl,s = Hl,sA71/3

forl = 0,1 (Steinwedel-Jensen model) and [ = 2, 3, 4 (isoscalar s = 0,
isovector s = 1) or hw; , = Ky A~ /% forl = 1and s = 1 (Goldhaber—
Teller model)
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Table 10.2. Some giant resonances energies and widths.

Multipolarity! s  Energy (in A~Y/3)MeV  Width (in MeV)
0 0 80 2-4

1 1 78 4-8

2 0 o4 2-8

3 0 30and 120

typical giant resonance period 7gr ~ 50-150 fm/c

Fission

fissility parameter

_ Ecoul(sphere) Z%JA

T 2Esurf(sphere) B (Z2/A)Crit

with (Z2/A) e ~ 50

typical fission barrier height:

heavy nuclel By ~ 5 MeV, light nuclel B ~ 40 MeV
typical fissontime e ~ 10721-10"2° s

10.3.2 The nucleonic equation of state

Saturation point (symmetric nuclear matter)

saturation density po ~ 0.17 fm—3

saturation energy E/Ag ~ —16 MeV

incompressibility modulus K o, ~ 220 MeV

parabolic form of the nuclear matter equation of state in the vicinity of
saturation point

Ko 9
E/A(p) = E/Ao + m(ﬂ = po)

Thermodynamical properties (symmetric nuclear matter)

typical range of nucleonic physics:
0<p<S1bpy and 0<T <20MeV
spinodale density (zero temperature) ps ~ 2/3pp ~ 0.10 fm—3

critical density (liquid—gastransition) p. ~ 1/3py ~ 0.06-0.07 fm—3
critical temperature (liquid—gastransition) 7. ~ 16—18 MeV
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10.3.3 Kinematicsand cross-sections

Available centre-of-mass energy

Nuclear collisions in the Fermi energy range consist of bombarding a
projectile on a fixed target nucleus. Hence part of the incident energy is
spent as recoil energy of the centre-of-mass. Thus, the available centre-of-
mass (CM) energy, i.e. the energy available for the collision Ey isonly a
fraction of the laboratory energy of the projectile:

Ay

Fow = Blav 0=
D t

(10.1)

Thisexpression is anon-relativistic approximation; E,y, isthe beam energy,
Ap(A;) the projectile (target) mass number. The centre-of-mass energy per
nucleon writes as:

E B, A, A A A
€CM = CM = lab L4 t 3 = Elab p t 5 - (102)
Ap+ A Ay (4, +A) (Ap+ Ar)
The corresponding centre-of-mass velocity vy can be written as
AI)
= Ulah —2— 10.
VoM = Van (10.3)

where vy, IS the beam velocity in the laboratory frame. In the non-
relativistic approximatiom, the conversion from the centre-of-mass frame to
the laboratory frame is realized using the law of vectoria addition of the
velocities: v, = v* 4+ vom Where v* is the velocity of a given particlein
the centre-of-mass frame, v,;, the corresponding velocity in the laboratory
frame.

Direct and reverse kinematics

The expression ‘direct’ (‘inverse’) kinematics is used when the projectile
mass is lower (larger) than the target mass. From equation (10.2), the CM
energy per nucleon has the same value for direct and reverse kinematics for
afixed incident energy per nucleon, €1,p,.

Invariant cross-sections

The quantity EB‘BT; (where E is the total energy of the particle) is Lorentz
invariant. In the ngn-relativistic case, E ~ m where m is the mass of
the particle, thus, jT‘; is Galilean invariant. From d3v = dQuv, dv dyy,

isocontours in the plane v — v can be drawn as in section 4.2.1. From

2 _ 2 2 _ 1_d%c ; ;
E* = p* + m*, we have EdE = pdp and thus ;dEgQ is an invariant
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that can be used to plot particles’ kinetic energy distributions whatever the
considered frame.

Rapidity
Instead of v, the rapidity y is sometimes used. This is defined by y =

%ln[?jg :"] where p|| is the linear momentum parallel to the beam. From
By ="L onegets y = %ln[i—gn].

