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The story so far: In the beginning the Universe was
created. This has made a lot of people very angry
and been widely regarded as a bad move.

Douglas Adams
The Restaurant at the End of the Universe

Abstract

One of the main subjects in modern Nuclear Physics is to study the nuclear matter
equation of state which defines the relation between nuclear temperature, pressure
and volume P(V,T} of a fermionic system. Phase transitions of different kinds are
possible if one looks into equation of state (P - p) plots (Fig.l). Universe provides
us with direct experimental material for these studies. The development of a neutron
star follows e.g. a continuos P(V,T} trajectory. An atomic nucleus exists normally
in its ground state, which represents only one point with p = p0. In order to prepare
a piece of nuclear matter with properties, which differ substantially from the ground
state properties, nuclei must be accelerated and then collided with another nucleus.
Thus we talk about the research field of Heavy Ion Collision Physics, which might
be subdivided into three branches with respect to phase transitions:

• Low energy heavy ion reaction physics deals e.g. with highly rotating nuclei, as a
result of reactions with low incident energies and very large impact parameters.
Here a transition from a superfluid to an uncorrelated phase is observed.

• Intermediate energy heavy ion physics studies fermionic systems excited in
nuclear collisions to E*/A up to a few tens of MeV. During such a collision a
region with high density (pressure) and high kinetic energies of fermions (nuclear
temperature) can be formed which afterwards may disassemble into several
fragments of various mass, thereby simulating a liquid-gas phase transition where
the fragments are looked upon as liquid drops in a (super) saturated vapor.

• At much higher energies, E*/A may be hundreds of MeV and a transition from a
hadronic phase to a quark-gluon phase has been predicted. The possibility of
observing new phenomena in quark matter is presently intensely discussed.
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Figure 1. Phase diagram of nuclear matter. Also displayed are the trajectories of a
supernova explosion and of a heavy ion reaction. (From ref. [24]).
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1. Introduction

This work is dedicated to heavy ion collision physics at intermediate (10-500A
MeV) energies. A remarkable feature of this energy region is the large variety of
collision mechanisms; therefore there is no complete theoretical model, which
covers all aspects of these reactions. At low incident energies and small impact
parameters, complete fusion sometimes with subsequent fission, followed by
evaporation appears. Incomplete fusion and deep inelastic collisions appear at
somewhat higher energies and larger impact parameters. Finally the participant-
spectator region is reached at higher energies where fragmentation and
multifragmentation phenomena are observed. If the available energy in the center of
mass of the colliding nuclei becomes large enough, particle production starts and
may play an important role for the dynamic evolution of the reaction. Some details
about these reaction scenarios [1] are:

• Coulomb excitation and disintegration

The Coulomb energy of two interacting nuclei is

7 7
E = k • 2 <\ n

where kc =l.44MeVfm which yields 974.7MeV for 197Au+197Au system. As a
consequence of the long-range electric field, it becomes possible for the incident
heavy ion to excite the target nucleus electromagnetically. This effect is the most
important one in studies of deformed nuclei and very high spins. Furthermore, if the
Coulomb energy becomes very large, the electric field can disintegrate the target
nucleus. This effect becomes especially pronounced in heavy ion collisions at
relativistic energies where the electromagnetic field of accelerated nuclei shrinks in
the beam direction because of the Lorentz contraction, therefore making the
electromagnetic interaction much stronger.

• Complete fusion

This process implies the complete amalgamation of the colliding nuclei and yields a
fully equilibrated compound nucleus. The latter contains all mass and, in particular,
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complete linear momentum transfer from the projectile nucleus to this compound
nucleus is appearing.

• Incomplete fusion

With increasing projectile energy (or impact parameter) one can observe that the
momentum transfer starts to become incomplete, indicating that no longer does the
entire projectile and/or entire target participate in the compound nucleus formation.

• Deep inelastic reactions

In this process a large fraction of the initial relative kinetic energy (and orbital
angular momentum) is converted into internal excitation of the collision partners
without destroying them. The two nuclei stick together for a time long enough to
allow a substantial transfer of mass and energy before they separate. Since both
nuclei acquire an appropriate amount of excitation energy, they will get rid of this
energy by emission of nucleons or complex particles. This emission occurs during a
very long time after the two nuclei separated (~10~16 s).

11
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• Fireball regime (participant-spectator)

Here a cold "spectator" is left, and only in the zone of target-projectile overlap - the
"participant" - is the interaction strong enough to form an equilibrated hot nucleon
cloud - the "fireball".

By bombarding large target nuclei with high-energy protons [2,3] and later with
heavy ions [4,5] it was found that many IMF's can be produced simultaneously and
that multifragmentation is the dominant reaction channel at beam energies larger
than 200 MeV or 35A MeV. Observing that the mass yield curve obeys
approximately a power law <x(A) ~ A~T it was conjectured [6] that
multifragmentation is a signature for the phase transition between the gaseous and
the liquid phase of nuclear matter. The nuclear multifragmentation process itself is
however discussed in two different scenarios: a fast dynamical process like
shattering of two pieces of glass or a very slow process caused by the spinoidal
decomposition of an equilibrated expanding system [7].

At low energies the mean field keeps the nucleons together long enough to
equilibrate. At very high beam energies on the other hand frequent nucleon-nucleon
collisions may cause equilibration of the interacting (participant) region. It is known
that about three collisions per nucleon are sufficient to produce a thermal,
Maxwellian spectrum. In the region between high and low energies neither the
projectile and target residues nor the interacting (overlapping) zone equilibrate. Here
the Pauli blocking of the AW collisions is neither strong enough to avoid emission

12
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during the mean field equilibration time, nor weak enough to allow a sufficient
number of nucleon-nucleon collisions before the system disperses.

1.1. Experimental methods

He

The figure above shows a schematic overview of different experimental observables
which are used to explore properties of nuclear matter under extreme conditions.
Observables used in the experiments presented in this thesis are:

13
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1. In nucleon-nucleus and nucleus-nucleus collision experiments of fragmentation
type the reaction mechanism is explored via properties of light particles and
fragments. Telescopes consisting of several silicon and scintillator detectors are
often used to detect such products. The CHICSi setup (paper V) is a very
advanced system of this kind where about 2000 detectors will operate in ultra
high vacuum inside a storage ring. The identification of charged particles is
performed using dE-E plots. A small-scale silicon detector experiment is
described in paper II and chapter 4 of this thesis. In this experiment light
particles and heavier fragments coming from !4N+I12'124Sn reactions at 14 and
32A MeV were detected and studied using a few Si+Csl telescopes.

2. Collective flow of nuclear matter (such as bounce-off, squeeze-out, etc. effects)
gives a possibility to explore the nuclear matter equation of state. It is known
that the flow can be associated with the compression of the hot zone formed
during a heavy ion collision. The isentropic pressure can be written as

d {LL2)

* S=const

Here 5 denotes the entropy. Then the isentropic compressibility module K is
defined as

(1.1.3)
const

and the equation of state, E(p, T), can be rewritten as

in order to disentangle the change of the static energy per baryon due to cold
(T=0) compression from the energy due to increase of the temperature. Here
Ec (p, T) is the compression energy, ET (p, T) is the thermal energy and Eo is
the binding energy per baryon.

Flow of nuclear matter brings direct information about the pressure term of the
EOS and the flow tensor method, described in [8], is an example of how the
flow energy may be determined.

14
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Nuclear interferometry studies light particle and fragment correlations of
different orders to understand where and how these particles were emitted
during a collision and to explore different factors governing such correlated
emission. In the simplest case of two-particle interferometry, the correlation
function can be expressed in terms of

where Nl2 is the probability of detecting two correlated particles with relative
momentum q, N] and N2 are probabilities of detecting two uncorrelated
particles in detector 1 and 2 with momentum px and p2 correspondingly. The
size of the emission source can be extracted from this correlation function if
some theoretical assumption about particle emission is made. Recent theoretical
investigations allowed us also to study how the emission source is developing
in time. An advantage of the simultaneous pp, pn and nn measurements
performed by CHIC collaboration [9,10] is that different contributions to the
nucleon-nucleon correlations can be explored in one experiment.

• In proton-proton correlations the Coulomb repulsion must be taken into
account, so the attractive s-wave nuclear interaction becomes disturbed by
long range Coulomb interaction and additionally by the Pauli exclusion
principle for identical particles which creates anticorrelation at q = 0.
Consequently a broadened positive correlation peak appears at relative
momentum q ~ 20MeV I c.

• the Coulomb repulsion and Pauli exclusion are absent in case of neutron-
proton interferometry and a strong positive correlation should be observed
with peaking at q = 0 due to the short-range nuclear attraction.

• neutron-neutron correlations are affected by the Pauli exclusion principle in
addition to short range attraction and it moves the correlation peak to a
finite, q > 0 value.

Figure 1.1 shows a qualitative picture of the expected pp, nn and pn correlation
functions [11].

15
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Fig. 1.1. A qualitative picture of the expected pp, nn and pn correlation
functions. (From ref. [11]).

4. If the available energy in the center of mass frame of colliding nucleons
becomes large enough

+mA +yBmg (1.1.6)

5.

then a particle (pion, kaon, etc.) can be produced. Such particles may bring
important information from the hot and dense region developed during heavy ion
reactions. Particles produced below the nucleon-nucleon threshold explore
extended internal momenta or collective effects in heavy ion collisions. Particle
spectrometers [12,13] and plastic range telescopes are used in the experiments of
this kind. The latter technique including the prompt-delay technique for the n*
identification was successfully utilized by the CHIC collaboration in several pion
excitation function experiments which are described in details in papers HI, IV
and in chapter 5 of this thesis.