In the non-relativistic approximation, one obtains: y ~ 3. The rapidity
is used instead of the velocity in the relativistic domain because of the
convenient following additive property: y1a, = y* + youm in which y* is
the rapidity of the considered particle in the centre-of-mass frame, y 1.1, the
rapidity in the laboratory frame and y o isthe rapidity of the centre-of-mass
in the laboratory frame. Of course, this property (which is equivalent to the
additive property of velocities in the non-relativistic approximation) is true
whatever the frames considered.

10.4 Abbreviations and acronyms

Table 10.3. Acronyms.

Acronym  Explicit name

AMD Antisymmetrized molecular dynamics
BL Boltzmann-Langevin

BNV Boltzmann-Nordheim-Vlasov

BUU Boltzmann—-Uehling—Uhlenbeck

DIC Deep inelastic collision

ECR Electron cyclotron radiation

EES Expanding emitting source

EoS Equation of state

ER Evaporation residue

FMD Fermionic molecular dynamics

GDR Giant dipole resonance

GR Giant resonance

IMF Intermediate mass fragment

INC Intra-nuclear cascade

IQMD Isospin quantum molecular dynamics
LCP Light-charged particles

LDM Liquid drop model

LV Landau—Vlasov




Abbreviations and acronyms

Table 10.3. (Continued)

Acronym  Explicit name

MD Molecular dynamics

NFD Nuclear fluid dynamics

OBEP One boson exchange potential

OPEP One pion exchange potential

PLF Projectile-like fragment

QGP Quark gluon plasma

QMD Quantum molecular dynamics

QP Quasi-projectile

QSM Quantum statistical model

QT Quasi-Target

RQMD Relativistic quantum molecular dynamics
SMM Statistical multifragmentation model
STDHF  Stochastic time-dependent Hartree—Fock
TDHF Time-dependent Hartree—Fock

TKE Total kinetic energy

TLF Target-like fragment

ToF Time of flight

TPC Time projection chamber

VUuU Vlasov—Uehling—Uhlenbeck
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Absorption, 20, 21 164, 183, 188

photo, 205 emission, 201, 207, 251, 269
Accelerators, 98, 99 fission, 54, 57, 158, 199, 280

cyclotrons, 1, 99-101 height, 57, 195, 199, 280

heavy-ion, 269 potential, 67

linear, 99 Baryon, 6, 181, 184, 185, 275
Agitation number, 69

internal, 172 BBGKY, 68

thermal, 202 Blast model, 246

unstable modes, 229 Blocking
AMD, 94-96, 232, 233, 274, 282 crystal blocking techniques, 130,
Antisymmetrization, 28, 75, 77, 92, 132, 210, 211

95, 96, 278 Pauli, 29, 73, 77, 82, 137

Approximation Pauli blocking factors, 77, 185

A-body, 81 BNV seealso BUU, LV, 80, 282

Hartree, 36, 75 BOB, 263

Hartree—Fock, 30, 71, 75 Bosons, 43

independent pair, 27 Briickner

'l\jl’ca'kde”é‘:yé% matrix, 27, 28, 30, 31, 81, 86
arkov, 5%, theory, 24, 29, 31, 34, 48, 77

non-relativistic, 111
relaxation time, 84, 85 Bremstrahlung, 184, 187
Brownian

semucégss;a; 60, 73, 78, 79, 82, degree of freedom, 87
stationary phase, 207 mot|02r8852é960, 63, 64, 84-86,
Th Fermi, 201 . !

omas—-erm particle, 63, 64

weak gradient, 79
Arrhenius plots, 253 BUU, 59, 73, 78, 80, 81, 83, 93-95,
97, 162, 164, 172, 178, 185,