It was suggested that the ratio between the yield of a complex particle and a
nucleon can be used to determine the entropy of the participant zone. In the
simplest case of deuteron to proton ratio the entropy can be estimated using the
Siemens-Kapusta formula [14]
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S/A = 3.95-\n(Rdp) (1.1.7)

where S/A denoted the entropy per nucleon and Rdp stands for the d/p ratio. In

paper I and chapter 3 of this thesis I discuss entropy and chaos production in
heavy ion collisions in more details.

6. Nuclear temperatures can be determined from the distributions of emitted
particles, from populations of excited states, from isotope ratios and from the
"isotopic effect". These methods will be discussed in details in chapter 2 of this
thesis and partly in paper II.

Storage rings, operating in so-called slow ramping mode, provide us with a new
experimental technique recently developed by CHIC. It gives us a unique
opportunity to perform experiments with excitation functions of different kind.

Currently a common tendency of performing complicated experiments where all
measurements are performed simultaneously using An devices and event-by-event
technique is observed. One such device - CHICSi, is described in details in paper V.

1.2. Theoretical approaches

The early theoretical models often concentrated on explaining one specific
phenomenon that appeared in a heavy ion reaction. In recent years a new generation
of models has been developed where attempts are made to explain the development
of the reaction, partially or completely.

Two types of models are discussed here (see the scheme at the end of this chapter).
Firstly, statistical models [15,16,17], which neglect all dynamics of the reaction and
assume that all possible exit channels are occupied with equal probability during the
reaction. They assume that the system or subsystem reaches equilibrium in the
course of the reaction and maintain it until a freeze-out density around 0.4p0 is
reached. These models describe mass yields, fragment multiplicity and fragment
mass correlations very accurately but they can for obvious reasons not describe the
dynamics of the reactions.

17
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With the progress of computers, microscopic simulation methods have become
popular in heavy ion reaction studies. The benefit of microscopic simulation
methods is that one can investigate nuclear reactions without making any specific
assumptions on the reaction mechanism. There are many kinds of microscopic
theories such as the time dependent Hartree Fock (TDHF) [18], which is a mean
field theory, the Vlasov equation, which is a semiclassical approximation of TDHF,
the Vlasov-Uehling-Uhlenbeck (VUU) or Boltzmann-Uehling-Uhlenbeck (BUU)
[19,20] equation, which incorporates a mean field and a two-body collision term and
the Cascade model [21], which includes only a two-body collision term. Especially,
the VUU/BUU equation has become a standard framework for heavy ion reaction
studies in the intermediate and high energy regions. However, the VUU/BUU
equation, which is basically a one-body theory, can not explain many-body
phenomena such as fragment formation (although some attempts have been made to
include cluster production in heavy ion reactions [22]). Molecular dynamics
approaches (MD) like quantum molecular dynamics (QMD) [23,24] or nucleon
molecular dynamics (NMD) [25] have been developed in order to simulate the
fragmentation process and become more or less the standard tool to investigate
dynamics of fragment production in heavy ion collisions at intermediate energies.
Starting from simple classical molecular dynamics models [26,27,28,29,30], the
models have developed into sophisticated versions which numerically solve the
quantum many-body problem for a fermionic system of Aprojecjic+Auirgct nucleons
using various (Antisymmetrized Molecular Dynamics [31,32,33] (AMD), or
Fermionic Molecular Dynamics [34,35] (FMD)) approximations to the exact
solution of time dependent Schrodinger equation [36]

(1.2.1)

where the n-body wave function is represented by the Slater determinant

= det (1.2.2)

AMD and FMD models are very powerful approaches which rather well describe (in
contradiction to QMD which is only applicable for nuclear reactions at rather high
energies >50A MeV) properties of nuclear ground state and nuclear reactions at low
energies (below 50A MeV). However they are not applicable for very heavy systems

18



Introduction

since they need too much CPU time (approximately proportional to the fourth power
of the particle number). On the other hand, the standard QMD model is able to
reproduce well the dynamic aspects of heavy ion reactions and serve as a good event
generator for different experimental and theoretical applications in intermediate
energy heavy ion collision physics. This was the reason to develop our version of
the MD model based on [24,25]. In Appendix 1 this version is described in more
details.

Intermediate Energy Heavy Ion Collisions

I
Statistical models

I
Dynamical models

Binary Decay
Simultaneous Break Up

Hydrodynamics
Cascade
TDHF
BUU/VUU
Molecular Dynamics

I
Classical
Quantum

Standard
Nucleon
Pauli
Fermionic
Antisytnmetrized
Extended

1
(J. Aichelin )
(J. Bondorf )
(G. Peilert )
(H. Feldmeier )
(H. Horiuchi )
(T. Maruyama)
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2. Temperature in heavy ion collisions

Bridges between different fields of physics always have
provided fruitful insight into the exploration of new
phenomena. The link between microscopic atomic nuclear
systems and complex macroscopic systems is one such
bridge. For the latter, thermodynamics and statistical
mechanics have been effective tools. Thus it was
reasonable to develop thermodynamic concepts, such as
temperature and entropy, for nuclear systems. This
development permits discussion of new nuclear
phenomena in a language traditionally associated with
macroscopic systems.

D.Morissey, W.Benenson and W.A.Friedman
"Measurements of Temperature in Nuclear Reactions"

Nuclear temperature plays an important role in heavy ion collision physics. The
caloric curve, which connects excitation energy and temperature of nuclear matter,
is the central point in various discussions about nuclear matter equation of state and
existence of a liquid-gas phase transition. Since no "external" thermometer can be
placed into the very region where hot and dense nuclear matter is formed, only
indirect measurements can be used. Several techniques are well established
nowadays [37]:

1. It is clear that energy distributions of emitted particles reflect the temperature of
the source where these particles were emitted from [38]. To estimate the
temperature, T, the energy spectra N(E) in the center of mass rest frame of the
emitting source are usually parametrized as

N(E)°<Eexp(-E/T) (2.1)

when surface emission (evaporation) is assumed and

N(E) oc Em exp(- £ / T) (2.2)

20
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within the assumption of a volume emission (Boltzmann). Both these
distributions can be approximated with

N(E) oc exp(- EIT) (2.3)

when only the high-energy tails of the spectra are considered.

This formalism works only if one assumes that a thermal, fully equilibrated
source, is formed during the reaction development and the collective effects
(radial source expansion, particle flow) as well as pre-equilibrium emission can
be neglected a priory. A realistic prescription of heavy ion collisions at
intermediate energy (especially those leading to the multifragmentation breakup)
must however incorporate both nuclear flow and fast dynamic emission of
particles. As it was mentioned in the introductory part of this thesis, the fully
equilibrated picture can be observed only at very low or very high incident
energies. Actually it was observed in several early experiments of fragmentation
type [39] that single energy spectra of emitted particles can not be explained in
terms of a one-temperature approach. Usually a three-source picture is introduced
to describe particle energy spectra properly. The "chemical" temperature, which
is of interest here, can be extracted for the slow and fast sources which reflect
properties of equilibrated target- and projectile-like residues. Furthermore the
collective flow of emitted particles makes this picture even more complicated
[40]. These questions are discussed in details in paper II. Of course such a three-
source picture reflects just a direct mixture of different reaction mechanisms if
no impact parameter selection is made. On the other hand the question if the hot
and dense equilibrated region can be formed in perfectly central collisions of
heavy ions and if such formed region undergoes multifragmentation because of
the spinodal decomposition on the long time scale still remains a puzzle. In the
recent work of Aichelin et al. [41] it has been shown that the experimental data
on Xe+Sn multifragmentation at 50A MeV can be described in both statistical
(SMM, long time fragmentation scale, full equilibration) and dynamical (QMD,
short time scale, no equilibration, direct dynamic multifragment production)
models. It is also stated that such a nuclear system is too small to be treated by
microcanonical statistics.

2. It was shown [42,43,44] that nuclear temperatures, extracted from the relative
population of excited states of emitted light nuclei, are insensitive to collective
motion. This method for temperature measurements is based on the fact that if no
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particle decay occurs, the ratio, Yn, of the populations of two states can be
written as:

Yl2 = [(27. + 1)(27, + 1)] exp(- A£ / kt) (2.4)

where Ju and 7, are the spins of the lower and upper states, respectively, and
AE is the energy difference between the states. It gave an opportunity to define
nuclear temperature in early particle-gamma coincidence experiments. It turned
out that these measurements gave unrealistically small value of the emission
temperature (on the level of 1 MeV) because of feeding from particle unstable
states and neutron induced de-excitation [45]. This technique has, however, been
developed [46] to measure the relative populations of states separated by
significantly larger energy intervals. In such measurements the correlation
functions

Yl2(p1,p2)= C12Y](p1)Y2(p2)[l + R(q)] (2.5)

are utilized. Here Yx{px) and Y2(p2) denote the single yields, Yx2^p]tp2^ is t n e

coincidence yield, /?, and p2 are the laboratory momenta of particles 1 and 2,

q = \px - p2\ and C12 is the normalization constant which can be determined if

one requires R(q) = 0 for large relative momenta. Then the peaks on such

correlation function plots can be identified as results of the decay of the particles

unstable ground state.

Now, the temperature can be extracted from

"TdE (2.6)

where E denotes excitation energies of the decaying parent nucleus, T is the
emission temperature and if, for the sake of simplicity, no "background" yield is
assumed,

( 2 7 + l ) r . I In
/ ' ' (2-7)

+T,2/4
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where the relevant resonances are characterized by excitation energies Ei and

widths F,..

3. In the pioneering work by Albergo et al. [47] it was shown that nuclear
temperature can be extracted from ratios of isotopic yields of light fragments
using

T = - — (2.8)

\n(aY]2)

where Yn denotes the measured ratio of isotopic yields

Y _ y(A,,z,)/y(A+i,z,)
12 YiA^/YiA+lZ)

B is the binding energy parameter and a depends on the nuclear spins [48]. In
famous work by Pochodzalla et al. [49], where the caloric curve was presented,
the He/Li thermometer was used

THM = 16 / In 2.18 l°u/.Yv
u (2.10)

4. The "isotopic effect", initially described by Bogatin et al. [50,51], studies the
ratio Yl2 between the yield of a specific fragment emitted in reactions with
different target isotopes (U2Sn, !24Sn in paper II). It was reported [52,53,54] that
such a ratio is insensitive to the kinematic variables. The isotopic ratio can be
written in terms of entropy difference before and after the emission of the
fragment [55]:

rs(Nl-N/,Z-Z/,E'i-(E,))-S(Nl,Z,E;) "j

- S(N2-Nf,Z-Zf,El-{£,)) +S(N2,Z,El)J

where (£.) = 2Tt +£* + V/ - Qt is the average energy taken away by the

fragment, Tt is the temperature of the system, e* is the internal excitation
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energy of the fragment, Vt
r is the exit channel Coulomb barrier and Qt is the

fragment separation energy. If we assume that E" ~ E[ and therefore e* = e*

one obtains

(2.12)

where dQl2 is the difference in separation energies and V,̂  is the exit channel
Coulomb barrier difference.

Since all these methods give different results for the temperature of the same
system, the question about which thermometer is the "right" one is discussed.
Experiments with different target isotopes, where yields of light particles and
fragments are measured, give a unique possibility for cross-comparisons of the
different thermometers. In [56] the cross-comparison between methods 2 and 3 was
performed on experimental data from 36Ar+197Au reaction at E/A=35 MeV. After
correcting for sequential decays, the isotope temperatures were compared to
corresponding temperatures obtained from excited state populations. The authors
concluded that, within experimental uncertainties, both techniques yield similar
result 4.0-4.5MeV. In our experiments, where 14N+112124Sn reactions at £Z4=32
MeV are compared, the temperature of the slow source has been estimated through
the "isotopic effect" and compared with the slope temperature extracted from the
Maxwellian fit (paper II). Both methods give the same value of the temperature
within the limits of errors, 3.5-4.5MeV.
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3. Entropy and chaos production in heavy ion collisions

Today we cannot see that the water flow equations contain
such things as the barber pole structure or turbulence that
one sees between rotating cylinders. Today we cannot see
whether Schrodinger's equation contains frogs, musical
composers, or morality - or whether it does not. We
cannot say whether something beyond it like God is
needed, or not. And so we can all hold strong opinions
either way.

R.P.Feynman

If the temperature can be defined for the (equilibrated) fermionic system, nothing
prevents from defining the entropy in a similar way.

In chapter 1 of this thesis I stressed that intermediate energy heavy ion collisions
exhibit different reaction mechanisms for different energies and impact parameters.
Consequently, one can expect that entropy also changes drastically. If no event
selection on impact parameter or excitation energy is applied, then different reaction
mechanisms may of course be mixed. Consequently, no sharp changes, but rather a
smoothly increasing entropy with increasing beam energy can be expected in this
kind of "inclusive" experiments.

As for nuclear temperature, one is also not able to perform direct measurements for
entropy. It was suggested by Siemens and Kapusta [57,58] that an estimation of
entropy can be extracted from the empirical information on deuteron to proton
ratios. Comprehensive, hydrodynamic calculations [59] suggest that the ratio of
deuteron to proton can be expressed as

I 7 7 T 8 W (2U)

where (Wn) is the average phase space density of neutrons. Furthermore it can be

assumed that at the freeze-out time (at the moment when the strong nucleon-nucleon
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interaction ceases) the nuclear matter can be approximated by a Maxwell-Boltzmann
distribution locally. The entropy of such a dilute system (gaseous phase) is related to
the average phase space density via

S, /N, = 5/2-3/21n2-ln(W^) (3.2)

Now, we can put together equations 3.1 and 3.2 and calculate the total entropy per
baryon carried by protons, neutrons and deuterons

S I A = 3 . 9 5 - I n Rdp - \.25Rdp /(\ + Rdp) (3.3)

It should be kept in mind that this formula works if one assumes that

1. The system is in thermal equilibrium before expansion starts.
2. The number of protons is much larger than the number of deuterons. This also

means that equation 3.3 can be simplified to (1.1.7).
3. No heavy clusters are produced and therefore no secondary decays which affect

the d/p ratio are taken into account

Now I will discuss entropy production in connection with the multifragmentation
phenomenon as it is introduced in statistical and dynamic approaches. In statistical
description it is normally assumed that products from a set of multifragmentation
events fill the (available) phase space almost uniformly. Consequently, it implies a
large (maximal) entropy, which is proportional to the logarithm of the
(microscopically) available phase space Q(E) at a given total energy E

(3.4)

The model, however, does not provide a (dynamic) mechanism for the filling of the
available phase space. The mean field dynamics and possible phase transition inside
the spinodal region of the equation of state attract close attention nowadays. While
the statistical models is successful in explaining experimental data, the dynamical
mechanism leading to nuclear multifragmentation is not well understood yet. It was
suggested that deterministic chaos production in dynamic models could be a general
mechanism responsible for filling the phase space. Here one defines "deterministic
chaos" as an extreme sensitivity of the developing nuclear system to the initial
condition. A typical example of such behavior is chaotic scattering, observed in
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[60]. Consequently, stochastic nucleon-nucleon collisions incorporated in any
dynamic model are mostly responsible for chaos (and entropy) production at the pre-
equilibrium stage of the reaction. Furthermore it was shown [61] that a fully chaotic
behavior occurs in the Vlasov dynamics, inside the spinodal region, even if the
stochastic collision integral is not introduced and only the mean-field dynamics,
which leads to multiple fragment formation, is considered. Some first attempts to
investigate chaotic properties of a scattering fermionic system on the quantum level
were made and calculations performed in the frame of the AMD model shows that
the antisymmetrization due to the Pauli exclusion principle may cause chaotic
scattering even in the absence of interaction between particles [62].

Even if these calculations are focused on entropy (chaos) production and
development of instabilities in already preformed spinodal regions, also the
dynamics which leads to formation of such regions is very important. In order to
investigate entropy production at all stages of a reaction, the concept of generalized
entropy must be introduced, which is the non-equilibrium extension of
thermodynamical entropy [63]. In this description all available phase space is
divided into cells and /?. is defined as the fraction of occupied space inside the cell.
Then the coarse-grained generalized entropy can be defined as

(3.5)

In the case of pt = \l N where N is the number of cells, S is nothing but the

standard thermodynamical equilibrium entropy:

S = \nN = S0 (3.6)

Another interesting question connected with the multifragmentation phenomenon is
to introduce intermittency in heavy ion collisions and show its connection to the
critical behavior of the system. Historically, the concept of intermittency was
developed to study fluctuations that occur in turbulent flow [64,65] but now it is
applied in many different fields. "Intermittency" means that the behavior of the
system switches back and forth intermittently between apparently regular behavior
and chaotic behavior [66]. In order to undergo intermittent behavior, the system
must be randomized and scale invariant. From experimental point of view,
intemittency signals have been found through observations of large density
fluctuations of nonstatistical origin in small regions of phase space. Bialas and
Peschanski [67,68] introduced this idea to study the dynamical fluctuations in
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rapidity distribution of particles produced in relativistic heavy ion collisions. They
developed a method which allows to deduce the intermittency signal from the scaled
factorial moments which measure the properties of dynamical fluctuations without
the bias of statistical fluctuations. Generally, the occurrence of intermittency
corresponds to the existence of large non-statistical fluctuations which have self-
similarity over a broad range of scales. Such feature can be connected with fractal-
like object formation [61,66] at some "critical" conditions which, for example, can
be investigated within the Ising model [69] or may correspond to phase transition in
nuclear matter during multi-fragment formation [70]. Recently the intermittency
signals have been found in both experimental data on charge (mass) distributions of
fragments coming from intermediate energy heavy ion reactions [71,72] and
theoretical models [73].

In our experiments (paper I) we have covered mainly the high-energy part of the
particle spectra. This fact limits in some way all conclusions, which can be drawn
from the comparisons between experimental data and calculations. Including low
energy particles should definitely bring more information. The development of the
CHICS i detector is therefore very attractive because it gives an opportunity to
measure practically all charged products of heavy ion collision in 3rc geometry using
event-by-event technique and furthermore the slow energy ramping mode of the
CELSIUS storage ring gives access to a continuous change in collision energy.
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4. Heavy ion reactions at energies < 50A MeV

Heavy ion collisions at lower incident energies (10-50A MeV) bring of course
another piece of information for the complete understanding of the nuclear matter
equation of state. Such nuclear reactions fall in the transition region between excited
compound nucleus formation (complete fusion), incomplete fusion, deep inelastic
and participant-spectator reactions. In other words, in this region the pure
"statistical" processes, which govern nuclear collision physics at the very low
energies, need the introduction of "dynamical" processes, which mostly define the
development of nuclear reactions at high energies. Also quantum effects like Pauli
principle start to play an important role during this transition.