Balance energy, 167, 177-179, 192 187, 188, 192, 230, 246,

) 248, 273, 282
Barrier
assault frequency, 208, 251
Coulomb, xi, 53, 56, 61, 70, 100, Cdoric curve(s), 221, 238, 239,
119, 123, 137, 160, 161, 241, 256, 258, 259, 266, 271
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Calorimetry, 98, 117, 118, 120, 128,
135, 143, 145
Cascade, 191, 273
hadronic, 141, 144
Clock
neutron, 55, 130, 210
thermal, 56
Clusterization, 232, 258, 276
Clusters
composite, 170
excited, 257
ion, 276
light, 157
nuclear, 44
preformed, 191
production of, 193
Coefficient
diffusion, 65
friction, 208
thermal conductivity, 69
transmission, 52
transport, 86
viscosity, 69
Coester line, 34
Coexistence
line, 262
liquid—gas, 5, 26, 44, 45, 224,
225, 244
phase, 45, 221, 224, 225, 239,
255
quark-hadrons, 5
region, 225
Collective
dynamics, 61
effects, 60, 144, 187, 204
energies, 147
energy, 148, 248
expansion, 124, 247, 250
modes, 187, 202
motion, 9, 120, 128, 148, 181,
192, 194, 202, 204, 206,
208, 212, 218, 221, 222,
236, 244-248, 270
observables, 2

Index 299

process, 130, 193
Collision term, 70, 73, 77, 79-81,
84-86, 88, 89
Boltzmann-like, 77, 84-86
fluctuating, 85-89
Uehling—Uhlenbeck, 86
Compound nucleus, 132, 141, 158,
160, 165, 168, 169, 171,
204, 209-213, 234, 269
Compressibility see also Incom-
pressibility modulus, 36, 91
Conductivity, 69
Conservation laws, 87, 168, 239
Cooling, 55, 132, 148, 209, 258
Correlation, 23, 57, 76, 82, 85, 90,
96, 113, 114, 131, 201
angular, 102, 154, 241
auto, 98, 133, 254
autocorrelation function, 130
azimuthal, 177
charge, 259, 263
Coulomb, 131
dynamical, 22
effects, 202
Fermi, 19
function, 23, 63, 84-87, 130134,
189-191, 241
mean-field, 201
particle—particle, 193
Pauli, 19, 23, 27, 192
spacetime, 132, 241, 255
time, 76
Critical
angular momentum, 138, 140
behaviour, 260, 261
density, 45, 223, 234, 241, 280
exponents, 260, 262, 263
multiplicity, 262
parameters, 6, 262
phenomena, 221, 240
point, 5, 45, 47, 223, 225, 260,
262
pressure, 47
radius, 226, 227
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temperature, 45, 199, 237, 280
Cross-section

free nucleon—nucleon, 25

capture, 52, 126

complete fusion, 160

fission, 208

fusion, 52

GDR, 205

geometrical, 56

in-medium nucleon—nucleon, 24,
29

invariant, 107, 109, 115, 151

neutron capture, 56

nucleon—nucleon, 8, 18, 19

of evaporation residue, 208, 213,
214

photoabsorption, 205

reaction, 138

scattering, 20, 24

Dalitz plots, 242-244
Decay modes, 8, 158, 160, 194—
196, 205, 213, 215, 218-
220, 263, 270, 271
Deformation, 143, 147, 152, 156,
164, 201, 204, 206, 207, 222
axis, 206
path, 206208
quadrupole, 206
variable, 206
Degeneracy, 80, 239
spin—isospin, 15, 201
Degrees of freedom
collective, 2, 141, 147, 222
compressional/rotational, 117
individual, 2
internal, 237
internal/collective, 168, 245, 270
intrinsic, 206
one-body, 59
pionic, 48
relevant, 64, 96
single-nucleon, 2
sub-nucleonic, xi, 2, 99