A very often used method for experimental studies of such reactions is to measure
double differential cross-sections and invariant contour plots in the parallel-
transverse momentum plane of nucleons, fragments and eventually mesons. Usually
two or three emission "sources" can be identified on such plots. As it was already
mentioned in the previous section, attempts to describe energy spectra of particle
emission in terms of one unique Maxwellian distribution fail at these energies and
two or more Maxwellians must be introduced to describe properly both the low and
high-energy parts of the spectra. Following the velocities of these sources in the
laboratory frame, they are usually referred to as the slow, the intermediate and the
fast source. The slow and fast sources have velocities, which are close to target and
projectile (residual) velocities. Statistical processes connected with the decay of
excited projectile and target residuals can be introduced. The remaining intermediate
source has a velocity of about half of the projectile velocity. This might be described
as a "pre-equilibrium source". It definitely requires something beyond statistical
approaches. Consequently, a model, which includes both dynamical and statistical
processes, must be applied to better understand the underlying mechanisms of the
source formation and particle (fragment) emission. We have studied properties of
these sources using a QMD approach where a repulsive Pauli potential is included
into the Hamiltonian (PQMD) [74]

U = Ekm + EPuU + VCouhmb + VYukawa + VSk}rme (4.1)

where
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While PQMD is used to simulate the dynamical stage of such a reaction, the
statistical multifragmentation model (SMM) [75] is used to deexcite the primary
excited fragments. Results of such calculations in comparison with experimental
data are discussed in details in paper II. It is the common opinion that (standard)
QMD is not suitable to describe relatively low energy reactions. In spite of the fact
that the Pauli principle is incorporated into PQMD through a kind of artificial
potential, this model, combined with the SMM seems however to give a better
description in this energy region. While slow and fast sources are described by
statistical decay of target and projectile-like residues, where the SMM gives major
contribution and "chemical" temperatures of these sources can be defined, the
intermediate source is described by PQMD. The latter source is not thermalized and
only a "kinetic" temperature, defined from the slope of high energy part of the
emission spectra can be calculated for this source. 32A MeV reaction mechanism
drastically depends on the impact parameter and the experimental data agree with
the hypothesis that complete fusion dominates the small impact parameter reactions.
For larger impact parameters instead incomplete fusion and participant-spectator
type of reactions start to dominate. Deep inelastic events can be observed at
sufficiently large impact parameters at 32A MeV and particularly at 14AMeV.

The Pauli potential of the PQMD ensures that particles, forming a fragment, have
non-zero and different momenta in the fragment's ground state. Now, the Metroplis
algorithm can be used to cool down remaining excited fragments to its ground states.
Since such ground state is well defined and stable, the excitation energy can be
calculated. Figure 4.1 shows the population of target-like residues in the excitation
energy (per nucleon) vs. mass plane for 14N+I24Sn reactions at 32A MeV. In order to
understand better the complex structure of this landscape the population of target-
like residues in the excitation energy (per nucleon) vs. impact parameter plane for
the same reaction is shown in Figure 4.2. The existence of two well defined regions
is clearly observed in this plot. A detailed analysis of events belonging to these
regions shows that this picture reflects two different reaction scenarios. In one, at
low impact parameters, at least one target nucleon scatters on a projectile nucleon,
which results in a transformation of projectile nucleon kinetic energy into excitation
energy of the target-like residual. In the other scenario, at large impact parameters,
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two nuclei interact via mean field distortion but no single direct AW collision occurs
even if multiple nucleon exchange can be observed. This leads to smaller energy
transfer and consequently to low excitation energies of the target residuals. If one
plots target residual mass vs. excitation energy and selects events with bo<7fm and
bo>7fm, one will see that the first scenario (Fig. 4.3) leads to participant-spectator
(mass of the residual is less than 124, excitation energy decreases with residual mass
which reflects incomplete energy transfer), incomplete and complete fusion (mass of
the residual larger than 124, excitation energy increases up to a value corresponding
to complete energy transfer), while the second scenario (Fig. 4.4) is mostly
responsible for nucleon exchange and deep inelastic type of reactions. Here the
strong peak around M=124 and small excitation energies are observed.

Furthermore, the same kind of double-peak structure is clearly seen in the angular
distribution of target-like residues (Fig. 4.5). This gives us an opportunity to select
these two types of events experimentally. The second scenario seems to be
especially interesting since it brings information about mean field interactions and
specific features of the nuclear matter equation of state at very low temperatures.
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1 6 0 -

Fig. 4.1 - 4.4. Excitation energy - impact parameter event selection for target-like
residues from l4N+124Sn at 32A MeV reaction. PQMD calculations. The two lower
figures represent central+semi-central (bo<7fm, left) and peripheral (bo>7fm)
events.
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32A MeV. PQMD calculations.
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5. Pion production in heavy ion collisions

A major goal for the studies of heavy ion reactions is to probe hot and dense nuclear
matter in the laboratory. Such states of nuclear matter exist only for a very short
time before expansion destroys them. In order to gain information about nuclear
matter under these extreme conditions, one must find experimental probes which are
sensitive to the properties at the time of maximum density. The production of
secondary particles, particularly at -or close to their threshold, may be such a probe.
Pions have been proposed as direct messengers from the high density region
[76,77,78,79,80].

In the excitation function experiments at CELSIUS a wide range of proton and
heavy ion beam energies up to 500 MeV/nucleon have been explored in great
details. With respect to pion production these energies start well below the
AW —> NNx threshold and go up to the region where the A resonance channel
dominates. There are two especially interesting mechanisms, which can be studied
in these experiments: subthreshold pion production and pion emission from hot (and
dense) nuclear regions formed in high-energy proton-nucleus (and nucleus-nucleus)
collisions.

Storage rings are well suited to study subthreshold production phenomena because
of the energy resolution and the possibility to vary the energy in an easy way
stepwise or continuously. This permits to explore the pion emission very close to the
absolute threshold [81] provided that large enough statistics can be obtained. The
high luminosity compensates to some extent the vanishing phase space [82]
available for pion emission at low beam energies.

Close to the pion production threshold, the Fermi motion starts playing an important
role. At the same time it is known that theoretical models, which introduce Fermi
motion, fail to describe pion production far below the nucleon-nucleon (AW)
threshold. Although some improvements can be achieved if a long tail of the Fermi
momentum distribution of the target nucleus is "artificially" incorporated into such
models (paper III, IV), collective effects must be taken into account to describe
correctly pion production in this energy region. Two important experimental
observations support this conclusion. Firstly, it is seen (Fig. 5.1) that experimental
pion excitation functions extend all the way to the absolute threshold. Secondly, the
experimental target mass dependence suggests a smooth transition from surface-like
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( ~ A,2'3) to volume-like (~ A)) pion producing reactions when decreasing the beam
energy (paper IV).

150 200 250 300 350 400 450 500 550

t t E b € a m(MeV) t

Fig. 5.7. The beam energy dependence of the total yield of K* in p+N, p+Ar, p+Kr
and p+Xe reactions. The left arrow shows the absolute threshold, the second arrow
the free NN threshold and the third arrow the corresponding 2n threshold. (From
paper IV).

Various mechanisms can be assumed when the energy gradually approaches the
absolute (collective) threshold for pion production:
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Actually, in the vicinity of the absolute collective threshold, quantum effects and
especially shell effects should play an important role. This may give a "fine"
structure of the excitation functions which has not yet been investigated in our
experiments but elsewhere [83]. Pionic fusion represents a very interesting type of
nuclear reactions where two nuclei fuse and the pion is produced through extreme
concentration of energy into few degrees of freedom. The fused nuclear system
remains in states close to its ground state. Consequently discrete energy spectra of
the emitted pions can be observed [84]. Theoretical models, based on pion
production in single nucleon-nucleon collisions in the overlapping region of
colliding nuclei [85], are in no way suitable to describe this process. Instead
collective effects are incorporated into a statistical description of pion emission
from compound nuclei [86,87].

A model for pion production [88], where the description of the dynamics is close to
the one of the NMD approach [89] and pions are produced in direct nucleon-nucleon
collisions (Appendix 1), has been developed and the results from these calculations
were compared with experimental data (paper TV). While this model underestimates
pion production far below nucleon-nucleon threshold (because of no collective
effects introduced), the calculations are in good agreement with the experimental
data at higher energies. Within this model several factors, which govern pion
production above and around the nucleon-nucleon threshold can be explored in
details:

• Primary nucleon-nucleon collisions

Elementary pion production cross sections in (free) nucleon-nucleon collisions are
well known. There are different theoretical parameterizations of these cross-
sections, which can be used in model simulations. One well known
parameterization, which is also introduced in our model, is given in [90]. It was
shown in [91] that pions are mostly produced in so-called "first-chance" nucleon-
nucleon collisions. Dynamical models give us an opportunity to follow a nuclear
reaction continuously in time and therefore it is possible to investigate the time
dependence of the pion production. Figure 5.2 shows such a comparison for p+40Ar
and 20Ne+40Ar reactions at 1500A MeV. These calculation results are also in good
agreement with BUU simulations, which involve delta production and propagation
in nuclear matter [92,93].
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Figure 5.2. n+ emission vs. reaction time. MD calculations for p+40Ar and 20Ne+40Ar
reactions at 1500MeV/nucleon.

• Fermi momentum distribution

The Fermi motion of nucleons in the target nuclei (in proton-nucleus collisions) may
bring some additional kinetic energy available in the CM of a scattering nucleon-
nucleon system. While it is not so important at high beam energies, it becomes one
of the main factors which permit pion production below the free AW threshold. The
importance of Fermi motion was analysed in details in paper IV where different
approximations of the internal momentum distribution of nucleons were introduced
into the BUU calculations.
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• Pauli principle

Another interesting aspect is to investigate how the Pauli principle affects pion
production in nuclear collisions. Figure 5.3 shows the ratio between the number of
pions produced in p+40Ar and 20Ne+40Ar reactions at different energies and the
number of pions in nucleon-nucleon collisions "blocked" due to the Pauli principle.
It is clear that the Pauli priciple is one of the main factors, which determines the
behavior of the pion excitation function, particularly below the AW threshold [94].
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Figure 5.3. Pauli blocking factor for single pion production in p+ Ar and
20Ne+40Ar collisions. MD calculations.
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• Pion reabsorption

A pion may become absorbed or/and rescattered during the development of the
reaction. Experimental data on pion mean-free path and in-medium effects of pion
(delta) propagation in nuclear matter [95,96] are still poor. Some information can be
extracted from experiments on pion absorption by nuclei or from elastic pion-
nucleus scattering [97]. Theoretical approximations are mostly represented by the
optical model calculations [98]. Our calculations, based on the optical calculations
of the energy dependent pion mean-free path [99] confirm that a large fraction
(about 1/3) of initially produced pions become absorbed during further reaction
development. It also affects dramatically angular distributions of emitted pions
(paper IV). Figure 5.4 illustrates this so-called shadowing effect [100] which in the
case of proton-nucleus collisions implies that pion production in the backward
hemisphere should be enhanced because of the pion reabsorption in nuclear
medium.

a) b)

Figure 5.4. Pion reabsorption in proton-nucleus collisions, a) perfectly central
collision; b) perfectly peripheral collision.

Several attempts were made to extract information about nuclear matter equation of
state directly from experimental data on pion production. It was shown that
significant changes in basic parameters of EOS incorporated into theoretical models
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(for instance replacement of the "soft" EOS to the "stiff one when Skyrme
interaction is introduced in BUU or QMD) lead to small changes in calculated pion
yields (on the level of 10%) [85]. Our calculations support this conclusion. Several
reasons can be drawn to understand these results. Firstly, we saw that a pion is most
probably produced in so-called "first-chance" nucleon-nucleon collisions. We also
know that a nucleon should undergo at least three nucleon-nucleon collisions
(rescattering) before a local equilibrium is reached. That is why one may ask if the
hot and dense (in case of nucleus-nucleus collisions) region really can be preformed
at the time when a pion is produced. Secondly, even if a pion is produced inside
already preformed hot and dense nuclear matter, the process of pion production
should drastically cool down this region. Consequently, it will affect the evolution
of nuclear matter drastically, i.e. affecting possible fragmentation and
multifragmentation. Furthermore, a produced pion is subject to reabsorption and
rescattering. It means that the information about hot and dense region where such
pions were produced may become mimicked or even completely washed out. That is
why kaons are considered to be "better messengers" [81] since they seldom interact
with the surrounding matter because of their strangeness. On the other hand recent
investigations [100] show that such "annoying" effects like pion shadowing may be
used as a tool to study the topology of heavy-ion collisions at intermediate energies.

Finally, it may be suggested that more complicated experiments should be
performed to extract more precise information about equation of state from pion
production phenomenon. One obvious improvement is the event selection. Indeed,
the hot and dense region is formed mostly in central nucleus-nucleus collisions. In
event-by-event measurements, where accompanying light particles and fragments
can be analyzed in coincidence with emitted pions, more precise information can be
extracted. The CHICSi detector, described in details in paper V, combined with the
forward wall is such a device which can be used together with plastic range pion
telescopes in future CHIC experiments.
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6. The CHICSi event generator

The CHICSi detector, described in details in paper V, is a AE — E telescope system
for measurements of charged secondary particles produced in violent nuclear
collisions. Of particular interest is the detection of intermediate mass fragments
(IMF) in order to investigate how pieces of nuclear matter break up under extreme
conditions such as high temperature and compression.

The main design goals of the CHICSi detector are the following [101]:

1. An optimal identification of IMFs, i.e. fragments with Z between 3 and about
10 which means complete charge resolution and mass resolution for lighter
fragments (possibly up to Z=5).

2. The detection threshold should be as low as possible in order to loose as few as
possible of the IMF's.

3. Fast, on-line triggering for total multiplicities and IMF multiplicities should be
possible.

4. The detector must be placed inside the storage ring vacuum system and
consequently must be UHV compatible.

5. The granularity should be high enough to give small disturbance from double
hits at multiplicities of ~ 100.

6. It should also be able to operate in coincidence with a recoil detector system.

The CHCSi event generator has been developed to simulate and optimize the
response of the experimental setup to IMFs and light particles and to help planning
future experiments. It basically consists of two parts: an event generator and a
sorting program which simulates the detector response to secondary products of
inelastic nucleon-nucleus and nucleus-nucleus events. In paper V the BMM
(Boltzman Master Equation) + SMMM (Statistical Microcanonical
Multifragmentation Model) [102], described in [103] has been used as event
generator. The model assumes an equipartition in the prompt decay of a highly
excited nuclei. The basic input parameters of the SMMM are charge, mass,
excitation energy and projectile momentum. These values are determined by BME
calculations [104]. Such hybrid models bring however a number of uncertainties, for
example it is not obvious when one should finish the fast stage of a collision and
switch to the statistical decay of the excited remaining matter. That is why the event
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generator was further developed and a version of the MD model (Appendix 1) was
introduced to simulate nuclear collision events at intermediate energies (Fig. 6.1).

CELSIUS beam ; ••

160=

Projectile fragments
io-wall

Recoil telescope
array 20 c— 45°Recoil telescope

array 42° • 9 0 \

12 yim Si +280 (jm Si +
6 mm GSO + 280 urn
Si

12 urn Si +500 pm Si +
280^m Si

12pm Si + 280 urn Si
+ 280 urn Si

Figure 6.1. MD simulations of a heavy ion collision event inside CELSIUS scattering
chamber.

To simulate a single detector response we employed the Ziegler TRIM95 computer
code which contains energy-range approximations [105] for calculations of energy
losses of secondary particles in thin layers of detector material (Si, GSO [106], etc.).

The program has been written for a PC computer running under Windows/95/NT
operating system and the possible input options are :
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• Experiment configuration (reaction participants, beam energy)
• Beam-target properties

• Luminosity
• Beam diameter
• Target thickness
• Beam-target overlapping (for storage ring/gas jet experiment)

• Detector configuration
. Ring geometry (CHICSi)
• Telescope configurations
• Detector parameters

• Electronic timing characteristics

The results after event generation that can be extracted are:

• Single count rate distributions
• Local pile up distributions
• Global pile up distributions
• Particle multiplicities
• Mass distributions
• Charge distributions
• Energy spectra
• dE-E matrix for chosen telescope
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7. Artificial neural networks for nuclear physics

And this computer, which was called the Earth, was so
large that it was frequently mistaken for a planet -
especially by the strange ape-like beings who roamed its
surface, totally unaware that they were simply part of
a gigantic computer program.

Douglas Adams

7.1. Introduction

A neural network is an artificial representation of the human brain that tries to
simulate its learning process [107]. The term "artificial" means that neural nets are
implemented in computer programs that are able to handle the large number of
necessary calculations during the learning process. The human brain consists of a
large number (more than a billion) of neural cells that process information. Each cell
works like a simple processor and only the massive interaction between all cells and
their parallel processing make the brain's activity possible (Fig. 7.1).

dendrites
dendrites

Figure 7.1. Schematic structure of a pyramidal cell. All figures in this section are
from ref. [108].
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As figure 7.1 indicates, a neuron consists of a core, dendrites for incoming
information and an axon with dendrites for outgoing information that is passed onto
connected neurons. Information is transported between neurons in form of electrical
stimulation along the dendrites. Incoming information that reach the neuron's
dendrites is added up and then delivered along the neuron's axon to the dendrites at
its end, where the information is passed onto other neurons if the stimulation has
exceeded a certain threshold. In this case, the neuron is said to be activated. If the
incoming stimulation is too low, the information will not be transported any further.
In this case, the neuron is said to be inhibited. The connections between the neurons
are adaptive, which means that the connection structure is changing dynamically. It
is commonly believed that the learning ability of the human brain is based on this
adaptation.

A neural net can be described with the same model. The neurons are transporting
incoming information on their outgoing connections to other neurons. In neural net
terms these connections are called weights. The "electrical" information is simulated
with specific values stored in those weights. By changing these weight values a
change in the connection structure can also be simulated. Information (called the
input) is sent to the neuron through its incoming weights. This input is processed by
a propagation function that adds up the values of all incoming weights. The resulting
value is compared with a certain threshold value by the neuron's activation function.
If the input exceeds the threshold value, the neuron will be activated, otherwise it
will be inhibited. If activated, the neuron sends an output on its outgoing weights to
all connected neurons and so on.

In a neural net, the neurons are grouped in layers (Fig. 7.2). Usually each neuron in
one layer is connected to all neurons of the preceding and the following layer
(except the input layer and the output layer of the net). The information given to a
neural net is propagated layer-by-layer from input layer to output layer either
directly or through one or more hidden layers. Depending on the learning algorithm,
it is also possible that information is propagated backwards through the net.
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input values

output values

Figure 7.2. Structural organization of an artificial neural network.