thermal, 208
trandational, 245
Delta, 6, 12, 21, 34, 99, 181-184
Density matrix, 39, 40, 42, 59, 73,
74, 85
A-body, 74, 278
equilibrium, 40
one-body, 37, 38, 43, 68, 71, 74—
77,79, 85, 278
reduced, 74
two-body, 23, 75, 82, 85, 278
Detectors, 98, 101-106, 119, 135,
142, 150, 265, 268, 275
Diffusion, 20, 84
coefficient, 65
effects, 95
equation, 65, 86, 141, 206, 235
process, 205, 208, 270
wavepacket, 232
Dirac—Briickner, 29, 32, 34
Dissipation, 3, 8, 63, 110, 114, 136,
137, 140, 141, 145, 146,
151, 153, 160, 161, 168,
192, 195, 206, 208, 212—
214, 218, 231, 235, 253,
270, 271
Dissipative
effect, 172
process, 63, 69, 72, 206, 209,
210, 223
reactions, xi, 55, 83, 137, 141,
143, 147, 150, 158, 164,
195, 216, 218, 220, 231,
235, 238, 263, 270
Distribution
A-body, 78
azimuthal, 112, 179
Boltzmann-Gibbs, 40, 41
charge, 117, 242
Dirac, 44, 93
fragment multiplicity, 216
Heaviside, 44
Husimi, 79
mass, 261



Maxwel|-Boltzmann, 84

momentum, 131, 173, 174

of relative momenta, 16

one-body, 78-80, 84, 87, 89, 278

phase space, 73, 78, 232

power law, 262

reduced, 78

relative velocity, 155

single-particle, 86

spacetime, 131

transverse momentum, 177
Duration

of the collision, 87

of theelementary collision, 82, 88

ECR, 99, 282
EES, 234, 282
Effective
interactions, 1, 24, 27-32, 35, 71,
77,81, 148, 179, 222, 232
mass, 22, 31, 35, 201, 202, 213
mesons, 27
Einstein relation, 63-65
Emission
angle, 102
anisotropic, 128
channels, 20, 57
cluster, 122
composite, 125, 126
fragment, 132, 195, 205, 218, 234
frequency, 210
in-plane, 175
isotropic, 107, 155
neck, 156
neutron, 56-58, 62, 132, 169
out-of-plane, 175, 179, 180
particle, 56, 150
path, 207
photon, 194
pre-equilibrium, 117, 120, 124,
147, 159, 169, 214, 270
probability, 50, 53, 126, 127, 206,
251
proton, 56, 172
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rate, 208
sequential, 241
sources, 109, 116, 154, 188, 189
surface, 123, 234, 235
thermal, 247
time, 123, 132, 202, 241
volume, 123, 235
Ensemble
canonical, 41, 90
grand canonical, 41, 43, 235
microcanonical, 41, 49
statistical, 42, 48, 54, 66, 236,
237
Entropy, 4042, 52, 53, 162, 164,
222, 225, 226, 228, 235,
237,279
Equation
Bethe-Goldstone, 29
Boltzmann, 72, 73, 76, 77, 82-84,
86, 91
Boltzmann—Langevin, 85-89
Dirac, 29
Euler, 69
Fokker—Planck, 65, 66, 86, 141,
206
Hamilton, 90
Hartree—Fock, 37, 38
kinetic, 66, 68, 70, 73, 81
Kramers, 206
Langevin, 63-65
Liouville~von Neumann, 38, 39,
74
Navier—Stokes, 69
NFD, 68
of motion, 61, 63, 90
gquantum Boltzmann, 75-77, 83,
86
Schrodinger, 21, 29, 38, 39, 71
semi-classical kinetic, 78
Vlasov, 78-81
Equation of state, 7, 9, 10, 32, 33,
35, 4448, 58, 68, 177-179,
220, 224-226, 228, 229,
231, 232, 235, 248, 280,
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282, 284

Ergodicity, 235

Eta, 184

Evaporation residue, 158, 160, 194,
195, 208, 209, 213, 214,
218, 282

Event generators, 133

Expansion, 62, 108, 124, 128, 148,
189, 222, 224, 226, 230,
231, 234, 236, 245-250