Neural nets are constructed to solve problems that can not be solved with
conventional algorithms. Such problems are usually optimization or classification
problems.

Different problem domains where neural nets may be used are:

• pattern association
• pattern classification
• regularity detection
• image processing
• speech analysis
• optimization problems
• robot steering
• processing of inaccurate or incomplete inputs
• quality assurance
• stock market forecasting
• simulation

48



Artificial neural networks for nuclear physics

Several learning algorithms are developed for different types of nets.
Backpropagation is a supervised learning algorithm and this is mainly used by
Multi-Layer-Perceptrons to change the weights connected to the net's hidden neuron
layer(s).

The backpropagation algorithm uses a computed output error to change the weight
values in backward direction. To get this net error, a forward-propagation must be
done beforehand. While propagating in forward direction, the neurons are being
activated using the sigmoid activation function. After that the output error, which is
actually the difference between the network and the desired output values, is
calculated. Then all weight values are updated using backpropagation (Appendix 2).

input values

input layer

; weight matrix 1

hidden layer

' weight matrix 2

output layer

output values

Figure 7.3. Schematic representation of the backpropagation learning algorithm.
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7.2. Applications in nuclear physics

Neural nets have been successfully used in nuclear physics. In nuclear spectroscopy
the ANN are used to analyze gamma and alpha particle spectra. Particularly, in
gamma spectroscopy the ANN were successfully employed to identify radioactive
isotopes. It shows promising results [109] for discrimination between stable and
unstable nuclei, in the modeling of nuclidic (atomic) masses, in learning and
predictions of odd-N, even-Z neutron separation energies [110] and searching for
magic stability island. In high-energy physics the neural network methods have been
applied to the track recognition problem [111,112,113,114]. It is also widely used in
nuclear medicine and for nuclear reactor control and alarm. The ANN method is
multidisciplinary. A lot of ideas, which have leaded to the development of new types
of the nets and new learning algorithms, came into this field from statistical physics.
For example, the simulated annealing method and the Metropolis algorithm which
are widely used to simulate unsupervised learning, brings the net to an equilibrated
state with minimized energy function. The questions about what exactly is learned
by the ANN and if physical meanings and new knowledge can be extracted from the
internal structure of a trained ANN remain to be answered.

7.3. Data analysis

The CHICSi project is described in details in paper V and in chapter 6 of this thesis.
It consists of more than five hundreds silicon and scintillator AE-E telescopes.
Subsequently, about 1.500 AE-E matrices must be calibrated and analyzed after an
experiment is performed. This is a good case for the pattern recognition and
classification with artificial neural network methods.

Below I describe numerical experiments which could help in automatizing the
CHICSi AE-E analysis. Figure 7.4 shows a general scheme of such automatization.
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Feature detector
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+ confidence level
Particle energy
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Figure 7.4. General scheme of the CHIC Si data analysis automatization.

To simulate a real data sample, a fake AE-E matrix consisting of 256x256 ADC
channels was produced using the Ziegler (TRIM computer code) simulated data on
the energy loss of charged particles in thin layers of silicon and scintillator
materials. Further, this matrix was transformed according to

= ax{x + x')
(7.2)

where ax and ay are randomly chosen aspect ratio coefficients and x' and y' are

random shifts along x and y-axes correspondingly. Also a random background,
defined by the background coefficient (3, was added. Several examples of
constructed matrices are shown in figure 7.5. These matrices were used as a training
set for a multilayer ANN consisting of 256x256 input neurons, one hidden layer of
128 neurons and 4 output neurons. Output values, computed in the forward-
propagation phase of the training stage, were compared with ax ,ay,x' and y ' .

Then the ANN weights were updated during the backpropagation phase. A
validation set was constructed in the same way and consisted of 1.000 randomly
chosen matrices. The performance of the network after the training phase seems to
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be fairly good. It can recognize a transformed matrix with average uncertainty of
about less than 1-2% when the aspect ratios, the x and y shifts and the background
coefficients are randomly chosen from 0 to 50% of their maximum possible values.
This gives an opportunity to use network generated ax ,ay ,x' and y' output values

to transform input "experimental" matrices back to an "ideal", already calibrated,
matrix, i.e. to perform an automatic calibration.

«!"'

• s r ^ o . - * * ?-•>•- l~: < , v

* • * •

Figure 7.5. Examples ofAE-E matrices used an input data set of ANN.
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A region of a AE-E plot which is covered by particles with identical A, Z ("particle
banana") can be identified uniquely using theoretical assumptions and empirical
knowledge about energy losses and straggling. Tn practice the problem of particle
separation becomes more sophisticated because different bananas become mixed
together on AE-E plots. There are several mathematical methods, which may be used
to place optimum decision boundary for a (general) two-class problem, for example
Bayesian decision boundary [115]. Unfortunately these methods work well only if
the probability distributions are known for both classes and these distributions may
be expressed in a simple analytical form. For example, if two classes are represented
by two Gaussian distributions with different mean values ;U,,jU2 and variances
<7,, o2, then

\\x-xc\\
2=r2 (7.3)

where

at-ax

and

o1, - a, 2 —2 - + 41n ^
a: -a

(7.5)

These equations represent a circle with its center in x and radius r.

It was shown that ANN might be used to solve classification problems with an
efficiency, which are close to the "ideal" one, given by (7.4). In our case the ANN
was used to set decision boundaries for the classification problem of a 256x256
channel AE-E matrix filled with 7 classes representing charged particles from
protons to B (p,d,t,4He,7Li,9Be,I0B). Figure 7.6 shows how the decision boundaries
develop during the training. The brightness of the corresponding class (gray scale)
reflects the confidence level on which a decision is made by the ANN. It means that
after the ANN is trained, a definite level of confidence can be chosen for the particle
identification.
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Figure 7.6. Development of the decision boundaries during the training phase of
ANN. The first sub-figure shows the original AE-E matrix used as a training
pattern..

1.4. Impact parameter selection

The first attempts to use artificial neural networks for impact parameter selection
have been made by Aichelin with co-workers [116]. It was shown that if only one
specific parameter (multiplicity, mass of the largest fragment, direction of particle
flow, etc.) is considered as a centrality criterion, the probability to make an error in
the event selection is much larger than if several parameters are used as input to the
neural network. In this work I show how the ANN can be used for CHICSi event
selection.

Firstly, nucleus-nucleus inelastic collision events were simulated with the NMD
model and processed through the CHICSi filter (see chapter 6 of this thesis) which
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simulates the response (geometry, energy cuts, mass and charge resolution) of the
setup. Particles, which passed this filter, were used to train the neural network. A hit
pattern which represents each telescope as well as several additional parameters
(multiplicity, mass of the largest fragment, direction of particle flow, etc.) were
defined as one pattern in the training set. The output of the network was compared
with the impact parameter of the NMD event and from this the update of the
network weights was performed. A feed-forward multilayer ANN with one hidden
layer was trained using the backpropagation method. 100.000 NMD events were
simulated for Ne+Ar reaction at 200A MeV. 2/3 of the events were used as the
training set and 1/3 as the test set. Furthermore all particles from one NMD event
were rotated in the azimuthal plane with a randomly chosen angle before going
through the CHICSi filter. By this procedure I increase statistics significantly
without having to perform time-consuming NMD calculations. The development of
the average error associated with the network during the training phase is shown in
figure 7.7.

3 -

200

Number of epochs

Figure 7.7. Development of the average network error during the training phase.
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Figure 7.8. Multiplicity vs. impact parameter correlation plot. Scattered points
represent results of NMD event simulation for Ne(200A MeV)+Ar system. Solid line
shows the result of linear regression applied for these events.

The performance of the trained network was investigated with respect to the impact
parameter-multiplicity correlation. The error was estimated using linear regression
built for the data presented on figure 7.8. It gives about 0.83 fm of the impact
parameter error calculated as

A = — Y abs(bNMD - br'ST'S!im) (7.6)

At the same time the ANN shows the performance on the level of 0.52 fm. This
result is promising, taking into account that the maximum impact parameter is about
7.3fm for the Ne+Ar system.
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8. Conclusions

Several experiments and theoretical models of intermediate energy heavy ion
collision physics were presented in this thesis.

Statistical and dynamical aspects of nuclear collisions are widely discussed these
days, particularly in connection with the multifragmentation phenomenon and the
possible link to a liquid-gas phase transition in the spinodal region of nuclear matter
phase diagram. Experimental techniques which allow us to measure various
parameters of hot and dense equilibrated regions (emission sources) formed in a
heavy ion collision are well established nowadays. Space-time characteristics of
such sources can be explored using particle (fragment) interferometry. Nuclear
temperatures can be extracted from distributions of emitted particles, from
populations of excited states, from isotope ratios and from the "isotopic effect".
Flow of nuclear matter can be used to obtain information about pressure term of the
equation of state. Entropy can be evaluated from the ratios between the yield of
complex particles and nucleons, for example from the d/p ratio. Furthermore,
particles (pions, kaons, etc.), produced inside hot and dense region, formed in a
heavy ion collision, may bring additional important information about the nuclear
matter equation of state and collective effects of different kinds.

At the same time dynamical aspects of heavy ion reactions are not completely
understood yet. Firstly, it is still widely discussed if the multifragment production is
governed by pure reaction dynamics or if an equilibrated region which expands and
decays (statistically) afterwards is formed. Secondly, even if the concept of
equilibrated hot and dense region formation is correct, the multi-particle dynamics
which leads to formation of such equilibrated region is still basically unknown.
Furthermore the dynamical mechanism which governs phase space fluctuations
inside spinodal regions of (infinite) nuclear matter and the further breakup into
several pieces is not well understood yet.

In some sense the experiments of the kind that are described in this thesis close one
epoch in experimental nuclear physics. The CHICSi detector which utilizes slow
ramping mode of CELSIUS storage ring was presented in this thesis as an
comprehensive example of the next generation of experimental set-ups. This new
class of experiments requests event-by-event data analysis and proper event
selection methods. One modern interdisciplinary technique for data analysis, the
artificial neural networks, was presented in this thesis.
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Microscopic models, like molecular dynamics, have become standard tools on the
theoretical market, but they need further development. Thus we expect that the
many-body problem for an antisymmetrized fermionic system of colliding nuclei
will be solved numerically even for heavy nuclei. Also new concepts are introduced,
which are carried from other branches of natural sciences. One such concept -
deterministic chaos production, which leads to observations of the fractal structure
formation and intermittency signals in heavy ion reactions was discussed in this
thesis. We may expect further development of this concept bringing it to a quantum
physics level. This may lead to a better, global understanding of heavy ion reactions.
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Summary of the publications

Publication I

Cosmic and Subatomic Physics Report LUIP 9803
Submitted to: Phys. Rev. C

"t/d/p Ratios in Nucleon-Nucleon and Heavy Ion Reactions - Can Entropy be
Determined?"

A. Fokin, L. Carlen, R. Ghetti, B. Jakobsson, J. Martensson, Yu. Murin, A.
Oscarsson, C.Ekstrom, G.Ericsson, J.Romanski, EJ. van Veldhuizen, L.
Westerberg, K. Nybo, T.F. Thorsteinsen, S. Amirelmi, M. Guttomsen, G.
L0vh0iden, V. Bellini, F. Palazzolo, M.L. Sperduto, J.P. Bondorf, I. Mishustin,
V.Avdeichikov, O.V.Lozhkin (CHIC Collaboration) and W.A. Friedman and K.K.
Gudima

In these experiments the t/d/p ratios were extracted in the range of 50-
500MeV/nucleon beam energy, varying continuously through the slow ramping
mode of the CELSIUS storage ring. The region of momentum-space of the measured
particles corresponds to particle emission from the intermediate source in the "three-
source" emission picture. Smooth t/d/p ratio "excitation functions" were observed
and they were compared with model calculations. Statistical models underestimate
the measured ratios while dynamical models where complex particle formation is
introduced via coalescence in momentum space show good agreement with data.
Energy and angular dependencies of the coalescence radius are also discussed. It
appears as if entropy can not be directly extracted from these data if one follows the
standard formula for expanding Fermi-Dirac systems at thermal equilibrium.

I have participated in setting up this experiment and been responsible for the data
taking. I have performed off-line data analysis as well as theoretical (NMD)
calculations.
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Publication II

Cosmic and Subatomic Physics Report LUIP 9802
Submitted to: The European Physical Journal A

"An experimental study of IA3H, 3>4<6He, 6'7'8'9Li, 7'9I011Be and 10I112B isotope
production from interactions of 14 and 32A MeV I4N with II2124Sn"

A. Fokin, O.V. Lozhkin, V. Bellini, M. Berg, A. Bogdanov, J.P. Bondorf, A.
Budzanowski, L. Carlen, C. Conelli, M. Cronquist, B. Czech, R. Elmer,
J.Helgesson,, D. Idier, K. Ieki, B. Jakobsson, J. Julien, A. Kuznetsov, V. Lyapin,
G. Lovhoiden, F. Merchez, I. Mishustin, T. Motobayashi, Y. Murin, J. Martensson,
B. Noren, J. Nyberg, K. Nybo, A. Oskarsson, G. Riera, A. Siwek, O. Skeppstedt, I.
Skwirczynska, L. Sperduto, C. Sutera, T.F. Thorsteinsen, L. Westerberg, H.J.
Whitlow, M. Zubkov (CHIC Collaboration) and A. Larionov

In this article experimental data on light particle and fragment production from
heavy ion reactions at relatively low energies (14 and 32A MeV) were presented and
analysed in a "three-source" emission approach. The standard parameters of the
Maxwellian-like emission sources were extracted and discussed. Theoretical
calculations, performed with the QMD model where a Pauli potential was
introduced into the Hamiltonian of the colliding system, show good agreement with
the experimental data and suggest that the intermediate source can be explained in
terms of dynamical pre-equilibrium emission. The slow and fast sources can be
associated with emission from target- and projectile- like excited residuals in
equilibrium. The de-excitation of these residues can be described by the SMM
model. The "chemical" temperatures were extracted for these sources while only a
"kinetic" temperature can be associated with the intermediate source.

I have performed the three-Maxwellian source analysis, the comparison with NMD
and PQMD+SMM calculations, the overall (theoretical) analysis. Furthermore I was
responsible for writing the article.

60



Summary of the publications

Publication III

Phys. Rev. Lett. 78, 3828 (1997)

"Gross and Fine Structure of Pion Production Excitation Functions in p-
Nucleus and Nucleus-Nucleus Reactions"

B. Jakobsson, M. Berg, L. Carlen, R. Elmer, A. Fokin, R. Ghetti, J. Martensson, B.
Noren, A. Oskarsson, HJ. Whitlow, C. Ekstrom, G. Ericsson, J. Romanski, EJ. van
Veldhuizen, L. Westerberg, J. Julien, 6. Skeppstedt, K. Nybo, T.F. Thorsteinsen, S.
Amirelmi, M. Guttormsen, G. L0vh0iden, V. Bellini, F. Palazzolo, M.L. Sperduto,
J.P. Bondorf, I. Mishustin, V. Avdeichikov, O.V. Lozhkin, Yu. Murin (CHIC
Collaboration)

In this paper the very first results of excitation function experiments performed by
the CHIC collaboration at the CELSIUS storage ring are reported. Differential

— (Eixam) cross sections of 7t+ emitted at different angles from 55° to 120° in the
dQ.
laboratory system were measured and a detailed comparison with the BUU approach
was made. A search for narrow resonances in pion excitation functions was also
performed.

I have participated in setting up the experiment, data analysis, in the theoretical
calculations and writing of the article.
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Publication IV

Cosmic and Subatomic Physics Report LUIP 9804
submitted to Phys. Rev. C

"Pion Production Excitation Functions in Proton-Nucleus Collisions from the
Absolute Threshold to 500 MeV"

J. Martensson, M. Berg, L. Carlen, R. Elmer, A. Fokin, R. Ghetti, B. Jakobsson, B.
Noren, A. Oskarsson, HJ. Whitlow, C. Ekstrom, G. Ericsson, J. Romanski, EJ. van
Veldhuizen, L. Westerberg, J. Julien, K. Nybo, T.F. Thorsteinsen, S. Amirelmi, M.
Guttormsen, G. L0vh0iden, V. Bellini, F. Palazzolo, M.L. Sperduto, C. Sutera, V.
Avdeichikov, A. Kuznetsov, Yu. Murin (CHIC Collaboration)

This article summarizes results on n* production experiments performed by CHIC
at CELSIUS. The experimental set-up as well as off-line data analysis and absolute
normalisation procedure are described in details. Cascade and MD calculations were
performed and compared with experimental data. The importance of collective
effects for subthreshold pion production is discussed.

I have participated in all stages of the experiment preparations and data taking. I
have also developed a version of the MD model which includes pion production in
direct nucleon-nucleon collisions and performed detailed comparison of the
experimental results with model calculations.
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Publication V

Nuclear Physics A626, 439 (1997)

"CHICSi - a 371 Multi-Detector System for Studying Heavy Ion Interactions
Inside a Storage Ring"

V.Avdeichikov, L.Carlen, M.Guttormsen, A.Fokin, BJakobsson, Yu.Murin,
J.Martensson, A.Oskarsson, EJ. van Veldhuizen, L.Westerberg and H.J.Whitlow

CHICSi - a 3rc muli-detector system which is currently in its final stage of the
development by the CHIC international collaboration - is described. This device will
be installed at the gas-jet target station of the CELSUS storage ring in Uppsala,
Sweden. New technology has been developed to produce ultra-high vacuum
compatible telescopes as well as read-out chips. The primary aim of the project is to
study intermediate energy heavy ion and proton induced collisions at storage rings
operating in slow ramping mode. An event generator which simulates the CHICSi
response to intermediate mass fragments and light particles has been developed and
the first results of the simulations are presented in the paper.

I have developed the event generator for the CHICSi set-up which includes both an
inelastic collision event generator based on the BME+SMM model and a new
version of the MD approach. A complete CHICSi "experimental filter" has been
introduced in this generator.
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Appendix 1

A dynamic model for pion production in direct nucleon-nucleon
collisions

1.1. Nuclear ground state

In our version of the MD approach each nucleon of the nucleus is represented by a
single-particle distribution function which is basically a Gaussian wave packet in
momentum and coordinate space [117]

2ne

Such representation gives us a possibility to calculate the local nucleon density in
coordinate and momentum space according to

lx

VV2 „ {P-Po}'

To create a nucleus in its ground state the nucleons are randomly distributed
according to the well established density distribution

p(r) = p o / ( l + exp ( r - r o ) / a ) (1.4)

with the half-density radius r0 and the surface thickness parameter a inside a sphere
of radius
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r = l.2A"3 (1.5)

Then the local nucleon density in each point of the system can be calculated and the
Fermi momentum of each nucleon can be defined, using the local Thomas-Fermi
approach :

PF-=%2
 7tp{r")\ ( L 6 )

The momentum of each nucleon is chosen to have random value in the [O..pf 1

interval.