Fermi
—Dirac statistics, 81
correlations, 19
energy, 15, 278, 279
energy domain, 99
gas, 1518, 22, 23, 35, 46, 168,
253, 279
golden rule, 50, 89
integral, 46, 198
level, 43, 55
liquids, 213, 214, 218
momentum, 15, 17, 29, 33, 73
motion, 16, 148, 265
occupation, 43, 196, 198
sea, 27
spheres, 82, 168
velocity, 16, 29, 136
Fermionic molecular dynamics see
also FMD, 96, 97, 282
Fermions, 15, 16, 23, 43
Finite-size (effects), 4, 17, 45, 49,
217, 223, 239, 260, 261,
266, 306
Fission, 1, 2, 9, 14, 54, 57, 61, 62,
66, 67, 102, 129, 130, 156,
158, 194, 195, 204, 206,
209, 213, 215, 218, 220,
235, 269, 271, 280
asymmetric, 205
axis, 210
barrier, 54, 57, 158, 199, 280
cross-section, 208
delay, 213

flux, 212, 235
fragments, 130, 158, 160, 210,
243
induced, 234
probability, 9, 57, 158, 209
rate, 57, 209
symmetric, 155, 195, 205
time, 56, 57, 210, 280
width, 209
Fission/evaporation, 209
Flow, 167, 168, 192
angle, 114, 160
anisotropic, 246
directed, 179
effects, 187
in-plane, 180, 192
inversion of, 178
measurements, 175
outward, 245
parameter, 176-178
sidewards, 69, 175, 177-180,
192, 270
Fluctuations, 48, 65, 67, 83, 85,
87,112, 147, 156, 187, 221,
226, 227, 229, 231, 260, 273
-dissipation (theorem), 63, 85
density, 227, 229
energy, 48
Ericson, 130, 131
growth, 228
high-order, 193
large amplitudes, 225
mean-field, 89
quantum, 225
shape, 226
single-particle, 225
statistical, 48
temperature, 49
thermal, 203, 208
Fluids
macroscopic, 223, 271
real, 44
Van der Waals, 6
FMD, 94-96, 259, 274, 282



Freeze-out, 69, 235, 236, 245, 249,
250
density, 251
stage, 236
volume, 235, 276
Friction, 63-65, 67, 137, 140, 172,
206, 208, 210, 212-214,
235, 270
Functional of the density, 71
Fusion, 8, 71, 73, 120, 137, 138,
141, 160, 168, 169, 210,
213, 242, 252
complete, 160, 162, 165, 166,
269, 270
incomplete, 159-161, 165, 166,
172
nucleus, 169
reaction rate, 51
reactions, 158, 204
residue, 73, 173

Gammas, 8
GDR, 202-205, 213, 214, 218, 282
Generators
event, 133, 135
Gluons, xi, 1, 2,6
Gogny
interaction, 24, 29, 30, 32

Hadron, xi, 5
Hadronic matter, xi, 5, 6, 99, 178,
181
Hadronization, 275
Hamiltonian, 35, 92
A-body, 37, 90, 278
FMD, 95
Hartree—Fock, 37
| attice-gas model, 240
one-body, 28, 79, 80, 278
operator, 39
QMD, 93
single-particle, 201
Hard core, 25, 27
radius, 278
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Heat capacity, 194, 222, 258, 260
Heisenberg
uncertainty principle, 1, 92
Hierarchy, 74
BBGKY, 68, 73, 75, 76, 78, 81,
85
Hydrodynamics, 67, 68, 70, 175

Impact parameter, 98, 109, 110,
114, 115, 128, 135-138,
140, 143, 147, 148, 150,
152, 154, 156, 163, 172,
174177, 179, 180, 182,
185, 187, 192, 215, 233,
249, 255, 265, 269
estimation, 110
sorting, 112
INC, 70-73, 78, 81, 282
Incompressibility see also Com-
pressibility, 138, 260
Incompressibility modulus, 31, 33,
34, 36, 92, 185, 188-190,
278, 280
Instability
fission, 199
growth, 224, 225
mechanical, 264
neck, 156
spinodale, 226, 227, 229-231
thresholds, 228
Interaction(s)
bare, 27, 29, 77, 86
bare nucleon—nucleon, 34
Coulomb, 1, 4, 231
coulombic, 210
dipole—dipole, 2
electromagnetic, 2, 130
fina state, 126, 131, 239
finite range, 22
fragment—fragment, 255
Gogny, 24, 30, 32
hadron—nucleon, 145
momentum dependent, 30, 177
nearest neighbour, 240
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nucleon—nucleon, 2, 5, 23, 27,
278
residual, 19, 22, 80, 88, 93
S-wave, 132
short range, 223
Skyrme, 30, 32, 35, 38, 45, 46,
223
surface-surface, 156
three-body, 31, 34
two-body, 27, 34, 278
Van der Waals, 1, 26
zero range, 30, 38
| onization chambers, 105
IQMD see also QMD, RQMD, 93,
282
Irreversibility, 76

Kaon, xi, 12, 102, 182, 184, 185,
187, 193, 270, 271

Lattice, 240, 256, 261
-gas model, 221, 234, 240, 258,
259, 261, 263, 266
LDM, 13-15, 17, 282
energy, 14
Level density parameter, 18
Lifetime, 53, 131-133, 137, 141,
210, 223
measurements, 129-131
neutron emission, 56
particles, 12
source, 108, 131
LV seealso BUU,BNYV, 80, 282

Mass (formula), 32
Matrix see also Briickner
G, 28
T,27,29
MD, 90, 91, 94, 96, 192, 273, 283
Mean field, 2, 10, 19, 20, 22, 24, 36,
55, 58-60, 70-73, 76, 77,
80-82, 87, 88, 96, 168, 172,
178, 196, 203, 273, 274
approaches, 18, 19, 60, 70, 73

beyond, 75, 96, 201, 274
equation, 78
extended, 96
extended mean-field calculations,
72
Hamiltonian, 71
potential, 37, 278
theories, 8
time, 85
Mean free path, 19-21, 29, 60, 68,
70, 136, 156, 165, 278
Meidum (effects), 8, 18, 28, 29, 34,
77,183,213
Memory (effects), 65, 66, 82
Metastability, 5, 121, 194, 196-198,
203
Model(s)
basic nuclear, 13
Berlin, 236
Big Bang, 6
blast, 246
bootstrap, 275
cascade, 72
Copenhagen, 236
EES, 234
exciton, 192
Fermi gas, 15
fireball, 70
firestreak, 70
Fisher, 261
Goldhaber-Teller, 279
Hartree—Fock, 36
high-energy statistical, 235
hydrodynamical, 68, 175
Ising, 240
Landau-Vlasov, 154
lattice gas, 240
Liquid Drop, 13
low-energy stistical, 234
of nuclear fission(Fong), 235
participant—spectator, 69, 143
percolation, 3, 251, 261
rows-on-rows, 70
shell, 1, 17



Steinwedel-Jensen, 279
Molecular chaos, 76, 82, 85
Molecules, 18, 273

collisions, 268

fullerenes, 276
Moments

multipole, 67

of arandom force, 64

of cluster sizes, 240

of fragment multiplicity, 216

of the charge distribution, 260

of the Langevin force, 87
Multifragmentation, 9, 92, 93, 103,

123, 220, 221, 234-236,
238, 239, 241, 242, 244,
245, 249-252, 254, 255,
263, 265, 266, 269, 270

Neutron stars, 4, 5, 33, 34, 47, 48,
293, 297
NFD, 68-70, 283
Noise, 64-66
coloured, 65
white, 6466
Nuclear emulsions, 104
Nucleosynthesis, 47
Number(s) see also Fermi
magic, 1, 17
occupation, 15, 23, 43, 44, 81
quantum, 16, 74

OBER, 27, 283

OPEP, 27, 283

Operator, 277
antisymmetrization, 28, 36, 92
correlator, 96, 274
density, 39, 40
projection, 29
spin exchange, 30
spin isospin, 32