1.2. The Hamiltonian

The total Hamiltonian, H, of the system can be written as

The first term is the kinetic energy of the system, the last term is the Coulomb
energy and the middle term represents the so-called Skyrme-like effective
interaction

l\ { ( ) } (1.8)
\ Po J \ Po J

Here the first two terms represent the Yukawa one pion exchange interaction

, w=1.5fm (1.9)

with the short range two- and three-nucleon local repulsive interactions
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V'°c =r ,5( i - -?2) + t28{7{ -?2)5(?{ -F 3 ) (1.10)

The other two parts are isospin-dependent interactions, which prevent proton
concentration on the periphery of a nucleus in its ground state due to the Coulomb
repulsion and momentum-dependent non-local interaction. The isospin dependent
term can be also written in the form [118]

^ ( )

where q=0.5 for neutrons and -0.5 for protons, c = 20MeV.

P(r) = pn(7) + ppCf) (1.12)

and

§(r )=p B ( r ) -p j > ( r ) (1.13)

The a,p,y coefficients are adjusted to reproduce correctly the main nuclear
properties such as binding energy, equilibrium density of infinite nuclear matter,
surface energy, etc. There are two sets of parameters which satisfy these
requirements and which correspond to the so-called "Soft" and "Stiff nuclear
matter equations of state (see Table 1.1 and Fig. 1.1).

Table 1.1. Parameters of nuclear matter equation of state used in QMD calculations

EOS q(MeV) ~P(MeV) y
Soft "" -356 303 7/6
Stiff -124 70.5 2
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Figure 1.1. The Skyrme potential as a function of nuclear density.

1.3. Equations of motion

Nucleons propagate according to classical equations of motion

_ dH _ dH
T = , p =

dp or

which can be solved numerically with a fixed time step At

(1.14)

(1.15)
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H |

where

» r T 7 Skyrme . w Coulomb

(1.16)

(1.17)

Simple numerical solutions to the equation of motion work rather satisfactory from
energy conservation point of view. More sophisticated algorithms can be used to
solve the equation of motion more carefully (Runge-Kutta method for example), but
they significantly slow down the process of calculation.

1.4. Stochastic collisions

When two nucleons come closer to each other than

(1.18)

Ilision N2

Figure 1.2. Nucleon-nucleon collision

a two body collision is simulated by Monte-Carlo method according to isotropic
angular distribution for low nucleon energy or to empirical ones for high nucleon
energy in the center of mass frame
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const, E < Eg

1.5. Pauli principle

The Pauli principle is implemented to exclude scattering into already occupied
regions of phase space. Whenever a collision occurs, the Pauli blocking factor is
calculated according to

^ = ( I - / t f , A ) ) ( l - / ( r 2 , p 2 ) ) (1.20)

where f(r,p) determines the fraction of phase space which is already occupied by

other nucleons. Then the collision is blocked with probability 1 - FPauli.

1.6. Fragment recognition

After a certain time of a reaction, which is long enough to cover both pre-
equilibrium and evaporation-like, equilibrium processes (typically ~ 400fm/c), the
Minimum Spanning Tree (MSP) algorithm is applied for fragment recognition.
Within this algorithm a fragment is defined when every nucleon in it has a neighbor
in coordinate space within a distance of, say, 3fm. Figure 1.1 shows an example of
MD generated proton-nucleus and nucleus-nucleus collision events.

1.7. Particle production

If two colliding nucleons have enough energy available in their center of mass
frame, a particle can be produced.

In case of pion production two basic mechanisms are introduced. Firstly, a pion can
be produced in the decay of a delta which has been formed in a nucleon-nucleon
collision

NN->NA,A->Nn (1.21)
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Also the reverse process occurs, i.e. a pion is interacting with another nucleon
forming a delta, which either is "absorbed" on another nucleon or decays again.

Secondly, a pion can be produced directly in AW inelastic collisions. This is the
mechanism used in this model. All channels of single pion production in inelastic pn
and pp collisions that were introduced are summarized in Table 1.2.

Table 1.2. Single pion production channels in inelastic nucleon-nucleon collisions

pn inelastic channels pp inelastic channels

n°

n~

p + p—> p + p + n°

In order to simulate pion production in individual nucleon-nucleon collision by the
Monte Carlo method, we calculate partial cross sections of single pion production as
well as total inelastic nn and np cross sections using the isospin decomposition of
the reaction cross sections. It is well known that the reaction cross sections for pion
production can be reduced to four independent cross sections. This represents the
transition from a state of initial isospin I of the two nucleons to a final-state isospin
I' coupled to isospin 1 for the pion and give a total final isospin I. Each of these
isospin channels has its unique cross section (Table 1.3).
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Table 1.3. Isospin cross section decomposition for different channels of single
pion production in inelastic nucleon-nucleon reactions.

Channel Cross Section Isotopic spin decomposition

pp^dn"

pp —» npU*

pp -> ppn°

pn —> dn°

pn —> pnTT0

/7« —>nnn*

pn —> ppTi

•^oi)

To calculate these four independent cross sections we employ a widely used (see for
example [119]) parametrization [120] .

To simulate the absolute value and the direction of the momentum of a pion
produced in a collision we use approximations obtained in the frame of the Fermi
statistical model which works quite well in case of single pion production in NN
collisions. For the pp —> dn* and pn —> dn° reactions this gives [121]

da2

i
1 -

2(mf+ml ) (ml-ml)2

(1.22)

and for a channel with three particles in the final state
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1
2(m,2+m2

2)
i 1 1 +

1--

-p»

2(m1
2+m2

2)

(1.23)

where J = (£, + £2) , m, and / ^ are the physical masses of two nucleons at the

nNN vertex, m, is the mass of the pion and pT is the absolute value of the pion

momentum in the AW center of mass system which for the three-body system has the

maximum value

- = .
- (mK - m , -

4s
(1.24)

For each pion produced in a AW collision, the direction of its momentum is
simulated from the assumption of an isotropic angular distribution (low energies of
the produced pion)

PK = (1.25)

where y1 a n d / 2 are random numbers in [0..1] interval. Anisotropic angular

distributions are introduced for high energy pions [122]
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dQ.
= a + b-cos2(0) (1.26)

Pions propagate in the Coulomb potential of the nuclear environment. We simulate
pion reabsorption in nuclear matter using optical model calculations for the energy
dependent pion mean free path [123]. Then a probability of pion reabsorption can be
calculated according to

K
(1.27)

where ^o(En) is the mean-free path for the pion with energy Ex and Xn is the path

length of the pion from the point of AW interaction with coordinates

R . =•
+ fly , (1.28)

to the surface of the nucleus.

Time AUG fm/c

(3D ©

©
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Time 35u tm/c

Figure 1.1. Examples ofMD generated proton-nucleus (p+ Xe) and nucleus-nucleus
(40Ar+lnXe) collision events. Numbers indicate masses of the corresponding clusters.
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Appendix 2

Summary of the back-propagation algorithm

2.1. Initialization

A multilayer network configuration is created where

x(n) - input data set for n = 1,2.. N patterns

d(n) - correspondent (desired) output data set

o(n) - network generated output data set

e(n) - vector of error signals

iv(0- synaptic weight vector of a neuron in layer /
6(I) - threshold of a neuron in layer I
vil)- vector of net internal activity levels of neurons in layer /
yU) - vector of activation function signals of neurons in layer /

5(0 - vector of local gradients of neurons in layer /

and / extends from input layer / = 0 to the output layer I = L. All the the synaptic
weights and threshold levels are set to small uniformly distributed random numbers.

2.2. Presentation of training examples

Present x(n) pattern to the network.

2.3. Forward computation

Compute the activation potentials and function signals of the network by processing
forward through the network:
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For f = 0 this implies y(
0'~

n = -1 and w{£ = d'J'
)(n). Let us assume then that a

logistic activation function

( 3 '2 )

is used to simulate the sigmoidal nonlinearity of the neuron j in layer /. If neuron j
is in the input layer, set

><r=*,(") 0.3)

If neuron j is in the output layer, set

>'JL) = * , ( " ) (3.4)

Compute the error signal

eJ(n)=dJ(n)-o](n) (3.5)

2.4 Backward computation

The correction Aw applied to wjt is defined by the delta rule:

A dE{ri)
A % = ^ ^ ^ (3 6)

where 77 is a constant that determines the rate of learning (the learning-rate

parameter) and
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is the instantaneous sum of squared error of the network (error function). In the
gradient descent method the local gradient

5J{n)=ej{n)(p'J{VJ{n)) (3.8)

can be defined and the weight update rule can be rewritten as

(3.9)

Furthermore, a momentum term which increases the rate of learning and avoids the
danger of instability can be included:

Aw,,, (n) - ocAw., (n - 1) + TjSj (n)y, («) (3.10)

where a is the momentum constant. In case of the logistic activation function this
yields

] (3.11)

for neuron j in output layer L and

8? (») = y? («)[l - yf («)]£ Sr (n) <W) («) (3.12)

for neuron j in hidden layer /. Then the synaptic weights are adjusted according to

w(i; (n + 1) = w™ (n) + a[w™ (n) - n f (n - 1)] + r]5jn (n)>.<M) (n) (3.13)

2.5. Iteration

Iterate the computation by presenting new training patterns to the network until the
free parameters of the network stabilize their values and the average squared error
computed over entire training set is at minimum.
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