Pairing, 12, 14, 199, 201
Parameters
control, 262
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critical, 6, 262
Lagrange, 37, 38, 41
Participant, 143, 182
zone, 104, 142, 156
Participant—spectator, 8, 69, 141,
143, 152, 165
Partition, 221, 236-238, 246, 250,
251, 256, 262, 266
Partition function, 4042, 48, 237
Pauli exclusion principle, 10, 15, 16,
18, 22-24, 27, 36, 44, 58,
60, 75, 77-79, 81, 86, 91,
92, 94, 95, 136, 273, 274
Percolation, 3, 240, 251, 255, 256,
260, 261, 263, 266
site-, 222
Phase diagram, 37, 58, 199, 224—
226, 228, 229, 268, 275
Phase shifts, 24, 26, 27
Phase transition, 45, 199, 222, 241,
244, 266, 268
finite system, 9, 221, 223
first-order, 260
geometrical, 222
liquid—gas, 6, 220-223, 238, 240,
241, 258, 262, 265, 266, 271
second-order, 222, 262
signatures, 259, 271
thermally driven, 222
Photon, 11, 181, 184, 187, 192, 194
cross-section, 187
GDR, 214
interference, 189
interferometry, 189
production, 167, 187, 188
soft, 187
spectrometer, 167
spectrum, 187
statistical, 187, 200
thermal, 189
Pion, xi, 1, 6, 11-13, 27, 60, 99,
100, 102, 137, 141, 145,
146, 181, 184, 185, 189,
270, 271, 278
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Plasma, 92
Poisson brackets, 79
Potential
central, 17
centrifugal, 140
chemical, 41, 42, 127, 198, 239
complex, 20
Coulomb, 69, 140
depth, 17
direct/exchange, 38
external, 206
finite range, 69
Gibbs, 41
grand, 41, 198
harmonic, 17
interaction, 140
Lennard-Jones, 44, 90
modified L ennard-Jones, 92
nuclear, 140
one-body, 31
optical, 20, 22, 93
Paris, 26
Pauli, 91, 92, 94
pocket, 140
real part, 21
thermodynamical, 41, 42, 46, 198
two-body, 37, 76
vel ocity-dependent, 93
Woods-Saxon, 17
Yukawa, 69, 91

QCD, 1, 6,26

QGP, 5, 6, 13, 99, 178, 181, 240,
283

QMD see also IQMD, RQMD, 93~
95, 97, 192, 230, 246, 264,
273,283

QSM, 218, 219, 239, 283

Quark, xi, 1,2, 6,11

Quark gluon plasma, 6

Radioactive beams, 274, 275
Radius
critical, 226, 227

curvature, 103
freeze-out, 250
hard core, 278
nuclear, 17, 21, 23, 56
nucleon, 2
source, 131
Rapidity, 104, 107, 111, 113, 116,
150, 155, 157, 169, 175-
177, 180, 274, 282
Reaction plane
construction, 177
determination, 176
Reducibility, 221, 253-255, 266
Relaxation, 84, 85, 138, 154, 173,
174
Resonances, 127, 240
giant, 1,2,9, 12,50, 62, 187, 194,
195, 198, 202-204, 269,
279, 280
hadronic, xi
RQMD see also IQMD, QMD, 93,
283

Saturation, 26, 30, 33-35, 93
density, 4, 5, 28, 32, 36, 45, 47,
48, 92, 127, 226, 229, 234,
279, 280
energy, 280
mechanism, 26, 29
point, 4, 6, 3234, 45, 280
property, 12, 24, 27
Scaling, 12, 263, 276
finite-size, 223, 261
function, 262
thermal, 221, 253, 255, 266
variable, 261
Scintillator, 103—105
Scintillators, 106
Shell
closure, 17
effects, 17, 55, 195, 199, 201,
203, 279
mass, 82
model, 1, 17, 18
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74, 88, 89, 94-96
SMM, 238, 263, 283
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isothermal, 227
Spin, 11, 12, 15, 17, 25, 26, 30, 37,
43, 50, 94, 125, 126, 128
Spin-orbit, 17, 26, 31
Spinodale
decomposition, 220, 229, 230,
232, 244, 264, 265
density, 47, 280
instability, 225-227, 229-231
isentropic line, 225
isothermal line, 47, 228
region, 5, 45, 224-230, 244, 264
Squeeze-out, 175, 179, 192, 270
Statistical model(s), 10, 50, 52, 53,
57, 58, 121, 123, 129, 134,
210212, 214, 216, 220,
234, 235, 241, 250, 251,
254, 256, 264
basics, 50
high-energy, 235
ingredients, 52
limitations, 57
low-energy, 234
multifragmentation, 221, 238,
252, 266
nuclear fragmentation, 234
quantum, 127, 218, 219, 239,
257,283
STDHF, 88, 89, 96, 283
Stochastic, 59, 63, 64
collision term, 86
component, 93, 230
differential equations, 60, 64
extensions, 66, 83-85, 273
force, 59, 63-66
process, 64—66
samplings, 72
TDHF, 88, 97, 283
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trajectories, 89
transport model, 263
variable, 65, 66
Stochasticity, 232
Stopping, 71, 73, 103, 148, 1686,
246, 274
Strangeness, 182, 184
Supernova, 4, 6, 44, 47, 48, 224, 231
Surface
—surface interactions, 156
/Coulomb, 199
diffusivity, 17
effects, 31, 186, 201, 204, 213
free energy, 262
instability, 156, 224
processes, 234
properties, 222
tension, 199, 237, 262
term, 14, 35, 93, 237
vibration, 204
width, 21, 279

TDHF, 70-76, 80, 88, 94-96, 197,
283
Tensor
analysis, 112
components, 112
eigenvectors, 113
energy, 112, 114
force, 26
momentum, 112
pressure, 69, 174, 175
velocity, 112
Thermalization, 8, 54, 56, 57, 61,
116, 146, 147, 167-169,
172-174, 185, 189, 192,
194, 231, 250
Thermometry, 98, 121, 128, 135,
240, 262, 266
Threshold, 8
absolute, 182, 186, 187, 193
detection, 103, 104, 111, 115,
119, 181, 275
kaons, 187
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nucleon—nucleon, 19, 186
particle production, 181, 182
pion production, xi, 24, 60, 99,
100, 137
sub-, 183, 184, 186, 270
Timescales, 8, 54, 56, 57, 59-62,
82, 116, 123, 129, 133, 135,
146, 147, 156, 164, 165,
175, 184, 199, 208, 211,
221, 222, 224, 225, 244,
249, 270
chronometry, 98
collective, 270
fission, 61, 208-211
fragmentation, 221, 235, 241, 250
giant resonances, 62, 202
spinodale decomposition, 230
stellar, 47
Transform
Fourier, 22
Wigner, 79
Transition
-state method, 206
-state theory, 206, 251, 253
amplitudes, 254
between states, 83
probability, 50
shape, 199
Transition matrix, 50, 192, 235
Truncation, 75, 76, 198
BBGKY, 73
scheme, 75-77, 85

Units, 277
Vaporization, 8, 9, 147, 194, 195,

217221, 223, 240, 244,
246, 270, 271

Variables
collective, 9, 66, 67, 206
conjugate, 41, 42
dynamical, 95
global, 8, 61, 110, 114, 115, 135,
161
intensive, 42
kinematical, 110
natural, 41, 42
relevant, 8, 59, 61, 66, 67, 97,
116, 268, 271
sorting, 112, 115
thermodynamical, 7
Variational principle, 37, 40, 71, 94,
95
Viscosity, 9, 69, 147, 195, 205, 212—
214,222, 234, 271
coefficient, 69
temperature-dependent, 209, 213
VUU, 80, 186, 283

Wavefunction, 277
A-body, 71
electronic, 96
Gaussian, 94
nucleonic, 15, 21, 27, 28
of the system, 28
one-body, 36, 37
plane waves, 35
relative, 96
two-particle, 131
Wavelength
deBroglie, 19, 60, 70, 78, 279
nucleon—nucleon collision, 136,
141
perturbation, 226
unstable mode, 230
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